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Abstract 

Adenosine 5′-triphosphate phosphoribosyltransferase (ATPPRT) catalyses the first 

reaction of the histidine biosynthetic pathway. Short-form ATPPRT, denoted HisGS, is 

allosterically activated by HisZ, which also mediates histidine feedback inhibition. A 

HisGS variant that exhibits a high rate of reaction in the absence of HisZ is desirable for 

industrial histidine biosynthesis. First, this work sought to define the mechanism 

underpinning allosteric activation of Psychrobacter arcticus HisGS  by HisZ. Knowledge 

of this mechanism could drive mutagenic strategies to improve turnover by mimicking 

allosteric activation. The second and third steps of the histidine biosynthetic pathway are 

catalysed by HisE and HisI, respectively. These enzymes may be encoded by a single 

polypeptide chain, termed HisIE. HisIE is a possible target for novel antimicrobial 

development in several multi-drug resistant organisms, including carbapenem-resistant 

Acinetobacter baumannii Secondly, this work sought to initiate biochemical 

characterisation of HisIE from A. baumannii . 

This work established binding of HisZ shifts the rate-limiting step of reactions catalysed 

by HisGS from interconversion between ternary complexes to product release. 

Characterisation of HisGS variants indicated two conserved arginine residues, R32 and 

R56, are required for stabilisation of the transition state. A model of allosteric activation 

of HisGs by HisZ is proposed in which binding of HisZ modifies the conformational 

sampling of these arginine residues such that conformations with these residues in 

position to stabilise the transition state are sampled more frequently. This work also 

documents the first reported characterisations of the steady-state kinetic parameters and 

the rate-limiting steps of a bifunctional HisIE.  

Ultimately, this work suggests efforts to engineer a constitutively activated short-form 

HisGS for industrial histidine biosynthesis should seek to introduce mutations which 

narrow the conformational sampling of R32 and R56. Furthermore, this work has paved 

the way for future characterisation of the catalytic mechanism of HisIE with a view 

towards novel antimicrobial development. 
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Chapter 1 Introduction 

Histidine is an amino acid biosynthesised by prokaryotes, lower eukaryotes and plants1. 

The histidine biosynthetic pathway encompasses ten biochemical steps and is conserved 

amongst histidine biosynthesising organisms1. The pathway has been harnessed for 

industrial production of histidine in bacteria2. Approximately, 400 tonnes of histidine are 

produced per annum by industrial fermentation3. Histidine is added to a wide-range of 

commercial products, including those with medicinal4,5, nutritional6–8 and cosmetic 

applications9. More recently, the histidine biosynthetic pathway has been highlighted as 

a source of potential targets for novel antimicrobial development in a range of pathogenic 

micoorganisms10–15. The histidine biosynthetic pathway is an alluring target for drug 

development as mammals do not biosynthesise histidine which bodes well for  

development of highly selective inhibitors with minimal off-target effects. However, it 

should be noted the histidine biosynthetic pathway is only a viable drug-target in 

pathogens which cannot scavenge histidine from the host. Elucidating the catalytic and 

regulatory mechanisms of enzymes on the histidine biosynthetic pathway has the 

potential to both drive development of improved biocatalysts for industrial histidine 

production and/or guide inhibitor development with a view towards generating novel 

antimicrobial agents.  

The aims of this work are to elucidate the catalytic and regulatory mechanisms of 

ATPPRT from Psychrobacter arcticus and to initiate biochemical characterisation of 

bifunctional HisIE from Acinetobacter baumannii. ATPPRT from P. arcticus has 

previously been investigated by the da Silva laboratory and was primed for thorough 

mechanistic characterisation with a view toward generation of histidine-insensitive 

variants for industrial histidine biosynthesis. HisIE from A. baumannii was selected for 

biochemical characterisation as recent work10 indicated this enzyme may be a suitable 

target for novel antimicrobial development against multi-drug resistant A. baumannii.   



Introduction 

2 

 

1.1 The histidine biosynthetic pathway 

The histidine biosynthetic pathway encompasses ten biochemical steps1, Figure 1.1. 

ATPPRT (EC: 2.4.2.17) catalyses the first committed and flux-controlling reaction of the 

histidine biosynthetic pathway, a condensation reaction between 5-phospho-α-D-ribosyl-

1-pyrophosphate (PRPP) 1 and adenosine 5′-triphosphate (ATP) 2 producing N1-(5-

phospho-β-D-ribosyl)-ATP (PRATP) 3 and pyrophosphate (PPi) 416. The chemical 

equilibrium of the reaction catalysed by ATPPRT strongly favours reactants17. HisE 

(PRATP pyrophosphohydrolase) (EC: 3.6.1.31) catalyses the second reaction of the 

pathway, hydrolysis of the α-β phosphate linkage of PRATP 3 producing N1-(5-phospho-

β-D-ribosyl)-adenosine-5′-monophosphate (PRAMP) 5 and PPi18 4. PRAMP 6 is then 

converted to pro-phosphoribosylforimino-5-aminoimidazole-4-carboxamide 

ribonucleotide (ProFAR) 7 by HisI (PRAMP cyclohydroalse) (EC: 3.5.4.19)18. A single 

polypeptide chain may encode for a bifunctional enzyme with both HisE and HisI or these 

activities may be encoded by distinct polypeptide chains19. The remaining seven steps of 

the histidine biosynthetic pathway are catalysed by HisA (ProFAR isomerase) (EC: 

5.3.1.16), HisH/HisF (imidazole-glycerol phosphate synthase) (EC: 4.3.2.10), HisB 

(imidazoleglycerol-phosphate dehydratase) (EC: 4.2.1.19), HisC (histidinol-phosphate 

aminotransferase) (EC: 2.6.1.9), HisB (histidinol-phosphate phosphatase) (EC:3.1.3.15) 

and HisD (histidinol dehydrogenase) (EC: 1.1.1.23)1.  
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Figure 1.1 The histidine biosynthetic pathway. PRPP 1, ATP 2, PRATP 3, PPi 4 PRAMP 5, ProFAR 6, 

phosphoribulosyl-formimino-aminoimidazole-4-carboxamide ribonucleotide-phosphate 7, imidazole-

glycerol-phosphate 8, 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) 9, imidazole-acetol-

phosphate 10, L-histidinol-phosphate 11, L-histidinol 12, L-histidine 13.  HisD catalyses two successive 

oxidation reactions. 
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Histidine biosynthesis is both tightly and extensively regulated. Transcription of the 

histidine operon(s) is regulated by guanosine tetraphosphate (ppGpp), a transcriptional 

activator, and via a classical attenuation mechanism which links transcription to the 

availability of His-tRNAHis, the intracellular histidine concentration, histidyl tRNA 

synthetase activity, and chromosomal DNA supercoiling levels1. Additionally, ATPPRT 

is allosterically inhibited by the end product of the pathway, histidine21 and orthosterically 

by AMP21,22. Inhibition of ATPPRT by AMP and histidine is synergistic22–24.  

As previously highlighted, this work is concerned with ATPPRT from P. arcticus and 

bifunctional HisIE from A. baumannii, literature on these enzymes specifically is 

reviewed below.  

1.2 ATPPRT  

1.2.1 Overview of ATPPRT 

ATPPRT catalyses the first step of histidine biosynthesis, a condensation reaction 

between PRPP 1 and ATP 2 producing PRATP 3 and pyrophosphate 4, Figure 1.1. 

ATPPRT is the product of the hisg gene, of which there are two forms, a short-form 

denoted HisGS and long-form denoted HisGL. HisGL has an 80-100 amino acid extension 

at the C-terminus relative to HisGS
25. Most organisms that biosynthesize histidine possess 

only one form of HisG, aside from bacteria from the Geobacter clade which encode both 

functional HisGS and HisGL
26,27. HisGL is a homohexamer in which each individual 

polypeptide chain contains catalytic and regulatory domains24,28,29. The C-terminal 

extension in HisGL-type ATPPRTs relative to HisGS-type ATPPRT corresponds to a 

regulatory domain which mediates histidine feedback inhibition24,30. HisGs  possesses 

analogous catalytic domains to that of HisGL but lacks a histidine-binding domain25,31,32. 

Instead, HisGS forms a hetero-octamer with a histidyl-tRNA-synthetase paralogue, HisZ. 

The hetero-octamer is composed of four HisGS polypeptide chains and four HisZ 

polypeptide chains25,33. HisZ mediates histidine feedback inhibition of HisGS-type 

ATPPRTs32,34,35. Initially, it was incorrectly hypothesised that HisZ was required for 

HisGS activity, however, subsequent work has demonstrated HisGS is catalytically active 

in the absence of HisZ, although, catalytic activity is enhanced by addition of HisZ32,35. 
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The catalytic activity of HisGS is insensitive to histidine inhibition in the absence of 

HisZ32,35.  

1.2.2 ATPPRT Structure 

Both HisGL and HisGS type ATPPRTs have been extensively structurally characterised. 

HisGL monomers assemble in a trimer of dimers arrangement to form a functional 

hexamer24,28,30, Figure 1.2A. The crystal structures of HisGL from Mycobacterium 

tuberculosis30,36,37, Escherichia coil28 and Campylobacter jejuni24,38 with and without 

substrates and products have been published. HisGS and HisZ form a hetero-octamer in 

which four HisZ molecules assemble into an X-shaped core that is flanked by two HisGS 

dimers31,32, Figure 1.2B. Prior to the undertaking of this work structures of HisGS-type 

ATPPRTs, with both HisGS and HisZ subunits present, from Lactococcus lactis34, 

Thermotoga maritima39 and P. arcticus32 had been published. Additional ligand-bound 

crystal structures of P. arcticus ATPPRT, with both HisGS and HisZ subunits, and of the 

catalytic HisGS domain in the absence of HisZ, solved by Dr Magnus S. Alphey, were 

published as this work was undertaken40. These structures are discussed throughout 

Chapters 3 and 4.  



Introduction 

6 

 

 

Figure 1.2 Crystal structures of ATPPRT from HisGL and HisGS-type ATPPRTs.  Crystal structures of 

ATPPRT from (A) C. jejuni (HisGL) (PDB ID: 4YB7) and (B) P. arcticus (HisGs/HisZ)  (PDB ID: 6FU2) 

Proteins are shown with ribbon diagrams. (A) HisGL subunits are shown in coral, cyan, green, grey, 

magenta and yellow. (B) HisGS subunits are shown in magenta and purple. (B) HisZ subunits are shown in 

cyan and grey.  ATP (A and B) and PRPP (B) are depicted with stick models with carbon in either (A) 

purple or 9B)  green nitrogen in blue, phosphorus in orange and oxygen in red. Mg2+ is depicted by green 

spheres. Images were generated in Pymol.  
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1.2.3 ATPPRT active site 

PRPP binding residues are conserved amongst ATPPRTs28,34. The 5-phosphate moiety of 

PRPP is anchored in the active site by interactions to a conserved phosphate binding loop 

which includes a [T/S]GX[T/S] motif (T180-T183 in P. arcticus ATPPRT) and the 2-OH 

and 3-OH groups of PRPP are recognised by two conserved acidic residues (E163 and 

D176 in P. arcticus ATPPRT)28,34,40, Figure 1.3A. Mutagenetic studies carried out in L. 

lactis ATPPRT, a HisGS-type ATPPRT, revealed only a 2-3 fold decrease in kcat upon 

mutation of either of the conserved threonine residues but approximately 300- and 50-

fold increases in KM
PRPP 31. Mutagenesis of the conserved aspartate which binds the 3-OH 

of PRPP to alanine also induced only a negligible effect on kcat  and an approximately 4-

fold increase in KM
PRPP 31. Residues that bind ATP are less well defined than those that 

bind PRPP. A highly conserved arginine residue (R32 in P. arcticus ATPPRT) stacks 

against the adenine base of ATP and a conserved acidic residue (D94 in P. arcticus 

ATPPRT) recognises the 2′-OH and 3′-OH of the ribose moiety24,28,40, Figure 1.3A. 

Interactions with the triphosphate moiety vary by species and the arginine residue is not 

conserved in ATPPRT from M. tuberculosis. A critical feature of the ATPPRT active site 

is the Mg2+ ion which is sandwiched by the diphosphate and triphosphate moieties of 

PRPP and ATP in crystal structures of P. arcticus ATPPRT40, Figure 1.3A. Mg2+ is likely 

required to attenuate the negative charge in the active site. Transition state modelling of 

the reaction catalysed by HisGS from P. arcticus, carried out by the da Silva Laboratory 

in collaboration with Dr Jennifer S. Hirschi (Binghampton University), indicated that a 

second additional Mg2+ ion, not captured in crystal structures, is required to facilitate 

departure of the  pyrophosphate leaving group at the transition state40. The transition state-

modelling was published alongside data from Chapter 3 of this work.   
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1.2.4 Catalytic mechanism of ATPPRT 

ATPPRTs represent a novel class of phosphoribosyltransferase28. In vitro data 

demonstrated ATPPRT enzyme is Mg2+ dependent and displays optimal activity under 

mild-basic conditions (pH 8.0 – 10.0)17,21,41. A Bi-Bi kinetic mechanism in which ATP is 

the first substrate to bind and pyrophosphate is the first product to leave was proposed for 

HisGL-type ATPPRTs42. Prior to this work, the kinetic mechanism of HisGs-type 

ATPPRTs had not been characterised. The kinetic mechanism of both types of ATPPRT 

is explored in greater detail in Chapter 3.  

Despite the plethora of crystal structures, prior to this work, no catalytic residues had been 

identified that were essential for catalysis by either HisGS- or HisGL-type ATPPRTs. 

Champagne and colleagues studied the active site of L. lactis ATPPRT and postulated 

that interactions with S140, and cross-dimer contacts with K8 and K50 may activate the 

pyrophosphate leaving group31,34, Figure 1.4. K8A and K50A variants of L. lactis 

ATPPRT were constructed in order to test this hypothesis. The kcat of the K8A variant 

was only 2.3-fold less than that of WT L. lactis ATPPRT, not indicative of an essential 

role in catalysis31,34. Furthermore the kcat of the K50A variant was 2.5-fold greater than 

that of WT L. lactis ATPPRT, also not indicative of a key role in catalysis31. Champagne 

Figure 1.3 Active site of HisGS. Crystal structures of P. arcticus HisGS with either (A) PRPP and ATP 

(PDB ID: 6FCT) or (B) AMP bound (PDB ID: 6FD9). Ligands are presented as stick models with carbon 

in cyan, nitrogen in blue, oxygen in red and phosphorus in orange. PaHisGs subunit backbones are shown 

as ribbon diagrams in either grey (ligand-bound subunit) or magenta (adjacent subunit) selected residues 

are depicted as stick models with carbon in either grey or magenta, nitrogen in blue and oxygen in red. 

Mg2+ is depicted by green spheres. Polar interactions are represented by dashed lines. Images were 

generated in Pymol. 
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and colleagues further hypothesised that flexible loop which protrudes into the active site 

of the adjacent monomer is a key feature of ATPPRT catalysis which serves to exclude 

solvent from the active site34, Figure 1.4.  

 

Figure 1.4 Active site of L. lactis ATPPRT. L. lactis active site with PRPP bound (PDB ID: 1Z7N). PRPP 

is depicted as a stick model with carbon in cyan, nitrogen in blue, oxygen in red and phosphorus in orange. 

HisGs subunit backbones are shown as ribbon diagrams in either grey (PRPP-bound subunit) or magenta 

(adjacent subunit) selected residues are labelled and depicted as stick models with carbon in either grey or 

magenta, nitrogen in blue and oxygen in red. Mg2+ is depicted by green spheres. Red arrow indicates flexible 

loop proposed to exclude solvent from the active site encompassing residues 21-43. Polar interactions are 

represented by dashed lines.  Images were generated in Pymol. 
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An extensive transition state analysis examining ATPPRT from C. jejuni, M. tuberculosis 

and L. lactis, carried out by Moggré and colleagues, studied the reaction catalysed by 

ATPPRT in reverse with phosphonoacetic-acid as a substitute for pyrophosphate37. It was 

concluded that experimentally determined large 1-3H, low to moderate 1-14C and large 

1′-15N KIEs primary kinetic isotope effects (KIEs) most closely matched theoretical KIEs 

generated from computational transition state models with low bond order to the 

incoming phosphonoacetic-acid and no significant bond order to the adenine leaving-

group37. Thus, an SN2-like transition state was ruled out in favour of an  SN1-like/ DN*AN  

transition state for all three enzymes37, Figure 1.5A. Champagne and colleagues 

highlighted that the primary roles of the enzyme in such a mechanism would be 

orientating the substrates for catalysis and excluding water from the active site31. It was 

noted that the transition state modelling carried out by Moggré and colleagues, employed 

a molecule of PRATP truncated at the N9-C1′′ bond, thus excluding a ribose sugar and 

the triphosphate group from the analysis. Later transition state modelling carried out by 

the da Silva group in collaboration with Dr Jennifer S. Hirschi (Binghampton University) 

suggested an SN2-like, transition state structure is possible for reactions catalysed by 

HisGS from P. arcticus 40, Figure 1.5B.   
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Figure 1.5 Possible chemical mechanisms underpinning catalysis by ATPPRT. (A) An SN-1-like 

mechanism in which the PPi leaving group leaves before the nucleophilic attack generating a 

riboxocarbenium ion intermediate. (B) An SN-2-like mechanism in which nucleophilic attack and loss of 

the PPi leaving group occur concurrently. PRPP 1, ATP 2, PRATP 3 and PPi 4. B denotes a, as yet 

unidentified, catalytic base.  
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1.2.5 Regulation of ATPPRT  

As previously stated, ATPPRTs are allosterically inhibited by histidine21 and 

orthosterically inhibited by AMP21,22. Inhibition by AMP and histidine is synergistic22–24. 

AMP inhibition is competitive with respect to both substrates in reactions catalysed by 

ATPPRT from S. Typhimurium22, C. jejuni24 and P. arcticus43. The data for P. arcticus 

inhibition by AMP was collected by Dr Catherine M. Thomson, a former PhD student in 

the da Silva laboratory, and was published alongside data from Chapter 3 of this work. 

Competitive inhibition by AMP with respect to both substrates has been rationalised by 

crystal structures of AMP bound ATPPRT from C. jejuni24, E. coli28, M. tuberculosis30 

and P. arcticus40 all of which depict a single molecule of AMP bound across both the 

PRPP and ATP binding sites, Figure 1.3B. The 5′-phosphate of AMP resides in the highly 

conserved motif which binds the 5-phosphate of PRPP, whereas the adenine base resides 

in the ATP binding-site. Inhibition of ATPPRT from S. Typhimurium and C. glutamcium 

by adenosine 5′-diphosphate (ADP) has also been reported and is explored within the 

context of a HisGS-type ATPPRT in Chapter 3.  

Histidine inhibition was demonstrated to be non-competitive with respect to both 

substrates in reactions catalysed by ATPPRT from C. jejuni24, S. Typhimurium21, P. 

arcticus44 and A. baumannii45. Histidine inhibition is non-competitive with respect to 

PRPP and uncompetitive with respect to ATP in reactions catalysed by ATPPRT from M. 

tuberculosis29. Histidine inhibition was also shown to be non-competitive with respect to 

PRPP in reactions catalysed by L. lactis ATPPRT31. Pre-steady state data collected with 

ATPPRT from P. arcticus and M. tuberculosis demonstrated that histidine binding traps 

the enzyme in an inactive form29,44.  

Histidine binds at Domain III of HisGL-type ATPPRTs, specifically, at the subunit 

interface. Approximately six molecules of histidine bind each HisGL hexamer24,30,46. It 

was initially incorrectly hypothesised that histidine binding induced dissociation of 

HisGL-type ATPPRT hexamers, multiple reports have since confirmed that HisGL-type 

ATPPRTs form hexamers in the presence and absence of histidine24,29,46. Subsequent 

work identified that histidine binding to HisGL-type ATPPRTs induces  twisting/rotation 

of the C-terminal regulatory domain resulting in an overall more compact structure 

compared with apo HisGL
24. However, a simplistic model of allosteric inhibition 
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encompassing a shift in the protein conformational equilibrium from an active relaxed 

‘R’ state to an inhibited tense ‘T’ state upon histidine binding was rejected upon discovery 

of an allosteric activator 3-(2-Thienyl-L-alanine) (TIH) which leads to the same overall 

conformational tightening of the HisGL hexamer as histidine and an observation that the 

tense state predominates in solution at alkaline pH even in the absence of histidine36,46.  

Histidine exerts an inhibitory effect by binding to the HisZ subunit of HisGS-type 

ATPPRTs. The histidine-binding residues of histidyl tRNA-synthetase (HisRS) are 

conserved in HisZ25. Unexpectedly, a crystal structure of T. maritima ATPPRT, a HisGS-

type ATPPRT, depicted histidine binding at the subunit interface of HisGS and HisZ, an 

area with no sequence similarity to HisRS39. However, mutations of L. lactis ATPPRT 

which confer insensitivity to histidine (E130A and Y268F/Y269F) can be mapped to the 

histidine-binding residues common to HisZ and HisRS34. A subsequent P. arcticus 

ATPPRT:PRPP:histidine structure, solved by Dr Catherine M. Thomson, depicted 

histidine binding to the conserved histidine binding site44, Figure 1.6. These data suggest 

the mode of histidine binding in the T. martiima ATPPRT:histidine structure may be a 

crystallographic artefact. The P. arcticus ATPPRT:PRPP:histidine structure also 

facilitated the identification of amino acid network connecting the histidine binding-site 

to the active site. Y263, which residues on the histidine binding loop of P. arcticus HisZ, 

is rotated approximately 180° in histidine bound structures compared with non-histidine 

bound structures44, Figure 1.6. This rotation facilitates an interaction between Y263 and 

H104 which resides on a loop that makes contact with the PaHisZ:PaHisGS interface44, 

Figure 1.6. Site-directed mutagenesis of Y263 suggested that although the network 

identified may play a role in histidine-feedback inhibition, other, as yet unidentified, 

elements must also contribute to signal transmission44. Future experiments which explore 

HisGS- and HisGL-type ATPPRT dynamics in the context of histidine binding may add 

to the current understanding of histidine feedback inhibition.    
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Figure 1.6 Histidine-binding site of P. arcticus HisZ. Close-up view of the histidine-binding site of the  P. 

arcticus ATPPRT:PRPP:histidine structure (PDB ID: 6R02) depicting histidine bound to residues common 

to P. arcticus HisZ and HisRS. Histidine depicted as a stick model with carbon in cyan, nitrogen in blue, 

and oxygen in red. Selected residues from the P. arcticus histidine-binding site are shown in stick models 

with carbon in green, nitrogen in blue and oxygen in red. Y263 and H104 from the activated P. arcticus 

ATPPRT:PRPP:ATP structure (PDB ID: 6FU2) were overlaid with the histidine-bound structure and are 

shown as stick models with carbon in magenta, nitrogen in blue and oxygen in red. Red dashed lines depict 

polar interactions. A polar interaction is observed between Y263 and H104 of P. arcticus HisZ in the 

histidine-bound structure but not in the activated structure. Image generated in Pymol.  
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Allosteric activation of HisGS by HisZ has not been studied as extensively as histidine 

feedback inhibition, prior to this work no structural and scarce kinetic data from HisGS in 

the absence of HisZ were available. The first crystal structures of HisGS in the absence of 

HisZ, solved by Dr Magnus S. Alphey, were published during the time this work was 

undertaken40 and are discussed throughout Chapters 3 and 4. Elucidating the mechanism 

of allosteric activation of HisGS by HisZ may provide a blueprint for rationale engineering 

of a HisGS for biosynthetic production of histidine free from histidine feedback inhibition 

and would likely increase understanding at the molecular level of the complex regulation 

governing histidine biosynthesis.  

1.3 HisIE 

1.3.1 Overview of HisE, HisI and HisIE 

After PRATP 3 is produced by ATPPRT, the α-β phosphate linkage is hydrolysed by 

HisE producing PRAMP 5 which undergoes further hydrolysis, catalysed by HisI, 

resulting in ProFAR 6, Figure 1,1. HisIE fusions are found in all histidine-biosynthesising 

eukaryotes and several unrelated bacterial lineages, likely the result of multiple 

independent fusion events19. HisE and HisI activities are encoded by a bi-functional 

protein termed HISN2 in plants which is analogous to bacterial HisIE47. Most archaea 

encode distinct monofunctional HisI and HisE. The presence of HisIE fusions in 

Thermococci and Thermoplasmata has been attributed to horizontal gene transfer19. HisE, 

HisI and bifunctional HisIE have not been as extensively studied as ATPPRT and prior 

to 2019, structural and mechanistic data was only available from monofunctional HisE 

and HisI.   

1.3.2 HisE 

HisE is a member of the α-helical NTP pyrophosphohydrolase superfamily48. Members 

of the α-helical NTP pyrophosphohydrolase superfamily exhibit an entirely α-helical 

structure and possess a conserved Mg2+-binding site, composed of four acidic residues 

spread across two core-alpha helices48. Other members of the superfamily include MazG, 

a nucleoside triphosphate pyrophosphohydrolase49,50 and a class of 2′-deoxyuridine 5′-

triphosphate hydrolase (dUTPases) found in trypanosomatides, Gram-positive bacteria 
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and entero-bacterial T4-like phages48. The aforementioned dUTPases form dimers, adopt 

an all α-helix fold51–54 and hydrolyse dUTP and dUDP54, whereas the β-dUTPases, found 

in most other organisms, are trimeric, adopt an all β-fold and are inhibited by dUDP55,56. 

More recently characterised members of the superfamily include the nucleoside 

triphosphosphate pyrophosphohydrolases DR223157,58, from Deinococcus radiodurans, 

and RS21-C6, found in all vertebrate genomes and green plants59,60. 

In a 1965 study of S. Typhimurium extracts Smith and Ames defined the second step of 

histidine biosynthesis as the Mg2+-dependent hydrolysis of PRATP 5 to PRAMP 6 by 

HisE18, Figure 1.1. Since this study, several apo crystal structures of HisE from M. 

tuberculosis (PDB ID: 1Y6X and 3C90)61, Bacillus cereus (PDB ID: 1YVW), 

Chromobacterium violaceum (PDB ID: 2A7W) and Streptomyces coelicolor (PDB ID: 

1YXB) have been reported, however, no further functional characterisation of these 

enzymes has been reported.  

HisE from M. tuberculosis, B. cereus, S. coelicolor, and C. violaceum crystallised as 

tetramers. MazG, another member of the α-helical NTP pyrophosphohydrolase 

superfamily, from Bacillus also crystallised as tetramers and form tetramers in 

solution49,50. HisE crystal structures depict a core-region composed of two long, anti-

parallel α-helices, which pack against the same two α-helices from the adjacent monomer 

to form a four α-helix bundle, Figure 1.7A. The four α-helix bundle is flanked by 

additional smaller α-helices that make up the N- and C-terminus of each monomer. The 

HisE tetramer is formed by a dimer of dimers61, Figure 1.7A. The putative Mg2+-binding 

site residues of HisE from B. cereus are highlighted in Figure 1.7B and 1.7C. So far, a 

substrate binding pocket of HisE has not been identified.   
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Figure 1.7 Crystal structure of HisE from B. cereus (PDB ID: 1YWV). (A) B. cereus HisE tetramer. (B) 

Isolated B. cereus HisE monomer. (C) Close-up view of the putative Mg2+-binding site of HisE. HisE 

subunits are shown as ribbon diagrams and coloured by chain. Residues of the putative Mg2+-binding site 

labelled and shown as stick models with carbon in magenta and oxygen in red. Images were generated in 

Pymol. 
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Although functional studies of HisE have not been carried out, a catalytic mechanism for 

the related dUTPases has been proposed51,52,62. The proposed mechanism entails a Mg2+-

activated water which attacks the β-phosphate of dUTP51,52, Figure 1.8. An additional 

Mg2+ ion is posited to stabilise the transition state and to facilitate departure of the 

pyrophosphate leaving group51,52. The proposed mechanism was derived from crystal 

structures of C. jejuni and Leishmania major α-dUTPases in complex with non-

hydrolysable substrate analogues and is similar to the two-metal ion mechanism proposed 

for DNA polymerase I51,52,62. Further support for the proposed mechanism came from in 

solution studies of the α-dUTPase from Trypanosoma brucei in 18O-enriched water which 

demonstrated that 18O is incorporated into the pyrophosphate product, consistent with 

nucleophilic attack occurring on the β-phosphate62. A similar catalytic mechanism was 

proposed for DR223157. HisE may also employ a similar catalytic mechanism to the 

dimeric α-dUTPases as HisE adopts a similar core structure to the dimeric α-dUTPases 

and requires Mg2+ for activity18,48,61. However, further structural and mechanistic data are 

required to uncover the catalytic mechanism of HisE. 

Figure 1.8 Proposed catalytic mechanism for the dimeric α-dUTPases. A catalytic water is activated by 

Mg2+ for a nucleophilic attack on the β-phosphate of dUTP. Scheme modified from Hemsworth, González-

Pacanowska and Wilson, 201362.   
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1.3.3 HisI 

HisI catalyses cyclohydrolysis of PRAMP 5 to produce ProFAR 6, Figure 1.118,63. The 

catalytic mechanism of HisI has been investigated via structural and functional studies. 

Functional studies of HisI from Methanococcus vannielii and Methanobacterium 

thermoautotrophicum identified a high affinity Zn2+-binding site (KD < 5 nM) and a lower 

affinity Mg2+-binding site (Ks = 4.6 ± 0.7 µM)63,64. Both Zn2+ and Mg2+ ions are required 

for cyclohydrolase activity63,64. M. thermoautotrophicum and M. vannielii HisI co-purify 

with Zn2+ 63,64. 

A crystal structure of HisI from M. thermoautotrophicum (PDB ID: 1ZPS) is the only 

reported structure of a monofunctional HisI64, Figure 1.9. HisI from M. 

thermoautotrophicum crystalised as a dimer and HisI from both M. thermoautotrophicum 

and M. vannielii form dimers in solution63,64. Each HisI monomer consists of core mixed 

β-sheet which packs against the mixed β-sheet of the adjacent monomer on one face 

whilst an additional β-hairpin and α-helix pack against the opposite face of the mixed β-

sheet, Figure 1.9A.   
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Figure 1.9 Crystal structure of HisI from M. thermoautotrophicum (PDB ID: 1ZPS). (A and B) M. 

thermoautotrophicum HisI dimer with Cd2+ ions bound at the subunit interface. Magenta and red arrows in 

(B) indicate the proposed Zn2+ and Mg2+ binding-sites, respectively. (C) Close-up view of the Zn2+- and 

Mg2+-binding sites. HisI subunits are shown with ribbon diagrams and coloured cyan and green, residues 

of the putative Zn2+ and Mg2+ binding-sites are labelled and shown as stick models with nitrogen in blue, 

oxygen, in red, and carbon in either green or cyan. Cd2+ ions are depicted by a beige sphere. Water 

molecules are presented as red spheres. Two Cd2+ ions are omitted for clarity in (C).  Images were generated 

in Pymol. 

  



Introduction 

21 

 

From the crystal structure of M. thermoautotrophicum HisI, a metal-binding site formed 

by a water molecule and three cysteine residues, C86 from one monomer and C′102 and 

C′109 from the adjacent monomer, was proposed to represent the high-affinity Zn2+-

binding site, Figures 1.9B and 1.9C. In the crystal structure this site was occupied by a 

Cd2+ ion64. The proposal was supported by site-directed mutagenesis of equivalent 

cysteine residues in M. vannielii HisI (C92A, C109A, C116A, C109A/C116A), which 

resulted in inactive enzymes and it was shown via inductively coupled plasma emission 

spectra (ICP-ES) that the C92A, C109A/C116A mutants cannot bind Zn2+65. 

Furthermore, treatment of HisI from M. vannielii with methyl methane thiosulfonate or 

5,5′-dithiobis(2-nitrobenzoic acid) which specifically bind to thiol groups, inactivated the 

enzyme and impaired Zn2+ binding65.  

The crystal structure of M. thermoautotrophicum HisI depicted an additional Cd2+ ion 

coordinated by three conserved aspartate residues which was proposed to be the Mg2+-

binding site, Figures 1.9B and 1.9C. Mutation of an equivalent aspartate residue, D94, in 

M. vannielii HisI to alanine resulted in an inactive enzyme that cannot rescue a hisI- 

mutant strain of E. coli UTH90365. These data and the close proximity of this metal 

binding-site to the putative Zn2+-binding site are in support of a model in which the 

conserved aspartates bind Mg2+. Interestingly, the putative Zn2+-binding site is formed 

primarily by residues of the opposite dimer to that of the putative Mg2+-binding site, thus, 

dimerisation is likely essential for activity64.  

A PRAMP analogue, 6-OH PRAMP, was docked into the M. thermoautotrophicum HisI 

crystal structure and several contacts were predicted between this analogue and a 

conserved amino acid sequence of HisI ([S/T]RXX-[LI]WXKG[E/A]TSG). Notably, the 

SR[S/T] section of the motif was predicted to interact with the N9-phosphoribosyl moiety 

of PRAMP and the KG[E/A]TSG section of the motif was predicted to hydrogen bond 

with the N1-phosphoribosyl moiety of PRAMP64. 

A catalytic mechanism for HisI was proposed by d’Ordine and collegaues65, Figure 1.10, 

in which a Zn2+-activated H2O molecule attacks the purine ring of PRAMP at C6, forming 

a tetrahedral intermediate65. A subsequent proton transfer between the 6-OH and N1 of 

the tetrahedral intermediate leads to the C6-N1 bond breaking and collapse of the 

tetrahedral intermediate65. In support of the mechanism, a chemical intermediate, 
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assumed to be the tetrahedral intermediate was detected upon analysis of the reaction 

catalysed by M. vannielii HisI under pre-steady state conditions65. d’Ordine and 

colleagues also postulated that a conserved active site histidine residue (His110) acts as 

a catalytic base to deprotonate the Zn2+-activated water65. This proposal was supported 

by the observation that mutagenesis of the conserved histidine (H110A) residue resulted 

in a severely catalytically impaired enzyme65. d’Ordine and colleagues further speculated 

that pKa values (7.3 and 7.5) extracted from pH profiles of HisI kcat/KM reflect that 

protonation of the conserved active site histidine would render it unable to extract a proton 

from the nucleophilic water63–65, however, it is possible that the pKa values extracted from 

the pH profile of kcat/KM may be reporting on the activity of a general base that abstracts 

a proton from the 6-OH of the tetrahedral intermediate. The mechanism proposed by 

d’Ordine and colleagues has similarities to that of purine and pyrimidine deaminases 

which also employ Zn2+-activated water as a nucelophile66–69.  
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Figure 1.10 Catalytic mechanism of HisI. PRAMP 5, ProFAR 6. B denotes a, as yet unidentified, catalytic 

base.  A1-H and A2-H represent, as yet unidentified, proton donors. The mechanism presented here is 

modified from the mechanism proposed by d’Ordine and colleagues65.  
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1.3.4 Bifunctional HisIE 

The first crystal structures of bifunctional HisIE from Shigella flexneri (PDB ID: 6J22 

and 6J2L) and HISN2 from Medicago truncatula (PDB ID: 7BGM and 7BGN) were 

reported very recently (2019 and 2021, respectively)70,71. HISN2 is the plant equivalent 

of bifunctional HisIE47. In both cases, crystal structures depicted a dimer of polypeptide 

chains composed of an N-terminal PRAMP cyclohydrolase domain (PRAMP-CH) 

domain and a c-terminal α-helical PRATP pyrophosphohyrolase domain (PRATP-PH) 

domain connected by a largely disordered fusion loop, Figure 1.1170,71. In solution studies 

confirmed HisIE from S. flexneri and HISN2 from M. truncatula form dimers in 

solution70,71. Structural overlays of S. flexneri HisIE and M. truncatula HISN2 indicate 

differences in the orientation of the PRATP-PH and PRAMP-CH domains relative to each 

other, Figure 1.11C. Further differences are evident in the fusion loop, which is longer 

and adopts a strand-helix-loop motif in the plant enzyme but is completely disordered in 

the S. flexneri HisIE structure, Figure 1.11C. However, the isolated PRATP-PH and 

PRATP-CH domains from the S. flexneri HisIE and M. truncatula HISN2 crystal 

structures are similar to each other and to HisI from M. thermoautotrophicum and HisE 

from M. tuberculosis, B. cereus, C.  violaceum and S. coelicolor, Figure 1.12. 
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Figure 1.11 Crystal structures of bifunctional HisIE. Crystal structures of HisIE from (A) S. flexneri (PDB 

ID: 6J22) and (B) HISN2 from M. truncatula (PDB ID: 7BGM). (C) Overlays of S. flexneri HisIE and M. 

truncatula HISN2. Proteins are shown with ribbon diagrams and coloured in either green and cyan (M. 

truncatula HISN2) or grey and magenta (S. flexneri HisIE). Images were generated in Pymol. 
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Figure 1.12 Overlays of isolated catalytic domains from S. flexneri HisIE and M. truncatula HISN2 with 

HisE from various organisms or M. thermoautotrophicum HisI. (A) Overlays of isolated PRATP-PH 

domains from S. flexneri HisI (green) (PDB ID: 6J22) and M. truncatula HISN2 (magenta) with HisE from 

M. tuberculosis (PDB ID: 3C90, blue), B. cereus (PDD: 1YVW, yellow), C. violaceum (PDB ID: 2A7W, 

purple), and S. coelicolor (PDB ID: 1YXB, coral). (B) Overlays of isolated PRAMP-CH domains from S. 

flexneri HisI (green), M. truncatula HISN2 (magenta) with M. thermoautotrophicum HisI (PDB ID: 1ZPS, 

purple) (B). Proteins are shown with ribbon diagrams. Images were generated in Pymol. 

The Zn2+- and Mg2+-binding sites of the PRATP-PH and PRAMP-CH domains can be 

readily identified in S. flexneri HisIE and M. truncatula HISN2 crystal structures, Figures 

1.13 and 1.14. In the M. truncatula HISN2 structure all metal-binding sites are occupied 

by Zn2+. Although no metal ions were bound in S. flexneri HisIE structure, structural 

overlays revealed that the architecture of the metal binding-sites is almost identical 

between the two structures, Figures 1.13 and 1.14.   
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Figure 1.13 Isolated PRATP-PH domain from S. flexneri HisIE (PDB ID: 7BGM) and M. truncatula HISN2 

(PDB ID: 6J22). PRATP-PH domain from (A) S. flexneri HisIE and (B) M. truncatula HISN2. Close-up 

views of the Mg2+ binding-sites of S. flexneri HisIE (C) and M. truncatula HISN2 (D). S. flexneri HisIE 

and M. truncatula HISN2 subunits are shown with ribbon diagrams and coloured in magenta or green, 

respectively. Residues of the putative Mg2+-binding site are shown as stick models with nitrogen in blue, 

oxygen, in red, and carbon in either magenta (S. flexneri HisIE) or green (M. truncatula HISN2). Zn2+ is 

depicted as grey spheres. Images were generated in Pymol. 
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Figure 1.14 Metal binding sites of the PRAMP-CH domain from M. truncatula HISN2 (PDB ID: 6J22) and  

S. flexneri HisIE (PDB ID:7BGM).  (A) Metal binding sites of the PRAMP-CH domain from M. truncatula 

HISN2 (PDB ID: 6J22). (B) The Zn2+-bound M. truncatula HISN2 was overlaid with S. flexneri HisIE in  

to highlight the overall similarity of the metal binding sites. Protein subunits are shown with ribbon 

diagrams and coloured in either cyan and green (M. truncatula HISN2) or magenta and grey (S. flexneri 

HisIE). Residues of the putative Zn2+ and Mg2+ binding-site are shown as stick models with nitrogen in 

blue, oxygen in red, sulphur in yellow and carbon in either cyan, green, magenta or pink. Zn 2+ ions are 

depicted as grey spheres. Water molecules are represented by red spheres. Metal binding residues are 

labelled according the M. truncatula HISN2 numbering in (A) and S. flexneri HisIE numbering in (B). 

Images were generated in Pymol. 
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Interestingly, an additional crystal structure of M. truncatula HISN2 with AMP bound to 

both the PRATP-PH and PRATP-CH domains was also recently reported (2021)71. The 

AMP bound to the PRATP-PH domain was considered unlikely to be catalytically 

relevant as the phosphate of AMP had bound away from the Mg2+-binding site71. 

Contrastingly, at the PRATP-CH domain, AMP bound in an orientation that was 

considered compatible with catalysis, Figure 1.15A. AMP was rotated 180° relative to 

the conformation of the same moiety in PRATP in previous docking experiments64,65,71. 

Thus, the SR[S/T] motif from the conserved substrate binding sequence that was 

proposed to bind the N9-phosphoribosyl moiety may, in fact, bind the N1-phosphoribosyl 

moiety, whereas the N9-phosphoribosyl moiety may be positioned by the 

WXKG[E/A]TS motif, Figure 1.15A. Nevertheless, in support of the mechanism 

proposed by d’Ordine and colleagues, the M. truncatula HISN2 crystal structure depicts 

distances between the Zn2+-bound water and C6 of AMP (3.1 Å) and between His143 and 

the Zn2+-bound water  (3.0 Å) and consistent with the Zn2+-bound water attacking 

PRAMP at C6 and with histidine serving to activate and orient the Zn2+-bound water, 

Figure 1.15B. Furthermore, no catalytic activity was detected from a H143E variant of 

M. truncatula HISN2.   
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Figure 1.15 Crystal structure of M. truncatula HISN2 with AMP bound.  (A) Close-up view of AMP-bound 

to the PRATP-CH domain of M. truncatula HISN2 (PDB ID: 7BGN). (B) Distances between Zn2+-H2O 

and H143 or C6 of AMP. Protein subunits are shown with ribbon diagrams and coloured in either cyan and 

green. Residues of the Zn2+- and Mg2+- binding sites and ligands are depicted as stick models with nitrogen 

in blue, oxygen in red, sulphur in yellow, phosphate in orange and carbon in either cyan, green or magenta. 

Zn2+ ions are represented by a grey sphere. H2O is shown as a red sphere. Residues that coordinate Zn2+ or 

form polar contacts with AMP are labelled. Red dashed lines depict polar interactions or coordination to a 

metal ion. Images were generated in Pymol. 
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Prior to this work, the steady-state kinetic parameters and rate-limiting steps of 

bifunctional HisIE were not established. Furthermore, no steady-state kinetic parameters 

had been reported for reactions catalysed by HisE and the only reported steady-state 

kinetic parameters of HisI were from archaeal organisms, M. vannielii63 and M. 

thermoautotrophicum64. The histidine biosynthetic pathway is an attractive target for 

novel antimicrobial agent development in various pathogenic bacteria and HisI, 

specifically, has been highlighted as a possible target for novel antimicrobial 

development72. Kinetic and biophysical characterisation of bifunctional HisIE in vitro is 

required for inhibitor development/screening. 

1.4 Applications of studying the histidine biosynthetic 

pathway   

1.4.1 Overcoming histidine feedback inhibition for industrial histidine 

biosynthesis 

Industrial biosynthesis of amino acids and related compounds is a rapidly growing multi-

billion dollar market3. L-glutamate and L-lysine were the first amino acids to be produced 

by fermentation on a commercial scale over six decades ago73. Nowadays, approximately 

3.2 and 2.6 million tonnes of L-glutamate and L-lysine are produced by fermentation per 

annum, respectively, and demand for more specialised amino acids is growing3. Amino 

acids may be used to supplement animal feed and as building blocks for the synthesis of 

pharmaceutical, cosmetic or agricultural products74. Histidine, specifically, is used as a 

buffer in several vaccines including Gardasil® (a human papillomavirus vaccine) and 

Vaxzevria (a SARS-CoV-2 vaccine [also known as the Oxford/AstraZeneca Covid-19 

Vaccine)4,5. Histidine is also found in solutions/emulsions for parenteral nutrition6,7, 

infant formula8 and cosmetic products9.  

Traditional routes of histidine production include protein hydrolysis75, however, this 

method has notable drawbacks including dependence of the availability of naturally 

histidine-rich compounds75–77. On the other hand, producing histidine via industrial 

fermentation in which microorganisms convert sugars into a desired end-product has 

several advantages including the ability to scale-up synthesis to meet demand and mild 
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conditions that maintain product integrity/stability75–77. Overcoming histidine feedback 

inhibition of ATPPRT is vital for generating histidine accumulating microbes. Efforts to 

produce an ATPPRT suitable for industrial application have included targeted mutagenic 

strategies which aim to disrupt histidine binding to HisGL-type ATPPRTs2,41,78,79. 

Unfortunately, truncations of the C-terminal histidine binding domain severely impairs 

HisGL activity38,78 and though point mutations at the histidine binding site and/or signal 

transmission pathway can facilitate histidine accumulation, in vitro data demonstrated 

these mutant HisGL proteins may still be partially inhibited by high concentrations of 

histidine41,78. For example, S143F C. glutamicum HisGL retains only 35% activity at 200  

mM  histidine78. 

Contrastingly, when expressed in the absence of HisZ, HisGS-type ATPPRTs are 

completely insensitive to histidine32,35. Thus, a detailed understanding of the molecular 

mechanism underpinning allosteric activation of HisGS by HisZ may facilitate rationale 

engineering of HisGS in order to generate a more-active, industrially-viable HisGS variant 

that that is truly insensitive to feedback inhibition.  Previous work by Buller and 

colleagues, has demonstrated that it is possible to introduce mutations which mimic the 

effects of allosteric activation in tryptophan synthase80. Such mutations may shift the rate-

limiting step and/or influence the protein conformational landscape80.  

1.4.2 Histidine biosynthesis as a target for novel antimicrobial development 

Novel antimicrobial agents are urgently required to address the escalating threat to global 

health posed by antibiotic resistance. Globally, antimicrobial resistance is estimated to be 

responsible for approximately 700,000 deaths per annum and this is predicted to rise to 

10 million deaths per annum by 2050 if no action is taken81.  

Recent work suggests the enzymes of the histidine biosynthetic pathway are an untapped 

source of novel antimicrobial targets in key resistant bacteria such as Acinetobacter 

baumaunnii and Mycobacterium tuberculosis. High-throughput transposon library 

analysis demonstrated that six enzymes of the histidine biosynthetic pathway are required 

for A. baumannii persistence in the lungs, including ATPPRT, bifunctional HisIE, and 

HisC10.  Similarly, histidine biosynthesis has been shown to protect M. tuberculosis from 

host-mediated histidine starvation in vivo13. Histidine biosynthesis has also been 
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implicated in Aspergillus fumigatus15 and Brucella suis14,82 virulence in vivo. Mammals 

do not biosynthesise histidine which bodes well for development of selective 

antimicrobial agents which exhibit minimal off-target effects, providing that the target 

organism cannot scavenge histidine from the host 

The need for novel antibiotics effective against carbapenem-resistant A. baumannii, 

specifically, was classified as critical by the World Health Organisation in 201783. A. 

baumannii  is a gram-negative and opportunistic pathogen which enters the body via 

mucous membranes, broken skin or medical devices, such as intravascular catheters and 

mechanical ventilators84,85. Ventilator-associated pneumonia is a common manifestation 

of A. baumannii associated with high mortality rates86–89.  A. baumannii and carbapenem-

resistant A. baumannii infections account for approximately 20.9% and 13.6%, 

respectively, of all hospital-associated infections in intensive care units across Europe, 

the Eastern Mediterranean Region and Africa90. 

Carbapenems are members of the β-lactam class of antibiotics and are typically reserved 

for treatment of multi-drug resistant (MDR) infections91,92. Widespread deployment of 

carbapenems to tackle increasing incidences of MDR infections has been associated with 

a striking rise in carbapenem resistance reported in several organisms including A. 

baumanii93,94. Carbapenem-resistant A. baumannii is classified as extensively drug 

resistant (XDR) and poses a serious threat to global public health as treatment options are 

extremely limited95. Alarmingly, studies in Southern Vietnam and across Europe 

identified ~85% and 97% of A. baumannii isolated from patients with pneumonia were 

carbapenem resistant96,97. Additionally, 48% of the isolates from the European study were 

classified as resistant to the colistin, which is a last-resort treatment97. Thus, novel 

antibiotics are urgently required to treat drug-resistant A. baumannii infections.  

As previously highlighted, high-throughput transposon analysis identified six enzymes of 

the histidine biosynthetic enzymes pathway required for A. baumannii persistence in the 

lungs during pneumonia, including ATPPRT, bifunctional HisIE, and HisC10. 

Approximately 2 μM histidine was detected in the extracellular space in lungs of mice 

infected with A. baumannii98.  A. baumannii is considered an extracellular pathogen and 

the IC50 of A. baumannii ATPPRT for histidine is approximately 135  uM45. Thus, it is 

very likely that available concentration of histidine during infection does not match the 
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requirements of A. baumannii. The role of the histidine biosynthetic enzymes during A. 

baumannii colonisation of the lungs is likely multi-faceted. Histidine catabolism is 

posited to play key roles in A. baumannii Zn2+-homeostasis98,99 and biofilm formation100. 

Deficiency in histidine catabolic enzymes leads to avirulent strains towards lung infection 

and inability to form biofilms98,100. Furthermore, Martínez-Guitián and colleagues 

recently demonstrated HisF is upregulated in A. baumannii during lung infection and that 

the survival rate in murine pneumonia models is significantly greater (p < 0.001) when 

mice are infected with HisF-deficient A. baumannii compared with WT A. baumannii11,12. 

Crucially, Martínez-Guitián and colleagues observed significantly greater concentrations 

of the pro-inflammatory cytokine IL-6 and leukocytes in tissue extracted from mice 

infected with the HisF-deficient A. baumannii compared with WT A. baumannii12. In 

vitro phagocytosis assays suggested that a by-product of the reaction catalysed by HisF, 

5-aminoimidazol-4-carboxamide (AICAR), plays a role in suppression of the host innate 

immune system12. Nonetheless, the requirement for HisC, which catalyses a step of 

histidine biosynthesis after formation of AICAR, for A. baumannii persistence in the 

lungs10 suggests histidine biosynthetic enzymes are required independently of possible 

AICAR-mediated host immune-suppression.  

In summary, novel antimicrobials are urgently required to treat A. baumannii infections. 

HisIE is one of six histidine biosynthetic enzymes required for A. baumannii persistence 

in the lungs, however, HisIE from A. baumannii has not been characterised and no kinetic 

characterisation has been reported for any bifunctional HisIE. Kinetic characterisation of 

HisIE from A. baumannii is the first step towards inhibitor development/screening with a 

view towards novel antibiotic development.  

1.5 Project Aims 

1.5.1 Project Aim 1 

The first aim of this work is to define the mechanism underpinning allosteric activation 

of P. arcticus HisGS by P. arcticus HisZ, as henceforth referred to as PaHisGS and 

PaHisZ, respectively, with a view toward biocatalytic production of histidine. 

Psychrobacter arcticus is a gram-negative, rod-shaped, psychrophilic bacterium from the 
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Siberian permafrost101 which encodes a HisGS-type ATPPRT previously characterised in 

the da Silva laboratory32. More specifically, this work sought to define the kinetic-

mechanism of PaHisGS; establish the identity of ADP as either a substrate or inhibitor of 

PaHisGS; uncover the rate-limiting steps of PaHisGS alone and in the presence of the 

allosteric modulator, PaHisZ; identify key catalytic residues of PaHisGS and propose a 

model of allosteric activation of PaHisGS by PaHisZ.  

1.5.2 Project Aim 2 

The second aim of this work was to establish key kinetic and biophysical parameters of 

HisIE from A. baumannii, henceforth referred to as AbHisIE. More specifically, it was 

sought to clone, produce and purify recombinant AbHisIE; enzymatically synthesise and 

isolate the substrate of AbHisIE, PRATP; determine the steady-state kinetic parameters 

of AbHisIE and probe the rate-limiting steps of this complex bifunctional system. It was 

envisioned this work would pave the way for future inhibitor development. 
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Chapter 2 Materials and Methods 

2.1 Reagents 

All commercially available chemicals were used without further purification. 

BaseMuncher endonuclease was purchased from AbCam. Ampicillin sodium, 

dithiothreitol (DTT), isopropyl β-D-1-thiogalactopyranoside (IPTG) and 2-(N-

morpholino)ethanesulfonic acid-sodium dodecyl sulfate (MES-SDS) gel running buffer 

were purchased from Formedium. DH5α (high efficiency) E coli, Gibson Assembly 

Cloning Kit and Dpn1 were purchased from New England Biolabs. QIAprep Spin 

Miniprep, PCR clean-up and Plasmid Midi kits were purchased from Qiagen. 

Ethylenediaminetetraacetic acid (EDTA)-free cOmplete protease inhibitor cocktail was 

purchased from Roche. Ammonium bicarbonate, ammonium sulfate, ATP, C43 (DE3) 

chemically competent E. coli., D2O, glycerol, histidine, imidazole, lysozyme, PRPP, 

potassium chloride, tricine, ZnCl were purchased from Sigma-Aldrich. Agarose, dNTPSs, 

kanamycin sulfate , 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES 

EnzCheckTM Pyrophosphate Kit, MgCl2, NaCl, PageRuler Plus Prestained protein ladder, 

PageRulerTM Plus Prestained protein ladder, Phusion High-Fidelity polymerase and 

SYPRO orange protein gel stain were purchased from ThermoFisher Scientific. gBlocks 

and primers were synthesised by Integrated DNA technologies (IDT) 

2.2 Materials 

Ultrafiltration membranes were manufactured by Millipore. Dialysis bags and Vivaspin 

centrifugal units were purchased from Sigma-Aldrich. The high-pressure cell disruptor 

used for cell lysis was manufactured by Constant Systems. All protein purification was 

carried out using an AKTA Start FPLC system and all columns were purchased from GE 

Lifesciences.  
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2.3 Protein Sequences 

Mass and extinction coefficients at 280 nm (ε280) for the proteins were calculated by the 

software ProtParam.  

PaHisGS (25213 Da, ε280 = 8,940 M-1 cm-1) 

GMTEVTNSLPTSGLLNEANDEFLGLTLALSKGRILEETMPLLRAAGVELLEDPE

ASRKLIFPTSNPNVRVLILRASDVPTYVEHGAADFGVAGKDVLLEHGANHVYE

LLDLKIAQCKLMTAGVKDAPLPNRRLRIATKYVNVARAYFASQGQQVDVIKLY

GSMELAPLVGLGDLIVDVVDTGNTLRANGLEARDHICDVSSRLIVNQVSYKRK

FALLEPILDSFKNSINSTS 

PaHisZ (Untagged) (43,028 Da, ε280 = 25,900 M-1 cm-1) 

GMLPDGVADVLFEDAHKQEVLRHQLTQQLITHGYQLVSPPMIEFTESLLSGASE

DLKRQTFKIIDQLTGRLMGIRADITPQILRIDAHHGGDGIARYCYAGDVIHTLPS

GLFGSRTPLQLGAEIFGCESIAADIELIDVLFSMINSLDMSAVLHVDLGHVTIFKR

LAELAALSASDTEQLMQLYANKNLPELKQVCQVLPMGSDFYTLARFGHDIANL

LGRLSENAQQDTKIVTAIDELQRLKAHLQVQWQCAVSIDVTELSGYHYHTGIVF

NGYINSETQPLVRGGRFDGMKSNQLATNQPRQATGFSMDVSRLLAHTQLDAPF

IVLIDYDAFNNLDSAQRQLLLQQVASLRQQGYRVTMPLTAEDMPVGLTHRLSL

ADNQWRLHAV 

PaHisZ (His-tagged) (44,703 Da, ε280 = 27,390 M-1 cm-1) 

HHHHHHENLYFQGMLPDGVADVLFEDAHKQEVLRHQLTQQLITHGYQLVSPP

MIEFTESLLSGASEDLKRQTFKIIDQLTGRLMGIRADITPQILRIDAHHGGDGIAR

YCYAGDVIHTLPSGLFGSRTPLQLGAEIFGCESIAADIELIDVLFSMINSLDMSAV

LHVDLGHVTIFKRLAELAALSASDTEQLMQLYANKNLPELKQVCQVLPMGSDF

YTLARFGHDIANLLGRLSENAQQDTKIVTAIDELQRLKAHLQVQWQCAVSIDV

TELSGYHYHTGIVFNGYINSETQPLVRGGRFDGMKSNQLATNQPRQATGFSMD

VSRLLAHTQLDAPFIVLIDYDAFNNLDSAQRQLLLQQVASLRQQGYRVTMPLT

AEDMPVGLTHRLSLADNQWRLHAV 

PaHisIE (31,035 Da, ε280 = 43,430 M-1 cm-1) 

MTLPAWLTAVNFNADGLIPAIAQDHESGRILMMAWMNAESLQLTADTQTAVY

FSRSRAKLWHKGESSGHTQRVHDIRLDCDADVIVLSVTQAGGIACHTGRESCFY

QRLDLSGQTPEWQTVDKVIKDPAEIYHSNEVANPPPTNDATAHNSVSFDADAN

QAKADKTSILQQLDRVLAERKQADADSSYVASLYDKGLNKILEKVGEESTESII

AAKDFANCDENIDKSQYDEARSELIYEVADVWFHTLVGLAWFGIESDAVLNEL

GRRFGLSGIDEKAAR 
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AbHisIE (29,196 Da, ε280 = 40,910 M-1 cm-1) 

MNNTQWLDEVKFNEQGLIPAIAQHHQTGRILMVAWMNRESLALTAEKNQAVY

FSRSRQKLWHKGEESGHFQTVYEIRLDCDGDVIVLQVEQHGGIACHTGRESCFY

RKLTPQGWEIVDAQLKDPTAIYGDNAKTESHDHAHTTEQVDVLAHLGQLMQE

RKQAEADTSYVASLYKKGINKILEKVGEEGVETIIAAKDYATQNTESNLNDLIY

ETADLWFHSIVMLGYFDLNPQLIIDELGRRQGLSGLVEKANRNKV 

2.4 General Methods 

2.4.1 Measurement of PaHisGS and PaATPPRT initial velocities. 

Initial rates were measured as previously described32 at 20 ⁰C in Tricine (100 mM), KCl 

(100 mM), MgCl2 (15 mM), DTT (4 mM) (pH 8.5) with 10 µM MtPPase. MtPPase 

irreversibly hydrolyses pyrophosphate  into inorganic phosphate thus rendering the 

overall reaction irreversible32. Reactions (500 µl) were monitored for an increase in 

absorbance at 290 nm corresponding to the formation of PRATP or PRADP (pH 8.5, 

Ɛ290nm = 3600 M-1 cm-1)102 for 60 seconds in 1 cm path-length quartz cuvettes (Hellma) 

using a Shimadzu UV-2600 spectrophotometer. Cuvettes were incubated for 3 minutes 

inside the spectrophotometer before reactions were started by addition of PRPP. All 

measurements were carried out in at least duplicates. 

2.4.2 Measurement of PaHisIE and AbHisIE initial velocities. 

Initial rates were measured at either 20 ⁰C (PaHisIE) or 25 ⁰C (AbHisIE) in HEPES (100 

mM) and MgCl2 (either 12 mM [PaHisIE] or 15 mM [AbHisIE]). Additionally, reactions 

with AbHisIE also contained DTT (4 mM). Reactions (500 µl) were monitored for an 

increase in absorbance at 300 nm corresponding to the formation of ProFAR (pH 7.5, 

ΔƐ300nm = 6700 M-1 cm-1)102 for 30 – 120 seconds in 1 cm path-length quartz cuvettes 

(Hellma) using a Shimadzu UV-2600 spectrophotometer. Cuvettes were incubated for 3 

minutes inside the spectrophotometer before reactions were started by addition of 

PRATP. All measurements were carried out in at least duplicates.  

2.4.3 Pre-steady state kinetics 

Pre-steady state measurements were performed at either 20 °C (PaHisGS and 

PaATPPRT) or 25 °C (AbHisIE) in an Applied Photophysics SX-20 stopped-flow 
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spectrophotometer (0.5-cm path length and 0.9-ms dead-time) and a circulating water 

bath for temperature control. Absorbance was recorded at either 290 nm (PaHisGS or 

PaATPPRT) or 300 nm (AbHisIE). For reactions with PaHisGS and PaATPPRT, one 

syringe carried enzyme (PaHisGS with or without PaHisZ)and PRPP while the other 

carried ATP. For reactions with AbHisIE one syringe carried AbHisIE whilst the other 

carried PRATP. All pre-steady state measurements were triggered by rapidly mixing 55 

µl from each syringe. 

2.4.4 Differential scanning fluorometry (DSF) 

DSF measurements (λex = 490 nm, λem = 610 nm) were performed in 96-well plates on a 

Stratagene  Mx3005p instrument. Reactions (50 µL) typically contained 7 µM protein 

and 5X Sypro Orange (Invitrogen) was added to all wells.  Thermal denaturation curves 

were recorded over a temperature range of 25 ⁰C – 93 ⁰C with increments of 1 ⁰C min-1. 

Control curves lacked enzyme and were subtracted from curves containing enzymes. All 

measurements were carried out in triplicate unless stated otherwise. 

2.4.5 31P-NMR Spectroscopy of PaHisGS and PaATPPRT catalysed reactions 

PaHisGS and/or PaATPPRT  reactions were evaluated by 31P-NMR spectroscopy as 

previously described32.  Typically, either PaHisGS or PaATPPRT were incubated with 

PRPP, ATP and MtPPase (20 µM) in 100mM tricine (pH 8.5), 15 mM MgCl2, 100 mM 

KCl, DTT (4 mM) with MtPPase (20 µM) for 1 hour at 20 °C. Proteins were removed by 

passage through 10,000 kDA MWCO Vivaspin centrifugal concentrators and 100 µL 

D2O was added to each reaction. 31P-NMR spectra were recorded on either a Bruker AV 

400 or Bruker AVII 400 spectrophotometer and a total of 128 scans were collected. 

2.4.6 Liquid chromatography-mass spectrometry (LC-MS) analysis of reactions 

catalysed by PaHisIE and AbHisIE. 

Reactions (500 μL) typically contained either PRATP or PRADP and either PaHisIE or 

AbHisIE in HEPES (100 mM) and MgCl2 (15 mM). Reactions were incubated for 1 hour 

at 20 °C and proteins were removed by passage through a 10,000 kDA MWCO Vivaspin 

centrifugal concentration. LC-MS analysis of the proteins free mixtures was performed 

by Dr Alison Dickson, formerly of the Czekster Laboratory. Samples (either 0.5 or 1 μL) 
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were loaded onto an Atlantis Premier BEH C18 AX column (2.1  100 mm, 1.7 μm) on 

a Waters ACQUITY UPLC system coupled to a Xevo G2-XS QToF mass spectrometer 

equipped with an ESI source. Reaction components were separated in (A) ammonium 

acetate pH 6, (B) acetonitrile and (C) ammonium acetate pH 10. The following sequence 

was employed to separate products : 0 – 0.5 min 90% (A) and 10% (B); 0.5 – 2.5 min 

linear gradient from 90% (A) and 10% (B) to 50% (A), 10% (B) and 40% (C); hold from 

2.5 – 7 min 50% (A), 10% (B) and 40% (C).at a flow rate of 300 μM min-1. Electrospray 

ionisation data were acquired in negative mode with a capillary voltage of 2500 V. The 

source and desolvation gas temperatures of the mass spectrometer were 100 °C and 250 

°C, respectively. The cone gas flow was 50 L hour-1, whilst the gas flow was 600 L hour-

1. A scan was performed between 50 – 1200 m/z. A lockspray signal was measured and a 

mass correction was applied by collecting every 10 seconds, averaging 3 scans of 0.5 

seconds each, using Leucine Enkephalin as a correction factor for mass accuracy 

2.4.7 Data Analysis 

All kinetic data were analysed using the non-linear regression function of SigmaPlot 12 

(SPSS Inc.). For ATPPRT, data collected at fixed concentrations of PaHisGS and 

substrates with varying concentrations of PaHisZ or AbHisZ were fitted to Equation 2.1. 

The concentration of either PaATPPRT or AbHisZ-PaHisGS in future measurements was 

calculated using Equation 2.2  All substrate saturation data were fitted to Equation 2.3. In 

Equations 2.1-2.3, v is the initial rate, Vmax is the maximal velocity, G is the 

concentration of PaHisGS, Z is the concentration of PaHisZ, KD is the equilibrium 

dissociation constant, PaATPPRT is the concentration of the PaHisGS-PaHisZ complex, 

S is the concentration of the varying substrate, kcat is the steady-state turnover number, 

KM is the apparent Michaelis constant, ET is the total enzyme concentration. 

Equation 2.1 

𝑃𝑎𝐴𝑇𝑃𝑃𝑅𝑇 =  
(𝐺 + 𝑍 + 𝐾𝐷) − √(𝐺 + 𝑍 + 𝐾𝐷)2 − 4𝐺𝑍

2
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Equation 2.2 

𝑣 = 𝑉𝑚𝑎𝑥

(𝐺 + 𝑍 + 𝐾𝐷) − √(𝐺 + 𝑍 + 𝐾𝐷)2 − 4𝐺𝑍

2𝐺
 

Equation 2.3  

𝑣

𝐸𝑇
=  

𝑘𝑐𝑎𝑡𝑆

𝐾𝑀 + 𝑆
 

Pre-steady state multiple- and single-turnover data were fitted to Equations 2.4 and 2.5, 

respectively, where P(t) is product concentration at time t, AB is the amplitude of the burst 

phase, Asto is the amplitude change for the single-turnover reaction, kburst is the first-order 

rate constant of the product formation in the burst phase, ksto is the single turnover rate 

constant, v is initial velocity and t is the reaction time,. 

Equation 2.4 

𝑃(𝑡) =  𝐴𝐵 (1 − 𝑒−𝑘𝑏𝑢𝑟𝑠𝑡𝑡) + 𝑣𝑡 

Equation 2.5 

𝑃(𝑡) = 𝐴𝑠𝑡𝑜(1 − 𝑒−𝑘𝑠𝑡𝑜𝑡) 

DSF thermal denaturation data were fitted to Equation 2.6, where FU is fraction unfolded, 

T is the temperature in °C, TM is the melting temperature, c is the slope of the transition 

region and LL and UL are folded and unfolded baselines, respectively. Equation 2.6 is 

from reference103. 

Equation 2.6 

𝐹𝑈 = 𝐿𝐿 +  
𝑈𝐿 − 𝐿𝐿

1 + 𝑒
𝑇𝑚−𝑇

𝑐
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2.5 Methods for Chapter 3 

Materials and methods for Chapter 3 have previously been published in “Fisher G.,  

Thomson C. M., Stroek R., Czekster C. M., Hirschi J. M., and da Silva R. G., Allosteric 

activation shifts the rate-limiting step in a short-form ATP phosphoribosyl transferase. 

Biochemistry 2018, 57, (29), 4357-4367.” 

PaHisGS, PaHisZ, MtPPase and TEVP were produced using methods previously 

established by the da Silva laboratory29,32,104. The procedures are briefly outlined in the 

following paragraphs. 

2.5.1 Protein production 

Glycerol stocks of expression cells transformed with expression vectors encoding N-

terminal His-tagged PaHisGs, PaHisZ, MtPPase and TEVP (codon-optimised), were 

provided by Dr Rafael da Silva. The specific expression cell type, expression vector, 

antibiotic required for selection, and induction temperature for each protein are detailed 

in Table 2.1. Starter cultures were prepared by inoculating lysogeny broth (LB) (5 mL) 

containing either kanamycin (50 µg mL-1) or ampicillin (100 µg mL-1) with a scraping 

from the appropriate glycerol stock, and incubated overnight at 37 ⁰C in a shaker. Starter 

cultures were then transferred to 1 L of LB  containing either kanamycin (50 mg mL-1) or 

ampicillin (100 mg mL-1) and grown at 37 ⁰C in a shaker until an optical density at 600 

nm (OD600) between 0.6 – 0.8  was reached. Cultures were subsequently cooled to the 

appropriate induction temperature for overnight incubation, Table 2.1, and protein 

synthesis was induced by addition of IPTG (0.5 mM). The following day, cells were 

harvested by centrifugation at 6774 g for 15 minutes and cell pellets were stored at -20 

⁰C.  
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Table 2-1  Expression cell type, expression vector, antibiotic required for selection and induction 

temperature for PaHisGS, PaHisZ, MtPPase and TEVP expression. 

2.5.2 PaHisGS and PaHisZ purification 

All purification procedures were performed at 4 ⁰C. Cell pellets were resuspended in 

Buffer A (HEPES [50 mM], NaCl [either 300 mM {MtPPase} or 500 mM {PaHisGS, 

PaHisZ, MtPPase}], imidazole [10 mM] [pH 8.0]) with lysozyme (0.2 mg mL-1), 

BaseMuncher Endonuclease (750 U)  (Abcam) and half a tablet of EDTA-free cOmplete 

protease inhibitor cocktail (Roche). MtPPase resuspension buffer also contained MgCl2 

(5 mM) and CaCl2 (1 mM). Cells were lysed in a high-pressure cell disruptor and 

fractionated by centrifugation at 48,000 g for 30 min. Supernatants was filtered through 

a 0.45 µM membrane and loaded onto a 5 mL HisTrap FF Column.  

Columns were washed with 10 column volumes (CV) of buffer A after which proteins 

were eluted across a 20 CV linear gradient of either 0 – 40%  (PaHisGs) or 0 – 60% 

(PaHisZ, MtPPase, TEVP) buffer B (HEPES [50 mM], NaCl [either 300 mM {MtPPase} 

or 500 mM {PaHisGS, PaHisZ, MtPPase}], imidazole [500 mM] [pH 8.0]). 

For His-tagged PaHisZ, MtPPase and TEVP, fractions were analysed by sodium dodecyl 

sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) and fractions found to contain 

only the protein of interest were pooled and dialysed twice against 2 L of either buffer C 

Protein Expression cell 

type  

Expression 

vector 

Antibiotic 

required for 

selection 

Induction 

temperature 

(°C) 

PaHisGS C43 (DE3) pJexpress431 kanamycin 16 

PaHisZ BL21 (DE3) pJexpress414 ampicillin 16 

MtPPase Bl21 (DE3) pJexpress411 kanamycin 20 

TEVP Rosetta (DE3) pRK793 ampicillin 20 



Materials and Methods 

44 

 

(His-tagged PaHisZ and MtPPase, HEPES [20 mM] [pH 8.0]) or buffer D (TEVP, 

phosphate buffered saline, NaCl [10 g L-1], glycerol [10%] [v/v]). After dialysis, protein 

solutions were concentrated using 10,000 molecular weight cutoff (MWCO) 

ultrafiltration membranes (Millipore) and protein concentrations were determined 

spectrophotometrically using the theoretical extinction co-efficient (ε280) 27,930 M-1 cm-

1 for His-tagged PaHisZ, 19,949 M-1 cm-1 for MtPPase and the theoretical ε280 for 1 % 

(w/v) = 11.26 for TEVP. The intact mass of His-tagged PaHisZ was determined by 

electrospray ionisation mass-spectrometry(ESI-MS). Mass-spectrometry was performed 

by the BSRC mass-spectrometry facility at the University of St Andrews.  

For PaHisGS and non-His tagged PaHisZ,  TEVP was added to fractions containing the 

protein of interest at a ratio of either 1 mg TEVP : 10 mg PaHisGS or 1 mg TEVP: 15 mg 

PaHisZ  and samples were dialysed twice against 2 L of buffer E (HEPES [20 mM], NaCl 

[150 mM], DTT[2 mM], and glycerol [10%] [pH 7.5]) and then twice against 2 L of buffer 

A. Protein mixtures were reloaded onto a HisTrap FF 5 mL column and the flow-through 

was collected and analysed via SDS-PAGE and fractions found to contain only PaHisGs 

or PaHisZ were pooled and dialysed twice against 2 L of buffer C. PaHisGS and PaHisZ 

were concentrated using either 10,000 (PaHisGS) or 30,000 (PaHisZ) MWCO 

ultrafiltration membranes, aliquoted, and stored at −80 °C. The concentrations of PaHisGs 

and PaHisZ were determined spectrophotometrically  using the theoretical extinction 

coefficients (Ɛ280) =  8,940 M-1 cm-1 for PaHisGs and 25,900 M-1 cm-1 for PaHisZ). The 

intact mass of PaHisGS and PaHisZ was determined by ESI/TOF-MS  performed by the 

BSRC mass-spectrometry facility at the University of St Andrews. In this work, PaHisZ 

denotes non-His tagged PaHisZ and His-tagged PaHisZ denotes PaHisZ with the His-

tag still in place.  

2.5.3 DSF of PaHisGS with and without substrates 

Thermal denaturation curves of PaHisGS (7.5 µM) were recorded in the presence and 

absence of substrates (ATP [6 mM]; PRPP [2 mM]; PRATP [208 µM] or PPi [3.6 mM]) 

with and without glycerol (22% [v/v]) in either assay buffer (tricine [100 mM], KCl 

[100mM] and MgCl2 [15 mM] [pH8.5] with DTT [4 mM]) or phosphate buffer KH2PO4 

(10mM) and KF (10 mM) [pH 8.0]). 
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2.5.4 Isothermal titration calorimetry (ITC) 

ITC measurements were carried out at 20 °C in a MicroCal PEAQ-ITC calorimeter 

(Malvern Instruments). PaHisG and ligands were solubilised and/or diluted in 100 mM 

tricine (pH 8.5), 100 mM KCl, 15 mM MgCl2, 4mM DTT. After a small injection of 0.4 

µL, 18 successive injections of 2 µL of ligand (0.8 mM PRPP or 10 mM ATP) were made 

into 300 µL of 50 µM PaHisGS with 150 s spacing between injections and a reference 

power of 10 µcal s-1. Titrations of ligand were performed in duplicate. Heat of dilution 

was measured by titrating ligand into assay buffer and subtracted from the appropriate 

binding curve. Data for PRPP binding were fitted to a single-site binding model using 

PEAQ-ITC analysis software (Malvern Instruments).  

2.5.5 Determination of PaATPPRT equilibrium dissociation constant (KD) in 0%, 

18% and 27% glycerol.  

Initial velocities were measured at saturating concentrations of both substrates, 5.6 mM 

ATP and 2 mM PRPP, with 0.38 µM PaHisGS and varying concentrations of PaHisZ. in 

0% (0.9 – 8.5 µM PaHisZ), 18%  (0.5 – 16.3 µM PaHisZ) and 27% (0.5 – 16.3 µM 

PaHisZ) glycerol (v/v). 

2.5.6 Initial velocity patterns 

PaHisGS (2.2  µM) initial rates were measured at 20 ⁰C at varying concentrations of both 

substrates ATP (0.2 - 2.8 mM ATP) and PRPP (0.1 - 2.0 mM). Measurements were 

performed in quadruplicate.  Data were fitted to Equation 2.7, where v is the initial rate, 

ET is the total concentration of enzyme, kcat is the steady-state turnover number, KI is the 

inhibitor dissociation constant, A and B are the first and second substrates to bind to the 

enzyme, respectively, and KA and KB are their respective Michaelis constants. 

Equation 2.7 

𝑣

𝐸𝑇
=  

𝑘𝑐𝑎𝑡𝐴𝐵

𝐾𝐼𝐴𝐾𝐼𝐵 +  𝐾𝐴𝐵 +  𝐾𝑏𝐴 + 𝐴𝐵
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2.5.7 PaATPPRT and PaHisGS saturation kinetics with ATP and PRPP.  

PaATPPRT (0.37 µM) initial rates were measured at saturating concentrations of one 

substrate and varying concentrations of the other, either ATP (0.4 – 5.6 mM) or PRPP 

(0.1 – 2.0 mM). PaHisGS (2.2 or 2.5 µM) initial rates were measured at saturating 

concentrations of one substrate and varying concentrations of the other, either ATP (either 

0.4 – 2.8 mM or 0.4 – 5.6 mM) or PRPP (0.1 – 2.0 mM). 

2.5.8 PaHisGS saturation kinetics with ADP and PRPP.  

PaHisGS (2.2 µM) initial rates were measured at saturating concentrations of one 

substrate and varying concentrations of the other, either ADP (0.4 mM – 5.6 mM) or 

PRPP (0.1 – 2.0 mM).  

2.5.9 PaATPPRT and PaHisGS saturation kinetics in glycerol 

PaATPPRT (0.37 µM)  and PaHisGs (2.2 µM) initial rates were measured at saturating 

concentrations of one substrate and varying concentrations of the other, either ATP (0.4 

– 5.6 mM) or PRPP (0.1 – 2.0 mM), in 0%, 18% and 27% glycerol (v/v). Data for PaHisGS 

was collected by Dr Rafael G. da Silva. Kinetic solvent viscosity data were fitted to 

Equation 2.8 where k0 and kn are the rate constants in the absence and presence of glycerol, 

respectively, ηrel is the relative viscosity of the solution and m is the slope. 

Equation 2.8 

(𝑘𝑜)

(𝑘𝑛)
= 𝑚(𝑛𝑟𝑒𝑙 − 1) + 1 

2.5.10  PaATPPRT and PaHisGS saturation kinetics with Mn2+. 

15 mM MgCl2 was replaced by MnCl2.  PaATPPRT (0.37 µM) initial rates were 

measured at saturating concentrations of one substrate and varying concentrations of the 

other either ATP (0.1 – 1.4 mM) or PRPP (0.1 – 2.0 mM). PaHisGS (1.1 µM) initial rates 

were measured at saturating concentrations of one substrate and varying concentrations 

of the other either ATP (0.1 – 1.4 mM) or PRPP (0.05 – 2.0 mM).  
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2.5.11  Pre-steady state kinetics 

Approach to steady state in PaHisG and PaATPPRT reactions was investigated under 

multiple turnover conditions, each syringe contained tricine (100 mM), KCl (100 mM) 

and MgCl2 (15 mM) (pH 8.5) with DTT (4 mM) and 20 µM MtPPase. In addition, one 

syringe carried PaHisGS (40 µM) (with or without PaHisZ [100 µM]) and PRPP (4 mM), 

while the other carried ATP (11.2 mM). Reaction was triggered by rapidly mixing 55 µl 

from each syringe. The reaction catalysed by PaHisGS was monitored across a linear-

time base, 5000 data points were collected over 5 seconds. PaATPPRT absorbance data 

was collected over a split time-base for 2 seconds, with 4000 data points collected in the 

first 0.2 seconds and 4000 in the following 1.8 seconds. 8 traces were acquired for each 

enzyme. 

 PaHisGS single-turnover reactions were prepared as described above except the PRPP 

syringe carried only 5 µM PRPP and the enzyme syringe carried PaHisGS at 0 µM, 20 

µM, 40 µM, and 80 µM. Absorbance at 290 nm was monitored across a linear-time base, 

5000 data points were collected over either 250 seconds (20 µM PaHisGS) or 120 seconds 

(0 µM, 40 µM, 80, µM PaHisGS). 

2.5.12  Comparison of PaHisGS reactions by 31P-NMR Spectroscopy 

Reaction mixtures (500 µl) were prepared in duplicate and contained tricine (100 mM), 

KCl (100 mM) and MgCl2 (15 mM) (pH 8.5) with DTT (4 mM), MtPPase (20 µM), PRPP 

(3 mM),  either ATP (3 mM) or ADP (3mM) and PaHisG (10 µM). Control reactions 

were prepared without PaHisGS. Samples were incubated for 1 hour at 20 °C after which 

100 µl of D2O was added to each sample and proteins were removed by passage through 

10,000 MWCO Vivaspin centrifugal concentrators.31P-NMR spectra were acquired as 

described in the General Methods Section.  

2.5.13  Analysis of the reaction catalysed by PaHisGS in the presence of MnCl2 by 

LC-MS 

LC-MS was performed under the supervision of Dr Clarissa M. Czekster. Reaction 

mixtures (500 µL) prepared in duplicate contained tricine (100 mM), KCl (100 mM) and 

MnCl2 (15 mM) (pH 8.5) with DTT (4 mM), MtPPase (20 µM), ATP (1.4 mM), PRPP 
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(2.0 mM) and  PaHisGS (10.3 μM). Control reactions did not contain PaHisGS. Reactions 

were incubated for 1 hour at 20 °C then frozen at -80 ⁰C. After thawing, proteins were 

removed by passage through 10,000 MWCO Vivaspin centrifugal concentrators. LC-MS 

analysis of the protein free mixtures was performed on an EC250/4.6 Nucleodur 100-10 

C18 ec HPLC column (10 µm x 4.6 mm x 250 mm) on a 1260 infinity HPLC system 

coupled to a G6130B Single Quadrupole mass spectrophotometer (Agilent 

Technologies). Reaction components were separated in TEAA (50mM, pH 7.4) (A) and 

methanol (B). The following programme was used to PRATP and ATP: 0 - 3 min 100% 

A, 3 - 3.1 min 90% A 10% B, 3.1 min – 13 min 80% A 20% B, at a flow rate of 1 mL 

min-1.  Column eluent was scanned for absorbance at 260 nm and 290 nm. Electrospray 

ionisation-mass spectrometry data were acquired in negative mode with a capillary 

voltage of 4,500 V. 

2.6 Methods for Chapter 4 

Some of the methods for Chapter 4 have previously been published in “Alphey M. S., 

Fisher G., Ge Y., Gould E. R., Machado T. F. G., Liu H., Florence G. J., Naismith J. H., 

and da Silva R. G., Catalytic and anticatalytic snapshots of a short-form ATP 

phosphoribosyltransferase. ACS Catalysis 2018, 8, 5601-5610.  

The majority of the methods for Chapter 4 are have been deposited on ChemRxiv and 

submitted for publication: Fisher G., Corbella M., Alphey M. S., Nicholson H., Read B. 

J., Kamerlin S. C. L., and da Silva R. G. Allosteric rescue of catalytically impaired ATP 

phosphoribosyltransferase variants links protein dynamics to active site electrostatic 

preorganisation. 2022. (DOI: 10.26434). 

2.6.1 Site-directed mutagenesis of PaHisGS 

Site-directed mutagenesis was carried out according with overlapping primers according 

to the method of Liu and Naismith105. Each PCR typically contained: template DNA (40 

ng µL-1), primers (1 µM each), dNTPs (200µM) and either Phusion-high fidelity 

polymerase (4 units) (ThermoFisher) or Q5 high-fidelity polymerase ( 4 units) (NEB), 

buffer (1X), and sterile H2O. Primer sequences are listed in Table 2.2 and Table 2.3 

alongside the specific annealing temperatures used in each PCR. Briefly, an initial 
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denaturation step for 7 minutes (94 °C) was followed by 2 RAM stages. The first RAM 

step included 12 cycles of denaturation (94 °C, 1 minute ), annealing (TM RAM1, Tables 

2.2 and 2.3, 1 minute) and extension (72 °C, 5 minutes) steps. The second RAM step 

included 3 cycles of denaturation (95 °C, 1 minute), annealing step (TM RAM2, Tables 

2.2 and 2.3, 1 minute) extension (72 °C, 5 minutes) steps. A final extension step (72°C, 

10, minutes) was added to the reactions. 

PCR products were incubated with DPN1 (5 units) (NEB) overnight at 37 ⁰C. Plasmids 

encoding C115S and R32A PaHisGS were cloned by Dr Rafael G. da Silva. Plasmids 

were transformed into DH5α (high-efficiency) E coli (NEB). A single colony of 

transformed cells was used to inoculate LB (10 mL) with kanamycin (50 µg mL-1) and 

incubated overnight at 37 °C. Plasmids were then extracted using either QIAprep Spin 

Miniprep or Plasmid Midiprep kits (Qiagen) according to manufacturer instructions. 

Correct insertion of each mutation was confirmed by DNA sequencing performed by 

either Eurofins Genomics or DNA Sequencing & Services (MRC I PPU, School of Life 

Sciences, University of Dundee). Plasmids confirmed to be carrying the correct mutation 

were transformed into C43 (DE3) E. coli cells. 
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Table 2-2 Primer sequences and annealing temperatures for PaHisGS site-directed mutagenesis. 

PaHisGs 

Mutation 

Forward Primer Reverse Primer Annealing 

Temperatures 

C115A 5′ - 

TTGCGCAGGCTAAAC

TGATGACCGCCGGTG

TCAAAGACG - 3´ 

5′ - 

ATCAGTTTAGCCTGC

GCAATCTTCAGATCC

AACAGTTCATAAAC

GTGGTTC - 3´ 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

C115S 5′ - 

TTGCGCAGTCTAAAC

TGATGACCGCCGGTG

TCAAGACG - 3´ 

5′ - 

ATCAGTTTAGACTGC

GCAATCTTCAGATCC

AACAGTTCATAAAC

GTGGTTCG - 3´ 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

D179A 5′ - 

TCGTGGCCACCGGTA

ATACGCTGCGTG - 3′ 

5′ - 

ACCGGTGGCCACGA

CGTCAACAATCAGGT

CACCCAGGC -3′ 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

D179N 5′ - 

GTCGTGAACACCGGT

AATACGCTGCGTGCG

AACGG - 3′ 

5′ - 

CCGGTGTTCACGACG

TCAACAATCAGGTCA

CCCAGGC -3′ 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

R32A 5′ - 

AAGGGTGCCATCCTG

GAAGAGACTATGCC

GCTGTTGCG-3′ 

5′ - 

CAGGATGGCACCCTT

GCTCAGTGCCAGGGT

CAGACC-3′ 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

R56A 5′-

GCGCTAAGCTGATCT

TCCCGACCAGCAACC

CTAATGTG-3′  

5′-

GGAAGATCAGCTTA

GCGCTCGCTTCCGGA

TCTTCCAGC-3′.   

57 ⁰C (Ram 1) 

51 ⁰C (Ram2) 

R56AK57A 5’-

GCGCTGCGCTGATCT

TCCCGACCAGCAACC

CTAATGTG-3’ 

5’-

GAAGATCAGCGCAG

CGCTCGCTTCCGGAT

CTTCCAGC-3’ 

59 ⁰C (Ram 1) 

51 ⁰C (Ram2) 
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Table 2-3 Primer sequences and annealing temperature for PaHisGS site-saturation mutagenesis at position 

56.  

PaHisGs 

Mutation 

Forward Primer  Reverse Primer Annealing 

Temperatures  

R56A 5′-

GCGCTAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TG-3′  

5′-

GGAAGATCAGCTTAGCG

CTCGCTTCCGGATCTTCC

AGC-3′.   

57 ⁰C (Ram 1) 

51 ⁰C (Ram2) 

R56C GCTGTAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TG 

GGAAGATCAGCTTACAG

CTCGCTTCCGGATCTTCC

AGC 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

R56D GCGATAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TG 

GGAAGATCAGCTTATCG

CTCGCTTCCGGATCTTCC

AGC 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

R56E GCGAAAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TG 

GGAAGATCAGCTTTTCG

CTCGCTTCCGGATCTTCC

AGC 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

R56F GCTTTAAGCTGATCTTCC

CGACCAGAACCCTAATGT

G 

GGAAGATCAGCTTAAAG

CTCGCTTCCGGATCTTCC

AG 

55 ⁰C (Ram 1) 

47 ⁰C (Ram2) 

R56G GCGGTAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TGC 

GGAAGATCAGCTTACCG

CTCGCTTCCGGATCTTCC

AGCA 

61 ⁰C (Ram 1) 

51 ⁰C (Ram2) 

R56H GCCATAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TG 

GGAAGATCAGCTTATGG

CTCGCTTCCGGATCTTCC

AGC 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

R56I GCATTAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TG  

GGAAGATCAGCTTAATG

CTCGCTTCCGGATCTTCC

AGC 

55 ⁰C (Ram 1) 

47 ⁰C (Ram2) 

R56L GCCTTAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TG 

GGAAGATCAGCTTAAGG

CTCGCTTCCGGATCTTCC

AGC 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 
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R56M GCATGAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TG 

GGAAGATCAGCTTCATG

CTCGCTTCCGGATCTTCC

AGC 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

R56N GCAATAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TG 

GGAAGATCAGCTTATTG

CTCGCTTCCGGATCTTC 

55 ⁰C (Ram 1) 

47 ⁰C (Ram2) 

R56P GCCCTAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TGC 

GGAAGATCAGCTTAGGG

CTCGCTTCCGGATCTTCC

A CA 

61 ⁰C (Ram 1) 

51 ⁰C (Ram2) 

R56Q GCCAAAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TG 

GGAAGATCAGCTTTTGG

CTCGCTTCCGGATCTTCC

AGC 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

R56S GCTCTAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TG 

GGAAGATCAGCTTAGAG

CTCGCTTCCGGATCTTCC

AGC 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

R56T GCACTAAGCTGATCTTCC

CGACCAGCAACCCTAATG

TG 

GGAAGATCAGCTTAGTG

CTCGCTTCCGGATCTTCC

AGC 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

R56V GCGTTAAGCTGATCTTCC

CGACCAGCAACCCTAAT

GTG 

GGAAGATCAGCTTAACG

CTCGCTTCCGGATCTTCC

AGC 

57 ⁰C (Ram 1) 

49 ⁰C (Ram2) 

R56Y GCTATAAGCTGATCTTCC

CGACCAGCAACCCTAAT

GTG 

GGAAGATCAGCTTATAG

CTCGCTTCCGGATCTTCC

AG  

55 ⁰C (Ram 1) 

47 ⁰C (Ram2) 

R56W GCTGGAAGCTGATCTTCC

CGACCAGCAACCCTAAT

GTGC 

GGAAGATCAGCTTCCAG

CTCGCTTCCGGATCTTCC

AGCA 

61 ⁰C (Ram 1) 

51 ⁰C (Ram2) 
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2.6.3 Production of WT, C115A, C115S, D179A, D179N, R32A, R56A, 

R56A/K57A PaHisGS.  

WT, C115A, C115S, D179A, D179A, R32A, R56A, R56A/K57A and 

R32A/R56A/K57A PaHisG were produced as described for WT PaHisGS in Methods for 

Chapter 3. The intact mass of C115A, C115S, D179A, D179A, R32A, R56A, 

R56A/K57A and R32A/R56A/K57A PaHisG was determined by ESI-MS performed by 

the BSRC mass-spectrometry facility at the University of St Andrews. Trypsin digest 

followed by MS/MS analysis of tryptic peptides confirmed the D179N variant of 

PaHisGS was carrying the correct mutation. R32A/R56A/K57A PaHisGS was purified by 

John Nicholson, formerly Lab Manager and technician of the da Silva Laboratory. 

2.6.4 Production of PaHisZ 

Non-tagged and His-tagged PaHisZ were produced as described in Methods for Chapter 

3. 

2.6.5 DSF of WT, C115A, C115S, D179N, R32A, R56A, R56A/K57A and 

R32A/R56A/K57A PaHisGS 

Thermal denaturation curves of C115A, C115S, D179A, R32A, R56A, R56A/K57A and 

R32A/R56A/K57A PaHisGS (~ 7 µM) in assay buffer (tricine [100 mM], KCl [100mM] 

and MgCl2 [15 mM] [pH8.5] with DTT [4 mM]) were recorded in the presence and 

absence of PRPP (2mM). Control curves lacked enzyme and were subtracted from curves 

containing enzymes. Measurements were carried out in triplicate except for D179N apo 

measurements which were quintuplicates.  

2.6.6 Oligomeric state determination of WT, C115S, R32A, R56A and 

R56A/K57A PaHisGS 

Analytical size-exclusion chromatography was performed on a Superdex 200 10/300 GL 

column (GE Healthcare) attached to a Bio-Rad NGC FPLC at 4 °C. WT, C115S, R32A, 

R56A and R56K57A PaHisGS (1 mg/ mL, pre-incubated with DTT [2 mM]) were loaded 

onto the column which was washed with 1 CV of HEPES (20 mM, pH 8.0) at 0.225 mL 

min-1. Absorbance at 280 nm was recorded.  
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2.6.7 WT, C115A, C115S, D179N, R32A, R56A, and R56A/K57A PaHisGS 

activity 

C115A, C115S, D179A, D179A, R32A, R56A and R56A/K57A PaHisG (5 and 10 µM) 

were assayed for catalytic activity at under initial rate-conditions at 20 ⁰C for either 60 or 

870 seconds in the presence of  ATP (5.6 mM) and PRPP (2 mM). WT PaHisGS (5 μM) 

was included in the analysis as a positive control. The measurement with D179A at (5 

μM) was only performed as a single measurement. 

2.6.8 Determination of WT C115S, R32A, R56A and R56A/K57A PaATPPRT 

equilibrium dissociation constant (KD). 

Initial velocities were measured at saturating concentrations of both substrates, ATP (5.6 

mM) and PRPP (2 mM) with WT (0.42 µM),  C115A (0.59 µM), R32A (1.1 µM), R56A 

(1.1 µM) and R56A/K57A (1.7 µM)  PaHisGS and varying concentrations of PaHisZ 

(either 0.2  –  5.1 µM [WT] or 1  –  15 µM [C115S] or 0.4  –  8 µM [R32A] or  2 – 15 

µM [R56A] or  0.7 – 11 µM [R56AK57A]). 

2.6.9 Determination of WT and R56A PaHisGS-AbHisZ equilibrium dissociation 

constant (KD) 

Initial velocities were measured at saturating concentrations of both substrates, ATP (5.6 

mM) and PRPP (2 mM), with either WT (0.19 µM) or R56A (2.5 µM) PaHisGS and 

varying concentrations of AbHisZ (either 0.8  –  19.7 µM [WT] or 1.7  –  26.9 µM 

[R56A]). Measurements with R56A PaHisGS were performed in at least triplicate. Data 

for R56A PaHisGS were fitted to Equation 2.9 where v is the initial rate, Vmax is the 

maximal velocity and n is the Hill number.   

Equation 2.9 

𝑣 =  
𝑉𝑚𝑎𝑥[𝑆]𝑛

𝐾50 
𝑛 + 𝑆𝑛

 



Materials and Methods 

55 

 

2.6.10  Determination of WT, R32A and R56A PaATPPRT equilibrium 

dissociation constant (KD) with His-tagged PaHisZ.  

Initial velocities were measured at saturating concentrations of both substrates, ATP (5.6 

mM) and PRPP (2 mM), with either 0.23 µM (WT), 0.49 µM  (R32A), 0.79 µM (R56A) 

PaHisGS and varying concentrations of PaHisZ (0.02 – 1.6 µM [WT],  0.1 – 1.6 µM 

[R32A and R56A]). 

2.6.11  WT, C115A, D179A and D179N PaHisGS saturation kinetics with ATP and 

PRPP. 

WT (3.4 µM), C115A (10.1 µM), D179A (9.2 µM) and D179N (10.0 µM) PaHisGS initial 

rates were measured at saturating concentrations of one substrate and varying 

concentrations of the other, either ATP (either 0.4 – 5.6 mM [WT, D179A, D179N] or 

0.7 mM – 5.6 mM [C115A] ) or PRPP (0.1 – 2.0 mM [WT, D179A, D179N] or 0.2 mM  

– 2 mM [C115A]).  

2.6.12  C115S, R32A, R56A and R56A/K57A PaATPPRT saturation kinetics with 

ATP and PRPP. 

WT (0.4 µM), C115S (0.5 µM ), R32A (0.9 µM), R56A (0.9 µM) and R56A/K57A (1.2 

µM) PaATPPRT initial rates were measured at saturating concentrations of one substrate 

and varying concentrations of the other, either ATP (0.4 – 5.6 mM) or PRPP (0.1 – 2.0 

mM). Control reactions were performed in the absence of PaHisZ with bovine serum 

albumin (BSA) (20 μM) to demonstrate allosteric activation is a specific effect. 

2.6.13  WT and R56A PaHisGS-AbHisZ saturation kinetics with ATP and PRPP. 

 WT (0.36 µM PaHisG, 19.7 μM AbHisZ [0.26 μM PaHisGS-AbHisZ]) and R56A (2.5 

μM R56A PaHisGS, 19.7 μM AbHisZ) PaHisGS-AbHisZ initial rates were measured at 

saturating concentrations of one substrate and varying concentrations of the other, either 

ATP (either 0.2 – 2.8 mM [WT] or 0.4 – 5.6 mM [R56A]) or PRPP (0.1 – 2.0 mM). 

Control reactions with both substrates at saturating concentrations were performed in the 

presence and absence of histidine (1 mM). Additional control reactions with WT PaHisGS 

in the absence of AbHisZ were performed and subtracted from data where appropriate.  
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2.6.14  PaATPPRT saturation kinetics with ATP and PRPP (His-tagged PaHisZ).  

WT (0.22 µM) PaATPPRT initial rates were measured at saturating concentrations of 

one substrate and varying concentrations of the other, either ATP (0.1 – 2.8 mM) or PRPP 

(0.1 – 2.0 mM). 

2.6.15  Inhibition of reactions catalysed by C115S, R32A, R56A and R56A/K57A 

PaATPPRT (His-tagged) by histidine. 

 C115S (0.43 µM), R32A (0.48 µM), R56A PaHisGS (0.73 µM) and R56A/K57A 

PaHisGS (2.6 µM) PaATPPRT (His-tagged PaHisZ) initial rates were measured with 

saturating concentrations of ATP (5.6 mM) and PRPP (2 mM) in the presence and absence 

of histidine (1 mM).  

2.6.16  WT, R32A and R56A PaATPPRT (His-tagged PaHisZ) initial rates with 

Mn2+.  

 WT (0.22 µM), R32A  (0.08 µM) and R56A PaATPPRT (0.18 µM) initial rates were 

measured with saturating concentrations of ATP (either 1.4 mM [WT] or 5.6 mM [R32A 

and R56A]) and PRPP (either 1 mM [WT] or 2 mM [R32A and R56A]) in the presence 

of Mn2+ as a substitute for Mg2+ (15 mM). Control reactions were performed in the 

absence of HisZ. Additional controls were performed with with WT (0.22 µM), R32A  

(0.16 µM) and R56A PaHisGS (0.34 µM) with saturating concentrations of ATP (5.6 

mM), PRPP (2 mM) in the presence of Mg2+ (15 mM). 

2.6.17  R32A/R56A/K57A PaHisGS activity 

R32A/R56A/K57A PaHisGS  (either 10 μM or 5 μM with 20 μM PaHisZ [His-tagged]) 

were assayed for catalytic activity at under initial rate-conditions at 20 ⁰C for either 60 

seconds in the presence of  ATP (5.6 mM) and PRPP (2 mM). Control reactions were 

performed in the absence of PaHisGS. Measurements were performed in duplicate.  

2.6.18   Chemical rescue of R56A PaHisGS  

Rates of PRATP synthesis from reactions catalysed by R56A PaHisGS (12 µM) were 

measured in assay buffer (tricine [100 mM], KCl [100mM] and MgCl2 [15 mM] [pH8.5] 

with DTT [4 mM]) in the presence and absence of either methyl-guanidine or 
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methylamine or ethylamine or propylamine (50 mM, 100 mM and 200 mM) with 

saturating concentrations of substrates,ATP (5.6 mM) and PRPP (2 mM), for 30 minutes 

at 30 °C as previously described.  

2.6.19  Comparison of C115S, R32A, R56A and R56K57A PaHisGS and 

PaATPPRT reactions by 31P-NMR Spectroscopy.  

Mutant PaHisGS (either 10 µM [R56A and C115S PaHisGS] or 20 µM [R32A and  

R56AK57A PaHisGS]) was incubated with and without PaHisZ (30 µM) in assay buffer 

(tricine [100 mM], KCl [100mM] and MgCl2 [15 mM] [pH8.5] with DTT [4 mM]) with 

MtPPase (20 µM), PRPP (2 mM), ATP (5.6 mM) for 1 hour at 20 °C. Proteins were 

removed by passage through 10,000 kDA MWCO Vivaspin centrifugal concentrators and 

100 µL D2O was added to each reaction. 31P-NMR spectra were recorded as described in 

the General Methods section. 

2.6.20  Saturation Mutagenesis of PaHisGS at residue 56 

Site-directed mutagenesis of PaHisGS at residue 56 was carried out as described under 

site-directed mutagenesis. Constructs confirmed to carry desired R56X mutations were 

transformed into E. coli C43 (DE3) competent cells. Starter cultures of LB (10 mL) with 

kanamycin (50 µg mL-1) were inoculated with a single colony of the transformed cells 

and incubated overnight at 37 °C. The following morning, 50 µL of starter culture was 

transferred to fresh LB (15 mL) with kanamycin (50 µg mL-1) and the cultures were grown 

at 37 °C until an OD600nm
 of 0.6 was reached. Cultures were subsequently cooled to 16 

°C, protein synthesis was induced with IPTG (0.5 mM) and cultures were incubated at 16 

°C  overnight. The following morning, two 1 mL samples were taken from each culture 

and cells were harvested by centrifugation (5 minutes, 11,500 g 4°C).  

For each mutation, one pellet was resuspended in 100 µL of BugBuster protein extraction 

reagent (Merck). The cells resuspended in BugBuster were fractionated via centrifugation 

(30 minutes, 11,500 g , 4 °C) and the analysed by SDS-PAGE to confirm mutant PaHisGS 

production. The other pellet was resuspended in 500 µL of HEPES (20 mM) (pH 8.0). 

Cells were lysed via sonication at (3 x 10 seconds) at 4 °C and fractionated by 

centrifugation (30 minutes, 11,500 g , 4 °C). R56X PaHisGS initial rates were measured 
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with 100 µL of the cell lysate soluble fraction, ATP  (5.6 mM) and PRPP (2 mM) for  60 

seconds at 20 °C as previously described. 

2.6.21  Crystallisation of R56A PaHisGS 

Dr Magnus S. Alphey supervised all crystallography work. Crystals of R56A PaHisGS 

were obtained at 4 °C as described for WT PaHisGS
40. PaHisGS was buffer exchanged 

into TRIS (20 mM, pH 8.0), KCl (50 mM), MgCl2 (10 mM), DTT (2 mM) and 

concentrated to approximately 10  mg mL-1. Protein was mixed in a 1:1 ratio with 

precipitant (PEG 3350 [32%], MOPS [0.1 M, pH 6.0]  and K/Na tartrate [0.1 M]) and 

hanging drops of protein over mother liquor containing  PEG 3350 (32%), MOPS (0.1 M, 

pH 6.0) and K/Na tartrate (0.1 M) were prepared are previously described40.Crystals were 

washed in PEG 3350 (32%), bicine (0.1 M pH 8.5) K/Na tartrate (0.1 M) and MgCl2 (20 

mM) then transferred to a solution with PRPP and ATP and incubated for overnight at 4 

°C. Crystals were then transferred to a solution with methylpentanediol (MPD) (20%) and 

flash cooled in liquid nitrogen.  

2.6.22  Crystallisation of R56A PaATPPRT 

Crystals of R56A PaATPPRT were obtained at 4 °C as described for WT PaATPPRT32,40. 

PaHisGS and PaHisZ were mixed in a 1:1 molar ratio and buffer exchanged into TRIS 

(20 mM, pH 7.0), KCl (50 mM), MgCl2 (10 mM), DTT (2mM ) and ATP (10 mM) and 

concentrated to approximately 8 mg mL-1. Protein was mixed in a 1:1 ratio with 

precipitant (PEG 3350 [12%], Bicine [0.1 M], SrCl2 [0.15 M], KBr [0.15 M]and 1,6-

hexaninediol [2%]) and hanging drops of protein over mother liquor containing PEG 3350 

(12 %), Bicine (0.1 M), SrCl2 (0.15 M), KBr (0.15 M) and 1,6-hexaninediol (2%) were 

prepared are previously described32,40.Crystals were washed in PEG 3350 (10%), Bicine 

(1 M), MgCl2 (50 mM), KBr (0.1 M) and hexanediol (4%) then transferred to a drop of 

this solution with PRPP and ATP and incubated for 2.5 hours at 4 °C. Crystals were then 

transferred to a solution with 20% MPD and flash cooled in liquid nitrogen.  

2.6.23  X-ray data collection and processing  

Data collection and processing was performed with help and guidance from Dr Magnus 

S. Alphey. R56A PaHisGS X-ray diffraction data were collected in house as previously 
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described32, processed using iMosfilm106 and scaled with Aimless107. PaATPPRT X-ray 

diffraction data were collected at the Diamond Light Source, Oxfordshire, U.K., and 

processed via the automated pipeline at Diamond with Xia2108 and integrated with 

DIALS109. R56A PaHisGS and PaATPPRT were solved by molecular replacement using 

MOLREP110 with 6FCT and 6FU2 as a search models, respectively. Models were refined 

using cycles of model building in COOT111 and refinement with Refmac112. ATP was 

modelled at either 70% or 80% occupancy in R56A PaATPPRT structures. Data 

collection and refinement statistics are shown in Table 4.7 

2.7 Methods for Chapter 5 

The purification of PRATP described here has been published in “Read B. J., Fisher G., 

Wissett O. L. R., Machado T. F. G., Nicholson J., Mitchell J. B. O., and da Silva R. G. 

Allosteric Inhibition of a Acinetobacter baumanii ATP phosphoribosyltransferase by 

protein:dipeptide interactions and protein:protein interactions. ACS Infectious diseases 

2022, 8(1), 197-209. 

2.7.1 PaHisIE production 

Untagged PaHisIE in pJexpress411 was provided by Dr Teresa F. G. Machado. Starter 

cultures were prepared by inoculating LB (5 mL) containing kanamycin (50 µg mL-1) 

with a scraping from a glycerol stock of BL21 (DE3) E. coli cells transformed with 

pJexpress411 encoding PaHisIE. and incubated overnight at 37 ⁰C in a shaker. Starter 

cultures were then transferred to 1 L of LB containing kanamycin (50 mg mL-1) and 

grown at 37 ⁰C in a shaker until an OD600 between 0.6 – 0.8 was reached. Cultures were 

subsequently cooled to 16 °C for overnight incubation and protein synthesis was induced 

by addition of IPTG (0.5 mM). The following day, cells were harvested by centrifugation 

at 6774 g for 15 minutes and cell pellets were stored at -20 ⁰C.  

2.7.2 PaHisIE purification 

All purification procedures were performed at 4 ⁰C. Cell pellets were resuspended in 

Buffer A (HEPES [50 mM] pH 7.5) with lysozyme (0.2 mg mL-1), BaseMuncher 

Endonuclease (750 U) (Abcam) and half a tablet of EDTA-free cOmplete protease 
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inhibitor cocktail (Roche). Cells were lysed in a high-pressure cell disruptor and 

fractionated by centrifugation at 48,000 g for 30 min. Buffer A with 3.5 M (NH4)2SO4 

was added dropwise to the supernatant until a concentration of 1.5 M M (NH4)2SO4 was 

reached. The sample was left to stir for 30 minutes then centrifuged at 48,000 g for 30 

minutes to remove the precipitate. The supernatant was dialysed against 3 x 2L of buffer 

A, filtered through a 0.45 µM membrane and loaded onto a 10 mL HiTrapQ FF column 

pre-equilibrated with buffer A. The column was washed with 20 CV of 8% buffer B 

(HEPES [50 mM), NaCl [2 M], pH 7.5) and the adsorbed proteins were eluted across a 

30 CV linear gradient of 8-20% buffer B. Fractions were analysed via SDS-PAGE and 

fractions found to contain PaHisIE were pooled and dialysed against 2 x 2L of buffer C 

(HEPES [50 mM), NaCl [250 mM], pH 8.0), filtered through a 0.45 µM membrane and 

loaded onto a 5 mL HisTrap FF column charged with ZnCl2, pre-equilibrated with buffer 

C. The column was washed with 10 CV of buffer C and the adsorbed proteins were eluted 

across a 20 CV linear gradient of 0-20% buffer D (HEPES [50 mM], NaCl [250 mM], 

imidazole [50 mM] pH 8.0). Fractions were analysed via SDS-PAGE and fractions found 

to contain PaHisIE were pooled, concentrated using 10,000 MWCO ultrafiltration 

membranes and loaded onto a HiPrep 26/60 S200 HR column equilibrated with buffer A. 

The column was washed with 1 CV of buffer A. Fractions were analysed via SDS-PAGE 

and fractions found to contain PaHisIE were pooled and loaded onto a 5 mL HiTrapQ HP 

equilibrated with buffer E (HEPES [50 mM] pH 8.0). The column was washed with 10 

CV of 11%  buffer F (HEPES [50 mM], NaCl [2 M], pH 8.0) and the adsorbed proteins 

were eluted across a 20 CV linear gradient of 11-18% buffer B. Fractions were analysed 

by SDS-PAGE and fractions found to contain PaHisIE, in the absence of major 

contaminants were pooled, dialysed against 2 x 2L of buffer G (HEPES [20 mM] pH 8.0), 

concentrated using 10,000 MWCO ultrafiltration membranes, aliquoted, and stored at −80 

°C. The concentration of PaHisiE was determined spectrophotometrically (NanoDrop) 

using the theoretical extinction coefficient (Ɛ280) of 43430 M-1 cm-1. The identity of the 

protein was confirmed via tryptic digest and MS/MS analysis of the tryptic peptides 

performed by the BSRC mass-spectrometry facility at the University of St Andrews.  
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2.7.3 Enzymatic synthesis and purification of PRATP and PRADP 

PRATP and PRADP were enzymatically synthesised as previously described40. Briefly, 

reactions (10 mL) with PaHisGS  (30 μM), either ATP or ADP (12 mM) PRPP (10 mM) 

and PPase (25 μM) in tricine (100 mM) (pH 8.5), KCl (100 mM), MgCl2 (15 mM) and 

DTT (4 mM) and incubated for 90 minutes at room temperature. Proteins were removed 

by passage through a 10,000 MWCO Vivaspin centrifugal concentrator and frozen at – 

80 °C in 0.5 mL aliquots. Purification steps were carried out at 4 ⁰ C, on a Biorad NGC 

Liquid Chromatography System. Briefly, the reaction mixtures were loaded onto a 20 mL 

HiTrap Q FF column in 0.5 mL aliquots equilibrated with water. For  mixtures containing 

PRATP, the column was washed with 1 CV of water, 2 CV of 16% ammonium 

bicarbonate (1 M), ATP and PRATP were then eluted across a 20 CV linear gradient from 

16 to 30% ammonium bicarbonate (1M). For mixtures containing PRADP, the column 

was washed with 1 CV of water, 5 CV of 10 % ammonium bicarbonate (1 M), ADP and 

PRADP were then eluted across a 25 CV linear gradient from 10 to 30% ammonium 

bicarbonate (1M).UV absorbance was recorded at 220, 260 and 290 nm. Fractions 

exhibiting absorbance at 290 nm were pooled, lyophilised, then solubilised in HEPES (20 

mM) (pH 7.5) and the concentration of PRATP was determined spectrophotometrically 

at 290 nm based on ethe extinction co-efficient (ε 290 nm) of 2800 M-1 cm-1 at 290 nm18. 

31P-NMR spectra were recorded on Bruker 500 AVIII spectrophotometer and a total of 

192 scans were collected. Samples containing purified PRATP and PRADP were 

submitted for LC-MS analysis, carried out by Dr Alison Dickson, formerly of the 

Czekster laboratory as detailed in the General Methods section. 

2.7.4 Dynamic light scattering. 

Dynamic light scattering (DLS) measurements were carried out in a 20 µl quartz cuvette 

using a Zetasizer Nano S90 instrument (Malvern). DLS measurements were performed 

in storage buffer (HEPES [20 mM) pH 7.5) with PaHisIE (1 mg/mL) at 4 °C. 

Measurements were carried out in triplicate.  
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2.7.5 DSF of PaHisIE 

Thermal denaturation curves of PaHisIE (~7 μM)were recorded in HEPES, (100 mM) 

(pH7.5) with MgCl2 (15 mM). Control curves were measured in the absence of PaHisIE 

and were subtracted from curves containing enzymes. Measurements were performed in 

triplicate. 

2.7.6 PaHisIE activity 

Method 1 (coupled assay with PaATPPRT to produce PRATP) 

PaHisIE initial rates were measured in HEPES (100 mM), KCl (100 mM) , MgCl2 (15 

mM) and DTT (4 mM) with PaATPPRT (9.8 μM) and either ATP (5.6 mM) or ADP (5.6 

mM) and PRPP (2 mM). Initial rates were measured with various concentrations of 

PaHisIE ([with ATP: 80 nM, 160 nM and 320 nM] [with ADP: 320  nM, 640 nM and 

1280 nM]) for 60 seconds. Control reactions performed in the absence of AbHisIE were 

subtracted from data. 

Method 2 (with enzymatically synthesised and purified PRATP) 

PaHisIE initial rates were measured in HEPES (100 mM) and MgCl2 (12 mM) (pH 7.5) 

with PRATP (38 μM). Initial rates were measured with various concentrations of PaHisIE 

(100 nM, 200 nM and 500 nM) for 60 seconds. Control reactions were performed in the 

absence of PaHisIE. Reactions with 200 nM PaHisIE were incubated until all PRATP 

was consumed. 

2.7.7 PaHisIE saturation kinetics with PRATP 

PaHisIE (0.3 μM) initial rates were measured in HEPES (100 mM) and MgCl2 (12 mM) 

(pH 7.5) with varying concentrations of PRATP (4.7 ̶ 188 μM) for 60 seconds. 

2.7.8 PaHisIE saturation kinetics with PRADP 

PaHisIE (1.7 μM) initial rates were measured in HEPES (100 mM) and MgCl2 (12 mM) 

(pH 7.5) with varying concentrations of PRADP (32 ̶ 432 μM) for 300 seconds. 



Materials and Methods 

63 

 

2.7.9 LC-MS analysis of products from reactions catalysed by PaHisIE 

Reaction mixtures (500 µl) were prepared in HEPES (100 mM) and MgCl2 (15 mM) (pH 

7.5) with PaHisIE (13.6 μM)  and either PRATP (135 μM) or PRADP (372 μM). Samples 

were incubated for 1 hour at 20 °C after which proteins were removed by passage through 

10,000 MWCO Vivaspin centrifugal concentrators. LC-MS was carried out as described 

in the General Methods section by Dr Alison Dickson 

2.8 Methods for Chapter 6 

2.8.1 Cloning of AbHisIE 

The DNA encoding AbHisIE (A. baumannii strain ATCC17978), codon optimised for 

expression in E. coli was purchased a gBlock (IDT). The sequence of the gBlock can 

found in Table 2.4. AbHisIE gBlocks were inserted into the pJexpress414 vector via 

Gibson Assembly113 using the Gibson Assembly Cloning Kit (New England Biolabs) 

according to the manufacturer instructions. Overlapping extensions were added to 

AbHisIE and pJexpress414 were via PCR. The primer sequences and annealing 

temperatures for the PCRs are detailed in Table 2.4. Reactions contained: reaction buffer 

(1X), dNTPs (0.2 mM), DNA primers (0.5 μM), Q5 polymerase (0.02 U/mL) (NEB) and 

either pJexpress414 (1 pg) or AbHisIE gBlock (1 pg). PCRs were heated to 98 °C for 3 

minutes for an initial denaturation step followed by 30 cycles of denaturation (98 °C, 30 

seconds), annealing (X °C, 30 seconds) and extension (72 °C, 40 seconds) steps, then a 

final extension step (72 °C, 10 minutes). PCR products were purified with PCR clean-up 

kits (Qiagen). Fragments were mixed in a 5:1 ratio of vector to insert and incubated with 

the Gibson Assembly Master Mix  (50 °C, 50 minutes). Constructs were transformed into 

DH5α competent cells (NEB). A single colony of transformed cells was used to inoculate 

LB (10 mL) with ampicilin (100 µg mL-1) and incubated overnight at 37 °C. Plasmids 

were extracted using QIAprep Spin Miniprep kits (Qiagen) according to manufacturer 

instructions. Correct assembly of the construct was confirmed by DNA sequencing 

performed by DNA Sequencing & Services (MRC I PPU, School of Life Sciences, 

University of Dundee). Constructs were transformed into BL21 (DE3) E. coli cells. 
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Table 2-4 gBlock and primer sequences for AbHisIE cloning. 

Sequences  

AbHisIE 

gBlock 

5′-

GGAATTCCATATGAATAATACCCAGTGGCTTGACGAGGTCAAATTC

AACGAGCAGGGTCTTATCCCGGCAATCGCTCAACACCACCAAACAG

GCCGCATCTTAATGGTAGCATGGATGAACCGTGAGTCTCTGGCGCT

TACTGCGGAAAAGAATCAAGCAGTATACTTCTCCCGTAGCCGCCAG

AAGTTGTGGCACAAAGGGGAAGAATCCGGTCACTTTCAAACGGTCT

ATGAGATCCGCTTAGATTGCGACGGCGATGTAATCGTCTTGCAAGT

AGAGCAGCATGGGGGTATCGCGTGTCACACCGGGCGTGAATCCTGC

TTCTACCGCAAATTAACGCCGCAAGGGTGGGAGATCGTTGATGCTC

AACTTAAAGACCCGACCGCAATTTATGGAGATAATGCGAAAACGGA

ATCGCATGACCATGCCCATACCACGGAGCAAGTCGATGTTTTAGCT

CACTTGGGCCAGCTGATGCAAGAGCGCAAACAGGCTGAGGCTGAC

ACAAGTTACGTGGCATCCTTATATAAGAAAGGAATCAATAAAATTT

TAGAAAAGGTAGGAGAAGAAGGAGTTGAGACGATTATCGCGGCGA

AAGATTACGCTACTCAGAATACGGAGTCCAACTTAAATGATTTGAT

TTACGAAACAGCAGATCTGTGGTTTCATTCCATCGTGATGCTGGGTT

ACTTTGATCTTAACCCCCAGCTTATTATCGACGAGCTTGGTCGTCGC

CAAGGGCTTTCAGGCTTGGTTGAAAAAGCAAACCGTAATAAAGTTT

GAAAGTTGGGG - 3´ 

Primers  Forward Primer Reverse Primer Annealing temperature 

(°C) 

Plasmid  5′-

CCCCCTAGCATAAC

CCCTTG-3′ 

5′-

AAAAGTTAAACAAA

ATTATTTCTAGAGG

GGAATTG-3′ 

64.5 

gBlock 5′-

GAAATAATTTTGTTT

AACTTTTGGAATTC

CATATGAATAATAC

CC-3′ 

5′-

CAAGGGGTTATGCT

AGGGGGCCCCAACT

TTCAAACTTTATTAC

-3′ 

58.7 

2.8.2 AbHisIE production 

Starter cultures were prepared by inoculating LB (5 mL) containing ampicillin (100 µg 

mL-1) with a scraping from a glycerol stock of BL21 (DE3) E. coli cells transformed with 

pJexpress414 encoding AbHisIE. and incubated overnight at 37 ⁰C in a shaker. Starter 

cultures were then transferred to 1 L of LB containing ampicillin (100 mg mL-1) and 
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grown at 37 ⁰C in a shaker until an OD600 between 0.6 – 0.8  was reached. Cultures were 

subsequently cooled to 20 °C for overnight incubation and protein synthesis was induced 

by addition of IPTG (0.5 mM). The following day, cells were harvested by centrifugation 

at 6774 g for 15 minutes and cell pellets were stored at -20 ⁰C.  

2.8.3 AbHisIE purification 

All purification procedures were performed at 4 ⁰C. Cell pellets were resuspended in 

Buffer A (HEPES [50 mM] pH 7.5) with lysozyme (0.2 mg mL-1), BaseMuncher 

Endonuclease (750 U) (Abcam) and half a tablet of EDTA-free cOmplete protease 

inhibitor cocktail (Roche). Cells were lysed in a high-pressure cell disruptor and 

fractionated by centrifugation at 48,000 g for 30 min. Buffer A with 3.5 M ammonium 

sulfate was added dropwise to the supernatant until a concentration of 1.5 M (NH4)2SO4 

was reached. The sample was left to stir for 1 hour then centrifuged at 48,000 g for 30 

minutes. The insoluble fraction was collected and resuspended in buffer A, dialysed 

against 3 x 2L of buffer A, filtered through a 0.45 µM membrane and loaded onto a 10 

mL HiTrapQ FF column pre-equilibrated with buffer A. The column was washed with 10 

CV of 2.5% buffer B (HEPES [50 mM), NaCl [2 M], pH 7.5) and the adsorbed proteins 

were eluted across a 30 CV linear gradient of 2.5-15% buffer B. Fractions were analysed 

via SDS-PAGE and fractions found to contain AbHisIE were pooled and dialysed against 

2 x 2L of buffer C (HEPES [50 mM), NaCl [250 mM], pH 8.0), filtered through a 0.45 

µM membrane and loaded onto a 5 mL HisTrap FF column charged with ZnCl2, pre-

equilibrated with buffer C. The column was washed with 10 CV of buffer C and the 

adsorbed proteins were eluted across a 20 CV linear gradient of 0-15% buffer D (HEPES 

[50 mM), NaCl [250 mM], imidazole [50 mM] pH 8.0). Fractions were analysed via SDS-

PAGE and fractions found to contain AbHisIE were pooled, concentrated using 10,000 

MWCO ultrafiltration membranes and loaded onto a HiPrep 26/60 S200 HR column 

equilibrated with buffer A. The column was washed with 1 CV of buffer A. Fractions 

were analysed via SDS-PAGE and fractions found to contain AbHisIE, in the absence of 

major contaminants  were pooled concentrated using 10,000 MWCO ultrafiltration 

membranes,  aliquoted, and stored at −80 °C. The concentration of PaHisiE was  

determined spectrophotometrically (NanoDrop) using the theoretical extinction 

coefficient (Ɛ280) of 40910 M-1 cm-1. The identity of the protein was confirmed via tryptic 
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digest and MS/MS analysis of the tryptic peptides performed by the BSRC mass-

spectrometry facility at the University of St Andrews 

2.8.4 DLS 

DLS experiments were carried out in a 20 µl quartz cuvette using a Zetasizer Nano S90 

instrument (Malvern). DLS measurements were performed in storage buffer (HEPES [20 

mM) pH 7.5) with AbHisIE (1 mg/mL) at 4 °C. Measurements were carried out in 

quintuplicate. 

2.8.5 DSF of AbHisIE 

Thermal denaturation curves of AbHisIE (8.3 μM)were recorded in HEPES, (100 mM) 

(pH7.5) with MgCl2 (15 mM). Control curves were measured in the absence of PaHisIE 

and were subtracted from curves containing enzymes. Measurements were performed in 

triplicate. 

2.8.6 Determination of Δε300 nm m  for ProFAR formation at pH 7.0, pH 7.5 and 

pH 8.0 

The extinction coefficients at 300 nm (ε300nm) of PRATP at pH 7.0, pH 7.5 and pH 8.0 

was determined by measuring the absorbance at 300 nm of known concentrations of 

PRATP (pH 7.0 [0.45 mM, 0.91 mM and 1.8 mM]; pH 7.5 [0.51 mM, 1.0 mM and 2 

mM]; pH 8.0 [0.46 mM, 0.92 mM and 1.8 mM]) (NanoDrop). These values were 

subtracted from the ε300nm of ProFAR (8000 M-1 cm-1)63 to generate Δε300 nm (6800 M-1 

cm-1 [pH 7.0], 6700 M-1 cm-1 [pH 7.5], 6200 M-1 cm-1 [pH 8.0]) for formation of ProFAR 

from PRATP. Measurements were performed in triplicate.  

2.8.7 AbHisIE activity 

AbHisIE initial rates were measured in HEPES (100 mM) , MgCl2 (12 mM) and DTT (4 

mM) (pH 7.5) with PRATP (37 μM) at various concentrations of AbHisIE (10 nM, 20 nM 

and 40 nM) for 300 seconds. Additionally, reactions with 20 nM AbHisIE were incubated 

until all substrate was consumed (1650 seconds). Control reactions were performed in the 

absence of AbHisIE. 
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2.8.8 AbHisIE saturation kinetics with PRATP. 

AbHisIE (18 nM) initial rates were measured in HEPES (100 mM) and MgCl2 (15 mM) 

(pH 7.5) with varying concentrations of PRATP (2.6 μM – 42 μM) for 30 – 120 seconds 

(2.6μM PRATP: 30 seconds; 5.2μM PRATP: 60 seconds; 10 μM PRATP: 90 seconds, 21 

μM PRATP: 90 seconds; 42 μM PRATP; 120 seconds). 

2.8.9 AbHisIE saturation kinetics in glycerol 

AbHisIE (18 nM) initial rates were measured in HEPES (100 mM) and MgCl2 (15 mM) 

(pH 7.5) at varying concentrations of PRATP (2.6 μM – 42 μM) for 30-120 seconds 

(2.6μM PRATP: 30 seconds; 5.2μM PRATP: 60 seconds; 10 μM PRATP: 90 seconds, 21 

μM PRATP: 120 seconds; 42 μM PRATP; 120 seconds) in 0%, 18% and 27% glycerol 

(v/v). Kinetic solvent viscosity data were fitted to Equation 2.8. 

2.8.10  AbHisIE saturation kinetics with PRATP in H2O at pH 7.0, pH 7.5 and pH 

8.0 

AbHisIE (pH 7.0 [31 nM], pH 7.5 [18 nM] and pH 8.0 [7.5 nM]) initial rates were 

measured in HEPES (100 mM) and MgCl2 (15 mM) at pH 7.0, pH 7.5 and pH 8.0 with 

varying concentrations of PRATP (pH 7.0 [2.3 – 37 μM], pH 7.5 [2.6 μM – 42 μM] and 

pH 8.0 [1.4 μM – 40 μM]) for 30-120 seconds (pH 7.0 [2.3 μM PRATP: 30 seconds; 

4.6μM PRATP: 60 seconds; 9.2 μM PRATP: 90 seconds, 18 μM PRATP: 120 seconds; 

37 μM PRATP; 120 seconds], pH 7.5 [2.6μM PRATP: 30 seconds; 5.2 μM PRATP: 60 

seconds; 10 μM PRATP: 90 seconds, 21 μM PRATP: 90 seconds; 42 μM PRATP; 120 

seconds], pH 8.0 [1.4 μM PRATP: 30 seconds; 3.6 μM PRATP: 60 seconds; 14 μM 

PRATP: 60 seconds, 28 μM PRATP: 60 seconds; 40 μM PRATP; 120 seconds]). 

Reactions were monitored for an increase in absorbance at 300 nm corresponding to the 

formation of ProFAR (pH 7.0, Δε300 nm = 6800 M-1 cm-1;  pH 7.5, Δε300 nm = 6700 M-1 cm-

1
; pH 8.0, Δε300 nm = 6200 M-1 cm-1). 
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2.8.11  AbHisIE saturation kinetics with PRATP in D2O at pD 7.0, pD 7.5 and pD 

8.0. 

AbHisIE (pD 7.0 [186 nM], pD 7.5 [74 nM] and pD 8.0 [19 nM]) initial rates were 

measured in HEPES (100 mM) and MgCl2 (15 mM)  at pD 7.0, pD 7.5 and pD 8.0 with 

varying concentrations of PRATP (pD 7.0 [2.3 – 59 μM], pD 7.5 [2.4 μM – 38 μM] and 

pD 8.0 [2.6 μM – 48 μM]) for 30-120 seconds (pD 7.0 [2.3 μM PRATP: 60 seconds; 4.7 

μM PRATP: 60 seconds; 9.4 μM PRATP: 90 seconds, 19 μM PRATP: 90 seconds; 38 

μM PRATP; 120 seconds; 59 μM PRATP; 120 seconds], pD 7.5 [2.4 μM PRATP: 60 

seconds; 4.8 μM PRATP: 60 seconds; 9.5 μM PRATP: 60 seconds, 19 μM PRATP: 60 

seconds; 28 μM PRATP; 60 seconds], pD 8.0 [2.6 μM PRATP: 30 seconds; 5.2 μM 

PRATP: 10 seconds; 21 μM PRATP: 90 seconds, 42 μM PRATP: 120 seconds[). 

Reactions were monitored for an increase in absorbance at 300 nm corresponding to the 

formation of ProFAR (pD 7.0, Δε300 nm = 6800 M-1 cm-1;  pD 7.5, Δε300 nm = 6700 M-1 cm-

1
; pD 8.0, Δε300 nm = 6200 M-1 cm-1). Solvent kinetic isotope effect data were fitted to 

Equation 2.9, where kcat is the steady-state turnover number, S is the concentration of the 

varying substrate, Fi is the fraction of deuterium label in the substrate, KM is the apparent 

Michaelis constant, Ekcat/KM and Ekcat are the isotope effects −1 on kcat and kcat/KM, 

respectively114. 

Equation 2.9 

𝑣 =  
𝑘𝑐𝑎𝑡[𝑆]

𝐾𝑀 (1 +  𝐹𝑖𝐸
[
𝑘𝑐𝑎𝑡
𝐾𝑀

]
) + [𝑆](1 + 𝐹𝑖𝐸[𝑘𝑐𝑎𝑡]) 

 

2.8.12 EnzCheckTM pyrophosphatase assay. 

The activity of the AbHisE domain was independently assessed via the EnzCheckTM 

pyrophosphate assay kit (Invitrogen). Initial rates were measured in HEPES (100 mM), 

MgCl2 (15 mM) and DTT (4 mM) (pH 7.5). Reactions (500 μL) were monitored for an 

increase at 360 nm corresponding to formation of 2-amino-6-mercapto-7-methylpurine 

(Δε360 nm = 11,000 M-1 cm-1)115 at 25 °C for 60 seconds in 1 cm pathlength cuvettes 

(Hellma) using a Shimadzu UV-2600 spectrophotometer. Initial rates were collected with 
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varying concentrations of  AbHisIE (1.6 nM, 3.2 nM and 6.4 nM) and a fixed 

concentration of PRATP (8.4 μM) to demonstrate that the rate of reaction is dependent 

on AbHisIE. Substrate saturation data were collected with AbHisIE (3.2 nM) and varying 

concentrations of PRATP (1 - 16 μM). 2-amino-6-mercapto-7-methylpurine 

ribonucleoside (MESG) (200 μM), purine nucleoside phosphorylase (PNP) (1 U mL-1) 

and PPase (0.03 U mL-1) were included in assays at the recommended concentrations. 

Controls were performed in the absence of AbHisIE and PRATP. Cuvettes were incubated 

for 3 minutes inside the spectrophotometer before reactions were started by addition of 

AbHisIE. All measurements were carried out in duplicate. 

2.8.13  Pre-steady state kinetics 

Pre-steady state measurements were performed at 25 °C in an Applied Photophysics SX-

20 stopped-flow spectrophotometer. Approach to steady state in AbHisIE was 

investigated under multiple turnover conditions, each syringe contained HEPES (100 

mM), MgCl (15 (pH 7.5) with DTT (4 mM). In addition, one syringe carried PaHisIE (10 

µM) while the other carried ATP (50 μM). Reaction was triggered by rapidly mixing 55 

µl from each syringe. Absorbance at 300 nm was collected over a split time-base for 0.475 

seconds, with 3000 data points collected in the first 0.225 seconds and 2000 in the 

following 2.5 s. 6 traces were acquired and 4 traces were averages. 

2.8.14  LC-MS analysis of products from reactions catalysed by AbHisIE with 

PRATP 

Reaction mixtures (500 µL) were prepared in HEPES (100 mM) and MgCl2 (15 mM) (pH 

7.5) with AbHisIE (16 μM)  and PRATP (135 μM). Samples were incubated for 1 hour at 

20 °C after which proteins were removed by passage through 10,000 MWCO Vivaspin 

centrifugal concentrators. LC-MS was carried out as described in the General Methods 

section by Dr Alison Dickson 
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Chapter 3 Kinetic mechanism and rate-limiting steps of 

PaATPPRT  

The majority of the results for Chapter 3 have previously been published in “Fisher G.,  

Thomson C. M., Stroek R., Czekster C. M., Hirschi J. M., and da Silva R. G., Allosteric 

activation shifts the rate-limiting step in a short-form ATP phosphoribosyl transferase. 

Biochemistry, 2018, 57(29), 4357-4367.” 

3.1 Chapter introduction 

ATPPRT catalyses the first committed reaction of this histidine biosynthetic pathway, the 

condensation of PRPP and ATP to form PRATP and pyrophosphate, Figure 1.1. Protocols 

for purification of the PaHisGS (P. arcticus HisGS) and PaHisZ (P. arcticus HisZ) 

subunits of P. arcticus ATPPRT  were established by the da Silva Laboratory prior to this 

work32 Furthermore, protocols for assaying the catalytic subunit PaHisGS  in the absence 

(non-activated PaHisGS) and presence of the allosteric activator PaHisZ (activated 

PaATPPRT) were also previously established32. Non-activated PaHisGS and activated 

PaATPPRT were primed for mechanistic studies to probe the mechanism underpinning 

allosteric activation. The aims of this chapter were to elucidate the kinetic mechanism of 

PaHisGS, to establish if ADP is a substrate of PaHisGS and to characterise the rate-

limiting steps of PaHisGS in the presence and absence of PaHisZ.  

3.1.1 Kinetic mechanism of ATPPRTs 

Prior to this work, only the kinetic mechanism of HisGL-type ATPPRTs had been 

investigated. Early studies of S. Typhimurium ATPPRT, a HisGL-type ATPPRT, 

incorrectly hypothesised ATPPRTs operate via a double displacement mechanism21,116, 

Figure 3.1A. The double-displacement mechanism of S. Typhimurium ATPPRT was later 

disproven due to stereochemical abnormalities117; a double-displacement mechanism 

would have resulted in retention of stereochemistry at C1′′ of PRATP, however, inversion 

of stereochemistry was observed117. Further kinetic analysis of S. Typhimurium ATPPRT 

demonstrated intersecting lines on initial velocity patterns, consistent with a sequential, 

Bi Bi kinetic mechanism42,118. Product competition assays were used to infer the order of 
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ligand binding42,118 and, a sequential ordered kinetic mechanism was proposed for HisGL-

type ATPPRTs with ATP as the first substrate to bind and PRATP as the last substrate to 

leave, Figure 3.1B. Until publication of this work, it was assumed that all ATPPRTs 

followed this established sequential ordered mechanism with ATP as the first substrate to 

bind and PRATP as the last substrate to leave.  
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Figure 3.1 Cleland diagram depicting possible kinetic mechanisms for ATPPRT. (A) Double displacement (ping-

pong) mechanism; (B) ordered, sequential Bi-Bi mechanism with ATP as the first substrate to bind and PRATP 

as the last product to leave; (C) ordered, sequential Bi-Bi mechanism with PRPP as the first substrate to bind and 

PRATP as the last product to leave.  



Kinetic mechanism and rate-limiting steps of PaATPPRT 

73 

 

The proposed kinetic mechanism was supported by crystal structures of C. jejuni24 and  

M.tuberculosis37 ATPPRTs (HisGL-type ATPPRTs) in a binary complex with ATP. 

Additionally, binding of ATP to free C. jejuni ATPPRT was demonstrated by ITC (KD = 

158 µM)24. The only reported crystal structure of HisGL-type ATPPRT in a binary 

complex with PRPP is from a truncated variant of C. jejuni ATPPRT38. The mode of 

PRPP binding observed in the truncated C jejuni ATPPRT structure is likely incompatible 

with catalysis as the pyrophosphate moiety of PRPP had drifted into the established ATP 

binding pocket and formed a hydrogen bond with the guanidinium group of R16. R16 

forms part of the ATP binding pocket. The interaction between R16 and the α-phosphate 

of PRPP would likely impede ATP binding38, Figure 3.2.  
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Figure 3.2 C. jejuni, P arcticus and L. lactis ATPPRT in complex with PRPP. Close-up view of the active 

site from the truncated variant of C.jejuni with either (A) PRPP (PDB ID: 5UBI) or (B) ATP (PDB ID: 

5UBH). Close-up view of (C) P. arcticus  (PDB ID: 6FTT) and (D) L. lactis ATPPRT (PDB ID:1Z7N) 

active sites with PRPP bound. Ligands are shown as stick models with carbon in cyan, nitrogen in blue, 

oxygen in red and phosphorus in orange. Protein backbones are shown with ribbon diagrams, selected 

residues are depicted as stick models with carbon in grey, nitrogen in blue and oxygen in red. Mg2+ and 

Zn2+ are represented by either green or grey spheres, respectively. Polar interactions are represented by 

dashed lines. The pyrophosphate motif of PRPP had drifted into the ATP binding site of the truncated C. 

jejuni HisGL creating a HisGL:PRPP dead-end complex, whereas the pose captured in P. arcticus and L. 

lactis ATPPRT:PRPP structures is compatible with ATP binding. Images were generated in Pymol  



Kinetic mechanism and rate-limiting steps of PaATPPRT 

75 

 

On the other hand, crystal structures of L. lactis ATPPRT, PaHisGS and PaATPPRT in a 

binary complex with PRPP34,40 have been reported, Figure 3.2 . The PaHisGS:PRPP and 

PaATPPRT:PRPP complexes were solved by Dr Magnus S. Alphey. Crucially, the mode 

of PRPP binding in these structures appeared to be compatible with catalysis. In both 

HisGS:PRPP crystal structures, the conserved arginine that forms the ATP binding pocket 

(R10 of L. lactis HisGS and R32 of PaHisGS) was engaged in interactions with either 

E158 (L. lactis HisGS) or Q114 and D179 (PaHisGS), thus, prohibited from engaging with 

the pyrophosphate motif of PRPP and obstructing ATP binding. These structures suggest 

that HisGS-type ATPPRTs may follow an alternative kinetic mechanism to that of HisGL-

type ATPPRTs, which allows for binding of PRPP to free enzyme. In E. coli and C. jejuni 

(HisGL-type ATPPRTs) ATPPRT, a serine residue is found in the equivalent position to 

D179 and E158 from P. arcticus and L. lactis, respectively. 

3.1.2 ADP is an Inhibitor of HisGL-type ATPPRTs 

As previously discussed in Chapter 1, AMP is a competitive inhibitor of various HisGL- 

and HisGS-type ATPPRTs with respect to PRPP and ATP. Kinetic studies of S. 

Typhimurium in 1977, determined ADP is also a competitive inhibitor of S. Typhimurium 

ATPPRT with respect to ATP and PRPP22. It was subsequently assumed in the literature 

that ADP is a universal ATPPRT competitive inhibitor with respect to both 

substrates24,31,35,39. A 2012 study confirmed ADP is a competitive inhibitor of C. 

glutamicium ATPPRT with respect to ATP41. A structure of PaHisGS in complex with 

ADP, uncovered by Dr Magnus S. Alphey, challenged the assumption of a universal 

competitive inhibitor with respect to both substrates by revealing that ADP binds 

comparably with ATP40, Figure 3.3. Almost all interactions between PaHisGS and ATP 

are conserved in the ADP-bound structure with the exception of a hydrogen bond between 

R′73 of the adjacent PaHisGS subunit and the γ-phosphate of ATP, Figure 3.3. Crucially, 

unlike AMP, the phosphates of ADP do not engage with the PRPP binding pocket at all, 

they are anchored in the ATP binding pocket by interactions with either R32 (α-
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phosphate) or K137 (β-phosphate) Figure 3.3. From these data it was hypothesised that 

ADP may act as a substrate of PaHisGS  

3.1.3 Rate-limiting steps of ATPPRT 

Pre-steady state characterisation of M. tuberculosis ATPPRT, a HisGL-type ATPPPRT, 

indicated that steps after chemistry are at least partially rate-limting29, this finding is 

consistent with observations from other phosphoribosyl transferases (PRTs) which have 

established product release is rate-limiting119–121. The rate-limiting steps of HisGS-type 

ATPPRTs had not been established prior to this work. It was hypothesised that allosteric 

activation may influence the rate-limiting step of PaHisGS.  

  

Figure 3.3 The binding mode of ADP to PaHisGS is comparable to ATP. PaHisGS in complex with PRPP and 

either (A) ADP (PDB ID 6FCY) or (B) ATP (PDB ID: 6FCT). Ligands are shown as stick models with carbon in 

cyan, nitrogen in blue, oxygen in red and phosphorus in orange. Protein backbones are shown with ribbon 

diagrams, selected residues are depicted as stick models with carbon in either grey (ADP/ATP-bound subunit) or 

magenta (adjacent subunit), nitrogen in blue and oxygen in red. Mg2+ is depicted by green spheres, respectively. 

Polar interactions are represented by dashed lines. R73′ from the adjacent PaHisGS monomer interacts with the γ-

phosphate of ATP but is approximately 5.5 Å from the terminal phosphate of ADP. Image generated in Pymol. 
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3.2 Production of PaHisGS and PaHisZ 

PaHisGS and PaHisZ were successfully produced using protocols previously established 

in the da Silva Laboratory, Figure 3.4.   

Figure 3.4 Purification of PaHisGS and PaHisZ. ESI-MS analysis showing the experimentally determined 

mass of (A) 25,213 Da for PaHisGs and (B) 43,085 Da for PaHisZ. Inset in (A) is SDS-PAGE with protein-

ladder (L) (PageRuler Plus Prestained) of PaHisGS (G) and PaHisZ (Z). 
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3.3 Kinetic mechanism of PaHisGS and PaATPPRT 

3.3.1 Inferring order of substrate binding by differential scanning fluorimetry 

(DSF) and isothermal titration calorimetry (ITC) 

Differential scanning fluorimetry (DSF) and ITC were employed to determine which 

substrates and products can bind to free PaHisGS in solution. These techniques assess 

ligand binding via independent signals; DSF correlates ligand binding with an increase in 

the Gibbs free energy of protein unfolding (ΔGU), whereas ITC detects heat absorbed or 

released in solution as a result of a binding event103,122 

DSF experiments incorporate a dye which fluoresces upon interaction with hydrophobic-

rich regions, such as those exposed upon protein unfolding103 Here, a mixture containing 

PaHisGS and the Sypro Orange was gradually heated in the presence and absence of 

ligands, and the melting temperature (TM) was determined by fitting fluorescence data to 

a modified Boltzmann equation103. Binding of a ligand to a protein is theorised, in some 

cases, to increase ΔGU which may translate to an increase in TM, though absence of a shift 

in TM does not rule-out ligand binding103. PRPP and PRATP induce a 6 ⁰C and 5 ⁰C 

increase in TM compared with apo PaHisGS, suggestive of binding to free PaHisGS, 

whereas ATP and pyrophosphate did not induce a change in the TM of PaHisGS at 

concentrations tested (2 mM and 3.6 mM, respectively), Figure 3.5 and Table 3.1.  
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Figure 3.5. DSF-based thermal denaturation curve of PaHisGS with and without substrates or products. 

Lines are average of triplicate measurement. Solid black lines are data fitted to Equation 2.6.  
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Table 3-1 PaHisGS TM determined with and without substrates and products. 

Condition TM (⁰C) 

Apo PaHisGS
‡ 60.58 ± 0.08 

PaHisGS + PRPP  65.86 ± 0.08 

PaHisGS + ATP 59.30 ± 0.08 

PaHisGS + PRATP 64.67 ± 0.09 

PaHisGS + PPi 58.85 ± 0.07 

PaHisGS + Glycerol (22%) 61.19 ± 0.02 

PaHisGS in 10 mM KH2PO4, 10 mM KF pH 8.0 38.7 ± 0.1 

Values are ± fitting error of triplicate measurements. 

DSF results were validated by additional ITC experiments. Broadly, ITC recognises 

either an exothermic or endothermic binging event upon titration of a ligand into a sample 

cell by detecting a change in temperature relative to a reference cell123. More specifically, 

a feedback circuit regulates the power applied to the sample cell to ensure the temperature 

exactly matches the reference cell; upon ligand titration if either an endothermic or 

exothermic binding event occur, the power applied to the cell through the feedback circuit 

is either increased or decreased, respectively123. A time-course of power applied to the 

sample cell is then extracted and replotted as heat evolved per injection against molar 

ratio. Finally, KD, ΔH and n are extracted by fitting to an appropriate binding model123. 

Hence, in addition to determining KD, ITC also facilitates an understanding of the forces 

driving molecular association, either largely hydrophobic or specific polar interactions, 

by determining ΔH and ΔS123.  
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Binding of PRPP to PaHisGS was confirmed by ITC, Figure 3.6, Table 3.2, (KD = 12 µM 

± 2 µM). Generally, to perform high-quality data fitting of ITC data, it is recommended 

that C-value from Equation 3.1 is between 20 – 100, and that curve fitting is not 

performed with data obtained from an experiment with a C-value less than 10. In this 

case, the calculated C-value is 4.16. Due to the relatively high (>10 µM) KD obtained in 

this experiment an unfeasibly high PaHisGS  concentration in the sample cell (~250 µM) 

would be required to obtain a C-value of 20. Fortunately, the current consensus is that 

such data can be fit under two conditions: one, that the target can be fully saturated with 

ligand, and two, that the stoichiometry value is known and fixed during the fitting 

process124,125. Both conditions were met with respect to the PRPP-PaHisGS binding 

experiment.  

Figure 3.6 ITC binding curves for PRPP-PaHisGS. (A and B) are binding curves. from two independent 

experiments, raw data (top) and fitted data (bottom) are shown (C) Raw data from control experiment in 

which PRPP was titrated into buffer. Control data were subtracted from each binding data set. Solid lines 

are data fit to a single-site binding model.  
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Table 3-2 PaHisGs-PRPP binding parameters from ITC data-fitting. 

Parameter  

KD (µM) 12 ± 2 

ΔH (kJ/mol) -23 ± 3 

ΔG (kJ/mol) -27 ±  0.5 

-TΔS (kJ/mol) -5 ± 3 

Values are mean ± standard error of duplicate measurements.  

Equation 3.1. 

𝐶 − 𝑣𝑎𝑙𝑢𝑒 = (
[𝐶𝑒𝑙𝑙]

𝐾𝐷
) 𝑛 

 

Upon titration of 500 uM ATP into 25 µM PaHisGS  or 2 mM ATP into 50 µM PaHisGS, 

no binding could be detected, Figure 3.7. Titration of 10 mM ATP into 50 µM PaHisGS 

resulted in a signal that was comparable to a control experiment in which ATP was titrated 

into assay buffer, likely reflecting heat of dilution, Figure 3.8. Ultimately, ITC 

corroborated the results of the DSF experiment. Both techniques demonstrated that PRPP 

can bind to free PaHisGS. On the contrary, no evidence of ATP binding to free PaHisGS 

was generated despite a range of concentrations tested in ITC experiments.  
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Figure 3.7 Raw data from titration of ATP into PaHisGS. Either 500 μM ATP into 25 μM PaHisGS (A) or 

2 mM ATP into 50 μM PaHisGS . Raw data (top) and replots (bottom) are shown. No data fitting was 

performed.  

Figure 3.8 Raw data from titration of  ATP into PaHisGS. 10 mM ATP was titrated into either (A and B) 

50 μM PaHisGS or (B and C) assay buffer. 
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3.3.2 Initial Velocity Patterns 

Initial velocity patterns were examined to glean further insight into the kinetic mechanism 

of PaHisGS. Data for initial velocity patterns were collected and analysed on double 

reciprocal plots, Figure 3.9. Analysis of initial velocity patterns can elucidate if a ternary 

complex is present, whether substrate binding is ordered or random, and if the mechanism 

obeys steady-state or rapid equilibrium kinetics126. A rapid equilibrium kinetic 

mechanism is defined by the off rates of the substrates being significantly greater than 

kcat
126. For PaHisGS the intersecting lines observed on double reciprocal plots are 

consistent with formation of a ternary complex in a sequential mechanism127, Figure 3.9. 

An ordered rapid equilibrium mechanism generates diagnostic asymmetrical double 

reciprocal plots whereby lines intersect on the ordinate when the second reactant is 

varied126, hence this mechanism was immediately ruled-out for PaHisGs. Intersecting 

lines on the ordinate reflect trapping of the Michaelis complex at infinite concentrations 

of the second reactant leading to maximal rate126. Unfortunately, the form of the initial 

velocity rate equation of a Bi steady-state ordered mechanism is identical to that of a Bi 

rapid-equilibrium random mechanism, hence, initial velocity patterns and even secondary 

replots would be identical126. When PaHisGS initial velocity patterns are considered in 

context with DSF and ITC data, it was considered most likely that PaHisGS follows a 

steady-state ordered mechanism where PRPP is the first substrate to bind, Figure 3.9C. 

Consequently, PaHisGS data were fit to Equation 2.7126. which can represent either a 

steady-state ordered mechanism with PRPP as the first substrate to bind or a rapid-

equilibrium random mechanism, kinetic parameters extracted from the fitting are 

summarised in Table 3.3  
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Table 3-3 PaHisGS steady-state parameters from initial velocity patterns. 

Values are mean ± fitting error of quadruplicate measurements. 

3.3.3 PaHisGS follows an alternative kinetic mechanism to HisGL-type ATPPRTs 

Together, kinetic, ITC, DSF and structural data are consistent with a sequential ordered 

mechanism of PaHisGS in which PRPP binds free PaHisGS, followed by ATP, whilst 

pyrophosphate is the first product to dissociate from the ternary complex followed by 

Parameter PaHisGS 

kcat (s-1) 0.25 ± 0.02 

KiPRPP (mM) 0.04 ± 0.03 

KPRPP (mM) 0.6 ± 0.1 

KATP (mM) 2.3 ± 0.3 

kcat/KPRPP  (M-1 s-1) 416 ± 77 

kcat/KATP  (M-1 s-1) 108 ± 16 

Figure 3.9 Initial velocity patterns for PaHisGS. Double reciprocal plots for PaHisGS with (A) ATP and 

(B) PRPP as varying substrates. Each colour represents a different fixed concentration of co-substrate. (C) 

Initial rate data were fit to a steady-state ordered mechanism, Equation 2.7. Data points are mean ± standard 

error of quadruplicate measurements. 
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PRATP, Figure 3.1C. PaATPPRT initial velocity patterns were collected by Rozanne 

Stroek, an Erasmus exchange student in the da Silva laboratory (data not shown) and also 

fit well to a steady-state ordered mechanism, when considered in context with available 

structural data these findings suggest the proposed mechanism is also applicable to 

PaATPPRT and perhaps ATPPRT from L. lactis. Notably, this work corrected a previous 

assumption in the literature that HisGS-type ATPPRTs follow the same kinetic 

mechanism as HisGL-type mechanisms. It is tempting to speculate that a steady-state 

ordered kinetic mechanism with PRPP as the first substrate to bind may apply to all 

HisGS-type ATPPRTs, however, very recent kinetic characterisation of AbHisGS by 

Benjamin J. Read, a PhD student in the da Silva laboratory, demonstrated that AbHisGS  

follows a rapid-equilibrium random kinetic mechanism45. 

3.3.4 PaHisGS TM contradicts a previously reported TM  

It was noteworthy that the TM of PaHisGs calculated from the DSF experiment, 60.58 ± 

0.08 ⁰C, was greater than the previously reported value of approximately 44 ⁰C, as 

determined by CD spectroscopy by the da Silva Laboratory32. The CD and DSF 

experiments were performed under different reaction conditions; the DSF experiment was 

carried out in 100 mM tricine (pH 8.5), 100 mM KCl, 15 mM MgCl2 and 4 mM DTT to 

match activity assay conditions, whereas the original CD experiment was performed in 

10 mM K2HPO4 (pH 8.0), 10 mM KF. DSF was repeated in 10 mM K2HPO4 (pH 8.0), 

10mM KF and a TM of 38.7 ± 0.1⁰C was calculated, Figure 3.5, Table 3.1. Hence, the 

difference in PaHisGS TM values can be attributed to a different buffer and additives.  

Intriguingly, it was previously reported that PaHisGS and PaATPPRT deviate from 

Arrhenius behaviour at approximately 41 ⁰C and 36 ⁰C, respectively, and it was 

hypothesised that this deviation was due to protein denaturation32. The TMs of PaHisZ 

under activity assay conditions and 10 mM K2HPO4 (pH 8.0), 10 mM KF are similar, ~40 

⁰C and ~39 ⁰C, respectively32,44. Hence, deviation of PaATPPRT from Arrhenius 

behaviour may indeed reflect PaHisZ denaturation and/or dissociation of the hetero-

octamer. On the other hand, PaHisGS deviation from Arrhenius behaviour is unlikely to 

be explained by protein denaturation, as previously hypothesised. The deviation from 

Arrhenius behaviour occurs approximately 20 ⁰C below the now corrected and 

appropriate TM value for conditions used in the original temperature study. PaHisGs 
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deviation from Arrhenius behaviour may therefore be a result of change of rate-limiting 

step128, temperature-sensitive flexible loops/regions which contribute to catalysis129 or a 

non-zero contribution from activation heat capacity to catalysis130–132. Further 

temperature studies with PaHisGS may yield interesting insights relevant to ongoing work 

to establish the mechanisms underpinning  enzyme catalysis at low temperature129,133, but 

are considered beyond the scope of this work. 

It may be tempting to speculate that a TM of 60 ⁰C is higher than expected for a 

psychrophilic enzyme, especially when compared with the TM of mesophilic A. 

baumannii HisGs which is approximately 58 ⁰C45. However, a lower TM of psychrophilic 

enzymes relative to their mesophilic counterparts may be considered a result of a lack of 

selective pressure to maintain stability at high temperature rather than a psychrophilic 

adaptation. Hence, the high TM of PaHisGS does not reflect a lack of psychrophilicity134. 

3.4 ADP is a substrate of PaHisGS 

3.4.1 31P-NMR spectroscopy of reactions catalysed by PaHisGS with ADP as a 

substrate 

The suitability of ADP as a substrate of PaHisGS was initially investigated via by 31P-

NMR spectroscopy using a method developed in the da Silva laboratory 32. PRATP and 

PRADP in reaction mixtures is readily detected by 31P-NMR owing to the unique 

chemical shift of the phosphorus in the N1-5-phospho-β-D-ribose moiety, at 

approximately ~3.3 – 3.4 ppm, which is absent from control reactions without PaHisGS
32

.  

Firstly, 31P-NMR spectra of control reactions in which ATP and PRPP were incubated 

with and without PaHisGS, respectively, Figures 3.10 and 3.11. A peak with a chemical 

shift of 3.4 ppm representing the phosphorus of the N1-5-phospho-β-D-ribose moiety of 

PRATP was observed only when PaHisGS was added to the reaction and all other 

phosphate species are represented by peaks with chemical shifts comparable with 

previous reports32. A peak with a chemical shift of 3.4 ppm was also detected upon 

incubation of ADP with PRPP in the presence of PaHisGS, Figures 3.10 and 3.12. This 

peak represents the phosphorus in the N1-5-phospho-β-D-ribose moiety of PRADP, which 

exists in a similar chemical environment to that of PRATP. The peak at ~3.4 ppm was 
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not detected upon incubation of PRPP and ADP in the absence of PaHisGS, Figure 3.10. 

Other peaks in 31P-NMR spectra from ADP reactions and controls were assigned to either 

substrate or product, based on previous 31P-NMR standards run in the da Silva 

laboratory32, Figure 3.12.  
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Figure 3.10 31P-NMR spectra of control reactions and PaHisGS catalysed reactions with ATP and ADP.  

Control reaction (without PaHisGS) with (A) ATP or (C) ADP. PaHisGS catalysed reactions with (B) ATP 

and (D) ADP. Insets in (A)– (D) are close-ups of the spectra between 4.0 and 3.0 ppm, showing the peak 

at ca. 3.4 ppm in (B) and (D) corresponding to the phosphorus in the N1-5-phospho-β-D-ribose moiety of 

PRATP and PRADP, respectively, which is missing in insets in (A) and (C).  
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Figure 3.11 Assignments of chemical shifts (δ) in ppm and J values in Hz for peaks in the 31P-NMR spectra 

to the corresponding phosphates in (A) PRPP , (B), ATP, (C) PRATP and (D) Pi.  

 

Figure 3.12 Assignments of chemical shifts (δ) in ppm and J values in Hz for peaks in the 31P-NMR spectra 

to the corresponding phosphates in in (A) PRPP , (B), ADP, (C) PRADP and (D) Pi. 



Kinetic mechanism and rate-limiting steps of PaATPPRT 

91 

 

3.4.2 Steady-state kinetic parameters of reactions catalysed by PaHisGS with 

ADP as a substrate. 

The steady-state kinetic parameters of reactions catalysed with ADP and ATP were 

determined side-by-side for a quantitative analysis of the reaction, Figure 3.13, Table 3.4. 

The kcat of reactions catalysed with either ADP or ATP are identical within error 

confirming that ADP is efficiently used as a substrate by PaHisGS. KM
ADP is 

approximately 3-fold greater than KM
ATP, indicating that the interaction between the γ-

phosphate of ATP and R´73 may play a minor role in binding but is not essential for either 

binding or catalysis. K´50 is the equivalent residue to R´73 in L. lactis ATPPRT. 

Mutagenesis of K´50 to alanine resulted in a 2.5-fold increase in L. lactis ATPPRT kcat 

and a 2-fold increase in KM
ATP, lending support to the conclusion that this interaction is 

not required for either ATP binding or catalysis31  

  

Figure 3.13 PaHisGS substrate saturation curves with either ATP (pink) or ADP (cyan) as a substrate. (A) 

Varying PRPP concentration with saturating concentration of the nucleotide. (B) Varying the nucleotide 

concentration with saturating concentration of PRPP. Data points are mean ± standard error. Black lines is 

data fit to the Michaelis-Menten equation. 
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Table 3-4 PaHisGS steady-state parameters with either ATP or ADP as a substrate. 

Parameter ATP ADP 

kcat (s-1) 0.15 ± 0.01 0.14 ± 0.01 

KPRPP (mM) 0.39 ± 0.07 0.91 ± 0.08 

KA(X)P (mM), X = T or D 0.96 ± 0.09 3.2 ± 0.3 

kcat/KPRPP  (M-1 s-1) 380 ± 70 153 ± 6 

kcat/KA(X)P  (M-1 s-1) 160 ± 20 43 ± 5 

Values are ± fitting error of duplicate measurements. 

3.4.3 ADP is a substrate of PaHisGS  

Together, 31P-NMR and steady-state kinetics demonstrated ADP is an adequate substrate 

for PaHisGS. Whilst this finding has corrected a false assumption in the literature, that 

ADP is a universal competitive inhibitor of ATPPRT, the in vivo relevance of this finding 

is difficult to ascertain as the  intracellular concentration of free adenine nucleotides in P. 

arcticus has not been reported in the literature. However, it is well established that 

intracellular ATP concentrations exceed intracellular ADP concentrations. It is difficult 

to define average values of the intracellular ATP/ADP ratio; in E. coli ATP/ADP ratios 

of 3135, 10136 and 30137 have all been reported and factors including growth phase137 and 

carbon source (glucose, glycerol or acetate)136 may alter this ratio. More recent studies in 

E coli. using FRET-based indicators, in contrast to traditional HPLC and/or LC-MS 

methods, add further complexity by drawing attention to the large variation in nucleotide 

pools across individual cells within a population138. The fate of PRADP in P. arcticus is 

addressed in Chapter 5. 
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3.5  Determining the rate-limiting steps of reactions 

catalysed by PaHisGS and PaATPPRT 

3.5.1 Viscosity studies of PaHisGS and PaATPPRT 

Viscosity studies rapidly distinguish reactions which are diffusion-controlled, that is to 

say rate-limited by substrate diffusion, product release or isomerisation steps, from 

reactions in which the chemical step of catalysis is rate-limiting139. A viscosity study 

typically measures the Michaelis constants kcat and kcat/KM across a range of viscosigen 

concentration and reports kinetic solvent viscosity effects (KSVEs) on these constants139. 

The Michaelis constants kcat and kcat/KM report on different stages of the catalytic cycle, 

Figure 3.14. Hence, if a KSVE is observed, depending on which constant(s) is/are 

perturbed it is possible to deduce where in the catalytic cycle a rate-limiting diffusional 

step lies.  

A viscosity study of activated PaATPPRT and non-activated PaHisGS was initiated. 

Firstly, the KD of PaHisGS and PaHisZ was determined in 0, 18 and 27 % glycerol, Figure 

3.15  and Table 3.5. These KDs were used to calculate the concentration of the PaATPPRT 

holoenzyme in steady-state kinetic experiments. PaATPPRT and PaHisGs steady-state 

kinetic parameters were determined in 0, 18 and 27% glycerol, Figure 3.16, Tables 3.5 

and 3.6. Data for PaHisGS was collected by Dr Rafael. G. da Silva. Replots of the data 

Figure 3.14 The steady-state kinetic constants kcat and kcat/KM report on different stages of the catalytic 

cycle. In the current work, enzymatic cleavage of PPi by pyrophosphatase renders product release (k7) 

irreversible. Steps that contribute to kcat are denoted by a magenta bracket. Steps that contribute to kcat/KM 

are denoted by a green bracket. 
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were constructed according to reference139 and KSVEs were extracted following data 

fitting, Figure 3.17, Table 3.7. 

Figure 3.15 Determination of KD for equilibrium dissociation of PaHisZ from the PaATPPRT holoenzyme 

in 0% (magenta), 18% (cyan) and 27% (blue) glycerol. (v/v). .  Data points are mean ± standard error. Solid 

lines are data fitted to Equation 2.1. 
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Table 3-5 The effect of solvent viscosity on PaATPPRT steady-state kinetic parameters.  

Values are ± fitting error of duplicate measurements.  

  

Parameter 0% glycerol (v/v) 18% glycerol (v/v) 27% glycerol (v/v) 

KD 1.2 ± 0.1 1.1 ± 0.1 0.6 ± 0.2 

kcat (s-1) 2.54 ± 0.06 1.8 ± 0.1 1.03  ± 0.02 

KPRPP (mM) 0.29 ± 0.04 0.18 ± 0.03 0.10 ± 0.01 

KATP (mM) 0.62 ± 0.05 0.8 ± 0.1 0.35 ± 0.03 

kcat/KPRPP  (M-1 s-1) 9000 ± 1000 10000 ± 2000 10000 ± 1000 

kcat/KATP  (M-1 s-1) 4100 ± 300 2200 ± 300 3000 ± 300 

Figure 3.16 The effect of solvent viscosity on PaHisGS and PaATPPRT steady-state kinetic parameters.  (A and 

C) PaHisGS and (B and D) PaATPPRT saturation curves were measured in 0% (pink), 18% (cyan), and 27% (blue) 

glycerol (v/v). (E, G and I) PaHisGS and (F, H and I) PaATPPRT steady-state kinetic constant dependence on 

glycerol concentration. Data are either mean ± standard error (scatter plots) or value ± fitting error (bar plots). Solid 

lines in (A-D) are data fit to the Michaelis-Menten equation. Data for PaHisGS was collected by Dr R. G. da Silva. 
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Table 3-6 The effect of solvent viscosity on PaHisGS steady-state parameters.  

Parameter 0% glycerol (v/v) 18% glycerol (v/v) 27% glycerol (v/v) 

kcat (s-1) 0.15 ± 0.01 0.28 ± 0.01 0.37 ± 0.01 

KPRPP (mM) 0.36 ± 0.04 0.35 ± 0.05 0.41 ± 0.08 

KATP (mM) 1.2 ± 0.1 1.9 ± 0.2 1.9 ± 0.2 

kcat/KPRPP  (M-1 s-1) 420 ± 50 800 ± 100 900 ± 200 

kcat/KATP  (M-1 s-1) 130 ± 30 150 ± 30 190 ± 40 

Values are ± fitting error of duplicate measurements. Data collected by Dr Rafael.G. da Silva.  

 

  

Figure 3.17 Kinetic solvent viscosity effects on PaHisGs and PaATPPRT catalysed reactions.  Kinetic 

solvent viscosity effects on (A) kcat, (B) kcat/KM
PRPP  and (C) kcat/KM

ATP for PaHisGS and PaATPPRT 

catalysed reactions Data points are mean ± fitting error. Solid lines are data fit to Equation 2.8. 
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 Table 3-7 Kinetic solvent viscosity effects on kcat, kcat/KM
PRPP  and kcat/KM

ATP for PaHisGS and PaATPPRT 

catalysed reactions 

Values are ± fitting-error.  

A KSVE of 1.2 ± 0.2 was observed on activated PaATPPRT kcat, indicative that the 

release of products from the active site (k7, Figure 3.14) is fully rate-limiting for the 

overall turnover of the enzyme139. A negligible KSVE was recorded on PaATPPRT 

kcat/KM
PRPP which suggests diffusional processes are not rate-limiting for steps 

encompassing substrate capture to product formation139. PaATPPRT kcat/KM
ATP

 data 

could not be reliably fit to either a linear or hyperbolic equation.  

Contrastingly, a moderate inverse viscosity effect was observed on non-activated 

PaHisGS kcat, kcat/KM
PRPP and kcat/KM

ATP. Inverse viscosity effects suggest that diffusional 

steps are not rate-limiting. Inverse viscosity effects typically reflect either non-specific 

viscosigen effects or internal isomerisations140. Inverse microviscosigen KSVEs of a 

similar magnitude to that reported here has previously been attributed to mild rate 

accelerations owing to non-specific interactions139,141,142.  

An additional experiment(s) modulating a different microviscogen may elucidate if 

glycerol is modulating enzyme activity via binding to the enzyme in the case of PaHisGS, 

however, such experiments were considered beyond the scope of this work as the rate-

limiting steps of PaHisGS were uncovered via alternate methods. Critically, this data 

provided the first insight that PaHisGS and PaATPPRT may have different rate-limiting 

steps. 

Kinetic Solvent 

Viscosity Effect  

(kcat)0/(kcat)η (kcat/KPRPP)0/(kcat/KPRPP ) η (kcat/KATP)0/(kcat/KATP ) η 

PaHisGS -0.59 ± 0.04 -0.55 ± 0.08 -0.24 ± 0.04 

PaATPPRT 1.2  ± 0.2 -0.11 ± 0.02 N.A. 
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3.5.2 Analysis of  PaHisGS and PaATPPRT product formation time-courses 

under pre-steady state conditions 

Further probing of the difference in rate-limiting step between nonactivated PaHisGS and 

activated PaATPPRT was achieved by monitoring product formation time-courses under 

pre-steady-state conditions. Briefly, multiple-turnover reactions catalysed by non-

activated PaHisGS or activated PaATPPRT were studied under pseudo-first order 

conditions in a stopped-flow spectrophotometer facilitating the capture of  the first 

milliseconds of a reaction, Figure 3.18.  

Figure 3.18 Pre-steady-state kinetics with PaATPPRT and PaHisGS. Time-courses product formation for 

reactions catalysed by PaATPPRT (magenta) and PaHisGs (green) with a burst in product formation 

observed with the former but not the latter. Black solid lines represent either a linear regression of PaHisGS 

data or PaATPPRT data  fitted to Equation 2.4 

A burst of product formation followed by a linear relationship between product formation 

and time was observed for the reaction catalysed by activated PaATPPRT, Figure 3.18. 

From data fitting, kburst = 80 ± 1 s-1 and A0  = 4.3 µM. The burst in product formation 
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represents initial rapid synthesis, but accumulation of product on the enzyme active 

site143. Product formation in subsequent turnovers then becomes dependent on a second 

rate constant, k = 1.11 ± 0.01 s-1. The burst in PRATP production is diagnostic of a 

mechanism where chemistry is faster than steps after chemistry (k7 << [k5 + k6])
143.  

Generally, the amplitude of the burst (A0) should approximate the number of active 

sites143, however, for PaATPPRT, A0 (4.3 µM) represents only ~26% of the theoretical 

concentration of the PaATPPRT Michaelis complex (16.5 μM) used in this experiment. 

Examination of Figure 6.19 and Equations 2.2 and 2.3 highlighted that whilst A0 and  kburst  

are both functions of the rate constants of the chemical reaction and product release, as 

the rate constant for the reverse reaction (k6)  increases kburst increases, whereas A0 

decreases. Therefore, an A0 that is lower than expected may reflect internal 

reversibility143. Indeed, for PaATPPRT, crystal structures solved by Dr Magnus S. 

Alphey with both substrates present unreacted in the enzyme active site in the presence 

of Mg2+, may suggest that the on-enzyme equilibrium lies towards substrates. Examining 

the reaction in the reverse direction under pre-steady state conditions could theoretically 

generate a burst with a maximal amplitude, providing ATP and/or PRPP dissociation was 

sufficiently rate-limiting143. However, it was not possible to examine the PaATPPRT 

reaction in reverse  due to pyrophosphate insolubility at concentrations required to 

saturate the enzyme.  

  

Figure 3.19. Two step reversible mechanism used to approximate burst kinetics. Scheme modified from 

Johnson (1992). 
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Equation 3.2  

𝑘𝑏𝑢𝑟𝑠𝑡 =  𝑘5 +  𝑘6 +  𝑘7 

Equation 3.3 

𝐴0 =  
𝑘5(𝑘 5 +  𝑘6)

(𝑘5 + 𝑘6 + 𝑘7)2
 

A similar pre-steady state burst experiment was conducted with M. tuberculosis ATPPRT 

and a burst of product formation was also observed, kburst = 0.67 s-1 29. The M. tuberculosis 

ATPPRT burst amplitude more closely approximated the protein concentration used in 

the experiment (78%). It may be the case that the internal equilibrium lies more towards 

substrates than products for PaATPPRT compared with ATPPRT from M. tuberculosis.  

No burst of product formation was detected for reactions catalysed by non-activated 

PaHisGS, Figure 3.18. An apparent rate-constant of 0.091 ± 0.001 s-1
, was extracted from 

a linear regression of data, which is in reasonable agreement with kcat (0.15 s-1). The 

absence of a burst of PRATP production in the first few milliseconds of the reaction 

reflects a mechanism whereby steps after chemistry are not rate-limiting ([k5 + k6] << 

k7)
143. Fundamentally, pre-steady state data provided further confirmation of different 

rate-limiting steps for PaHisGs and activated PaATPPRT  

3.5.3 PaHisGS single turnover rates cannot be measured 

As viscosity and pre-steady state data indicated neither diffusional steps nor steps after 

chemistry are rate-limiting for PaHisGS, it was sought to investigate if interconversion 

between ternary complexes, including chemistry, could be rate limiting. Thus, a pre-

steady state, single turnover experiment was devised. Single turnover measurements are 

performed with enzyme in excess of substrate in a stopped flow spectrophotometer. A 

single round of conversion from substrate to products is observed143. When considered in 

context with viscosity and pre-steady state data,  if the rate constant for the single turnover 

(ksto) catalysed by PaHisGS were to be equivalent to kcat (the lower limit of ksto), providing 

PRPP is fully saturated with enzyme, this would support a mechanism where 

interconversion between PaHisGS:PRPP:ATP to PaHisGS:PRATP:PPi is rate limiting133.  
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Unfortunately, attempts to measure ksto of PaHisGS were unsuccessful as it was not 

possible to saturate PRPP with PaHisGS. Product formation data were fitted to a single 

exponential rise to maximum and rate constants extracted were dependent on enzyme 

concentration, Figure 3.20 and Table 3.8. As the affinity of PaHisGS for PRPP is known, 

KD = 12 μM, it is possible to calculate the theoretical saturation of PaHisGS in the 

experiment. The maximum theoretical saturation of PRPP achieved in this experiment 

was 74%, however, the value of apparent rate constant extracted from these data reflected 

only 14% of kcat. The experiment was abandoned and it was hypothesised that internal 

reversibility and/or aggregation of HisGs at concentrations used in this experiment may 

account for the low rate of reaction observed.  

  

Figure 3.20 Product formation time-courses from reactions catalysed by PaHisGS under single-turnover 

conditions. 5 μM PRPP was incubated with either 10 (A), 20 (B) or 40 μM PaHisGS. Solid black lines are 

data fitted to Equation 2.5. 
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Table 3-8.Apparent rate-constants extracted from fitting PaHisGS single-turnover data, 

PaHisG (µM) k (s-1)* % Saturation of 5 μM PRPP 

10 0.0071 ±  0.00001 40 

20 0.0154 ± 0.00003 58 

40 0.0209 ± 0.00005 74 

*Data are ± fitting error of multiple independent measurements. 

3.5.4 Effect of substitution of magnesium by manganese on PaHisGS and 

PaATPPRT catalysed reactions.  

Mg2+ is considered essential for ATPPRT activity; the activity of ATPPRT from S. 

Typhimurium and M. tuberculosis is abolished by addition of EDTA, and studies have 

indicated ATPPRTs from different organisms exhibit varying tolerances for divalent 

metal substitutions. For example, S. Typhimurium ATPPRT can tolerate Mn2+ as a 

substitute for Mg2+ but not Cu2+, Ni2+ and Zn2+ 17, whereas C. glutamicum ATPPRT was 

able to accept Co2+, Ni2+ and Mn2+ at varying efficacies41.  

Transition state modelling of reactions catalysed by PaHisGS  carried out by the da Silva 

Laboratory in collaboration with Dr Jennifer S. Hirschi (Binghamptom University) 

carried out in parallel with this work predicted an SN2-like transition state structure with 

two equivalents of Mg2+ required at the transition state43 (discussed in Chapter 1). The 

first Mg2+ ion acts as a Lewis acid to stabilise negative charges upon ATP binding43. The 

second Mg2+ ion was posited to stabilise the pyrophosphate leaving-group at the transition 

state43. 

The previous experiments in this chapter have demonstrated the kcats of activated 

PaATPPRT and non-activated PaHisGS are reporting on different steps. It was 

hypothesised that substituting Mn2+ for Mg2+ may effect PaATPPRT and PaHisGS 

steady-state kinetic parameters differently and provide further elucidation of the rate-
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limiting step(s) of PaHisGS. Specifically, it was hypothesised that if chemistry was at 

least partially rate-limiting for PaHisGS, exchanging Mg2+ for Mn2+ may perturb kcat.  

PRATP production in reactions catalysed by PaHisGS with Mn2+ was confirmed by LC-

MS, Figure 3.21, using a separation method previously defined by the da Silva 

laboratory40. LC-MS was performed under the supervision of Dr Clarissa M. Czekster. 

PRPP and ATP were incubated in the presence of Mn2+ with and without PaHisGS. A 

sole peak corresponding to ATP was observed in the LC-MS analysis of control reactions 

(no PaHisGS). Two peaks were observed in LC-MS analysis of reactions with PaHisGS 

corresponding to ATP and PRATP. It was concluded that PaHisGS catalyses the 

conversion of ATP and PRPP to PRATP and pyrophosphate with Mn2+ as a substitute for 

Mg2+.  
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The steady-state kinetic parameters of reactions catalysed by PaHisGS and PaATPPRT 

were determined side-by-side for a quantitative assessment of metal ion substitution, 

Figure 3.22 and Table 3.9. Exchanging, Mg2+ for Mn2+ results in a ~2.6-fold increase 

PaHisGS kcat and an ~11.8-fold increase in kcat/KM
ATP, whereas only a negligible effect on 

kcat/KM
PRPP was observed. Contrastingly, there is a negligible effect of exchanging Mg2+ 

for Mn2+ on PaATPPRT kcat and kcat/KM
PRPP and a ~3-fold increase in kcat/KM

ATP was 

observed, wholly driven by a decrease in KM
ATP. 

  

Figure 3.21 LC-MS analysis of the reaction catalysed by PaHisG with Mn2+.(A) Chromatogram from a 

control reaction, without PaHisGS, showing a peak with absorbance at 260 nm (blue), and mass spectra of 

the peak showing the expected m/z for ATP (blue). (B) Chromatogram from reaction with PaHisGS, 

showing two peaks: one with absorbance at 260 nm (blue) and a second peak exhibiting absorbance at both 

260 nm (blue) and 290 nm (pink). Mass spectra of the peak absorbing only at 260 nm (blue) confirms  the 

expected m/z for ATP (blue). Mass spectra  of the peak absorbing at both 260 nm and 290 nm confirms s 

the expected m/z for PRATP (pink). 
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Table 3-9 The effect of Mn2+ on PaHisGS and PaATPPRT steady-state parameters. 

Values are ± fitting error of duplicate measurements. 

Viscosity and pre-steady-state data indicate that the kcat of PaHisGS catalysed reactions is 

not reporting on product release, hence, it is unlikely that Mn2+ is exerting an effect via 

product off rates. The increase in PaHisGS kcat was speculatively attributed to an increased 

rate of chemistry owing to an increased ability of Mn2+
 to attenuate negative charge on 

the pyrophosphate leaving group compared with Mg2+. This hypothesis was later 

supported by transition state modelling of PaHisGS catalysed reactions with PRPP and 

ADP as substrates in the presence of both Mg2+ and Mn2+ carried out by Dr Jenifer 

Hirschi43. Briefly, analysis of the transition state models demonstrated Mn2+ is better able 

to attenuate the negative charge of the pyrophosphate leaving group at the transition state 

through d-orbital bonding to coordinating oxygens43. Dr Jennifer Hirschi’s work was 

published alongside data from this chapter.  

Parameter PaHisGS 

(Mg2+) 

PaHisGS 

(Mn2+) 

PaATPPRT 

(Mg2+) 

PaATPPRT 

(Mn2+) 

kcat (s-1) 0.15 ± 0.01 0.39  ±  0.05 2.65  ± 0.07 2.1  ± 0.1 

KPRPP (mM) 0.33 ± 0.03 0.6 ± 0.2 0.43 ± 0.05 0.28 ± 0.06 

KATP (mM) 1.4 ± 0.2 0.30 ± 0.05 0.72 ± 0.09 0.19 ± 0.03 

kcat/KPRPP  (M-1 s-1) 450 ± 50 700 ± 200 6200 ± 700 8000 ± 2000 

kcat/KATP  (M-1 s-1) 110  ± 20 1300 ± 300 3700 ± 500 11000 ± 2000 

Figure 3.22 The effect of substituting Mn2+ for Mg2+ on PaHisGS steady-state parameters. .(A and C) 

PaHisGS and (B and D) PaATPPRT substrate saturation curves with Mg2+ (pink) and Mn2+ (cyan). The 

effect of Mn2+ substitutions on (E, G and I) PaHisGS and (F, H and I) PaATPPRT steady-state kinetic 

constants. Data are mean ± standard error (scatter plots) or value ± fitting error (bar plots). Solid lines in 

(A)-(D) are data fitted to the Michaelis Menten equation.  
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3.5.5 PaHisGs and PaATPPRT have different rate-limiting steps  

In this work, a viscosity effect of ~1 was reported on activated PaATPPRT kcat indicative 

that product release is fully rate-limiting for the overall turnover of the enzyme139. A pre-

steady burst experiment confirmed the rate of chemistry is greater than steps after 

chemistry. Exchanging Mg2+ for Mn2+, a substitution that was posited to affect the rate of 

the chemical step, had no effect on PaATPPRT kcat. These observations necessitate 

chemistry occurs faster than products can be released from the active site, Figure 3.23, 

and that PaATPPRT kcat is reporting solely on product release.  

On the other hand, small inverse viscosity effects reported on non-activated PaHisGS  

may reflect either an isomerisation of the Michaelis complex or non-specific glycerol 

effects. Examination of reactions catalysed by PaHisGS under pre steady state conditions 

revealed that steps after chemistry, including product release, are not rate-limiting. It was 

considered likely that interconversion between ternary complexes was rate-limiting. 

Unfortunately, PaHisGS single turnover rates could not be measured, which may have 

yielded further insights. Exchanging Mg2+ for Mn2+ resulted in an approximately 2-fold 

increase in PaHisGS  kcat, predicted to be a result of better attenuation of negative charge 

at the transition state by Mn2+compared with Mg2+. These observations suggest PaHisGS 

kcat is reporting on interconversion between ternary complexes (which could include an 

isomerisation of the Michaelis complex) and at least partially on chemistry, Figure 3.23. 

  

Figure 3.23 Non-activated PaHisGS and activated PaATPPRT reaction scheme with rate-limiting steps 

highlighted 
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3.7  Chapter summary 

This chapter sought to characterise key mechanistic features of PaATPPRT, namely, the 

kinetic mechanism and rate-limiting steps of PaHisGS.in the presence and absence of 

PaHisZ. Kinetic and binding data suggested a steady-state ordered mechanism with PRPP 

as the first substrate to bind applies to PaHisGS and PaATPPRT, this mechanism may 

apply to other HisGS-type ATPPRTs. The proposed mechanism is different to that of 

HisGL-type ATPPRTs which operate via an ordered mechanism with ATP as the first 

substrate to bind. This work also demonstrated ADP is a substrate of PaHisGS, despite 

previous work showing ADP is a competitive inhibitor of S. Typhmurium HisGL with 

respect to both substrates. ADP is not likely to be a substrate of PaATPPRT in vivo due 

to low ADP intracellular concentration relative to ADP, the fate of PRADP is explored 

in Chapter 5. Finally, it was determined that product release is rate-limiting for the 

reaction catalysed by activated ATPPRT. The activated hetero-octamer is likely the 

predominant form of ATPPRT in vivo. Contrastingly, the rate-limiting step for reactions 

catalysed by the non-activated catalytic subunit of ATPPRT, HisGs, in the absence of 

HisZ, is interconversion between ternary complexes. This shift in rate-limiting step 

demonstrates that PaHisZ allosterically accelerates the rate of interconversion between 

ternary complexes such that the rate exceeds that of product release. Other allosteric 

effectors capable of inducing a shift in rate-limiting step have previously been reported 

in literature. For example, kinetic isotope effect studies demonstrated that the rate-

limiting step of the catalytically active β-subunit of tryptophan synthase from Pyrococcus 

furiosusis is Cα-H deprotonation, however, introduction of the α-subunit shifts the rate-

limiting step to an unidentified step in stage II of catalysis80. Additionally, the ATPase, 

ArsAB, exhibits burst kinetics attributed to a rate-limiting isomerisation of an enzyme-

product species, however, on addition of the allosteric activator, antimonite, a burst is no 

longer observed, suggesting the isomerisation is no longer rate-limiting144. Importantly, 

this work provided the first insight into the mechanism of allosteric activation of a HisGS-

type ATPPRT by HisZ and paved the way for further studies to elucidate the molecular 

mechanism underpinning the increased rate of interconversion between ternary 

complexes induced by HisZ. 
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Chapter 4 Biophysical, kinetic and structural analysis of 

PaHisGS active site variants  

Some of the results included in this chapter have previously been published in Alphey 

M.S., Fisher G. Ge Y., Gould E.R., Machado T. F. G., Liu H., Florence G. J., Naismith J. 

H., and da Silva R. G. Catalytic and Anticatalytic Snapshots of a Short-Form ATP 

Phosphoribosyltransferase. ACS Catalysis 2018 8, 5601-5610.  

The majority of the results presented in this chapter are have been deposited on ChemRxiv 

and submitted for publication: Fisher G., Corbella M., Alphey M. S., Nicholson H., Read 

B. J., Kamerlin S. C. L., and da Silva R. G. Allosteric rescue of catalytically impaired 

ATP phosphoribosyltransferase variants links protein dynamics to active-site electrostatic 

preorganisation. 2022. (DOI: 10.26434). 

4.1 Chapter introduction 

The work described in Chapter 3 demonstrated that allosteric activation of PaHisGS by 

PaHisZ leads to an increase in the rate of interconversion between ternary complexes. To 

explore the mechanism underpinning this increase in rate of interconversion between 

ternary complexes, it was sought to identify PaHisGs and PaATPPRT amino acid 

residues required for catalysis. Prior to this work, despite a plethora of ATPPRT crystal 

structures no amino acid residues had been identified, which are essential for catalysis by 

either HisGS or HisGL. Mutagenesis of two lysine residues which were considered 

possible candidates for leaving group stabilisation in ATPPRT from L. lactis induced only 

a moderate effect on kcat, which indicated that these residues did not play a major role in 

catalysis31.  

Several WT PaHisGS and activated PaATPPRT crystal structures with and without 

substrates were solved by Dr Magnus S. Alphey prior to the undertaking of this work, 

these structures are now published40. These crystal structures were carefully examined in 

order to identity conserved PaHisGS residues which may contribute to catalysis and/or 

allosteric activation, and C115, D179, R32, and R56 were selected, Figure 4.1. Over the 

course of the ATPPRT catalysed reaction, the 6-NH2 group of ATP must be deprotonated 
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to yield the 6-NH group of PRATP, Figure 4.2. C115 and D179 were identified as 

candidates for a putative catalytic base, which could abstract the 6-NH2 proton. D179 is 

also part of the loop which binds the 5-phosphate of PRPP. R32 forms a salt bridge with 

the α-phosphate of the pyrophosphate leaving group, but may play multiple roles, 

including orientating ATP for catalysis, Figure 4.1. Intriguingly, crystal structures also 

depicted a salt bridge between R′56 of the adjacent PaHisGS monomer and the β-

phosphate of the pyrophosphate leaving group, however, this interaction was captured 

only when PaHisZ and both substrates are present and requires reorganisation of a 

flexible loop encompassing residues A44-V6740, Figure 4.3. The cross-dimer interaction 

between R′56 and the pyrophosphate leaving-group is possible as PaHisGS subunits of 

the activated structure are observed to move closer to one another upon binding of both 

substrates40, Figure 4.3. The loop on which R56 resides is equivalent to the loop identified 

in the L. lactis crystal structure which was postulated to exclude solvent from the active-

site and R34 is the equivalent residue in L. lactis to R56 in PaHisGS
34.  

 

 

Figure 4.1 Active site views of non-activated PaHisGS and PaATPRPT. (A) PaHisGS:PRPP:ATP (PDB ID: 

6FCT) and (B) PaATPPRT:ATP:PRPP (PDB ID: 6FU2). PaHisGS subunits are shown with ribbon diagrams in 

either grey (bound subunit) or magenta (adjacent subunit). Residues that were mutated in this chapter are 

labelled and shown as stick models with nitrogen in blue, oxygen, in red, and carbon in either grey or cyan. 

Substrates are represented as stick models with nitrogen in blue, oxygen, in red, phosphorus in orange, and 

carbon in cyan. Mg2+ ions are depicted by green spheres. Polar interactions are represented by red dashed lines. 

PaHisZ subunits are omitted for clarity. Structures are published in Alphey et al40. Images were generated in 

Pymol 
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Figure 4.2 Reaction catalysed by ATPPRT. PRPP 1, ATP 2, PPi 3 and PRATP 4. 
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Figure 4.3 PaHisGS and PaATPPRT crystal structures with either PRPP or PRPP and ATP bound. (A) 

Overlay of PaHisGS:PRPP (PDB ID: 6FCA) and PaHisGS:PRPP:ATP (PDB ID: 6FCT) crystal structures. 

(B) Overlay of PaATPPRT:PRPP (PDB ID: 6FTT) and PaATPPRT:ATP:PRPP (PDB ID: 6FU2) crystal 

structures. ATP and PRPP bound subunits are shown in grey and magenta, whereas PRPP bound subunits 

are shown in green and purple. (C) Active site view of PaHisGS:PRPP and PaHisGS:PRPP:ATP overlays. 

(D) Active site view of PaATPPRT:PRPP and PaHisGS:ATPPRT overlays. PaHisGS subunits are shown 

with ribbon diagrams. Labelled residues are depicted as stick models with nitrogen in blue, oxygen, in red, 

and carbon in either magenta (ATP and PRPP bound subunits) or purple (PRPP bound subunits). Substrates 

are represented by stick models with nitrogen in blue, oxygen, in red, phosphorus in orange, and carbon in 

cyan. Mg2+ ions are depicted by green spheres. Polar interactions are depicted by red dashed lines. PaHisZ 

subunits are omitted for clarity. Structures are published in Alphey et al40. Images were generated in Pymol. 
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Crystal structures represent static snapshots of dynamic molecules. It was hypothesised 

that R56 may be an essential residue for stabilisation of the pyrophosphate leaving group 

at the transition state, but that activated PaATPPRT may sample conformations with R56 

primed to accept the pyrophosphate leaving group at a higher frequency compared with 

PaHisGS, facilitating the capture of the interaction by crystallography. This hypothesis 

would account for allosteric activation of PaHisGS by PaHisZ and is consistent with 

contemporary interpretations of allostery, which state that binding of an allosteric effector 

induces a population redistribution within the protein conformation ensemble such that 

conformers with altered catalytic properties are favoured145–150.  

The aim of this chapter was to identify PaHisGS residues essential for catalysis and to 

propose a model for allosteric activation of PaHisGS by PaHisZ. Thus, C115A, C115S, 

D179A, D179N, R32A, R56A, R56A/K57A and R32A/R56A/K57A PaHisGS were 

produced. The biophysical and kinetic parameters of the PaHisGS mutants alongside WT 

PaHisGS were examined. K57 is adjacent to R56 and resides on the same loop that 

extends into the active site of the adjacent monomer, though normally points in the 

opposite direction of R56, away from the active site. R56A/K57A PaHisGS was 

constructed to assess if K57 was able to compensate for the loss of R56. 

R32A/R56A/K57A PaHisGS was produced  and characterised after studies of the other 

PaHisGS mutant activities were completed and the rationale behind this is discussed in 

section 4.14. 

4.2 Production and purification of C115A, C115S, D179A, 

D179N, R32A, R56A, R56A/K57A and 

R32A/R56A/K57A PaHisGS 

C115A, C115S, D179A, D179N, R32A, R56A, R56A/K57A and R32A/R56A/K57A 

PaHisGS were produced analogously to WT PaHisGS, Figure 4.4. The expected mass for 

each of the PaHisGS variants was observed via ESI/TOF-MS analysis (performed by the 

BSRC Mass Spectrometry and Proteomics Facility), Figure 4.5, except for D179N, where 

tryptic digestion and MS/MS analysis of tryptic fragments confirmed successful insertion 

of the mutation (sequence coverage = 73%), Appendix 1.  
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Figure 4.4 SDS-PAGE gels from PaHisGS variant purifications after the second HisTrap FF column.(A) 

C115A, (B) C115S, (C) D179A, (D) D179N, (E) R32A, (F) R56A, (G) R56A/57A and (H) 

R32A/R56A/K57A PaHisGS. L denotes protein Ladder, FT is column flow-through and E corresponds to 

fractions eluted with imidazole. Protein ladder is either PageRuler Plus Prestained (B, D, E, F, G & H)  or 

Precision Plus All Blue Protein Prestained (A & C). R32A/R56A/K57A PaHisGS was purified by John 

Nicholson.  
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4.3 PaHisGS variants are thermally stable. 

DSF was performed to assess the thermal stability of the PaHisGS variants. The PaHisGS 

variants exhibit similar thermal unfolding profiles to WT PaHisGS, Figure 4.6A and 

Table 4.1. Furthermore, the PRPP-induced shift in TM is observed again in WT PaHisGS, 

and in all mutant PaHisGS proteins, Figure 4.6B and Table 2.1. No change in fluorescence 

signal was observed for D179A PaHisGS from 25 – 95 °C, hence, a TM could not be 

obtained. Repetition of the experiment did not improve this result. It is possible that 

D179A PaHisGS unfolds completely between 20 – 25 °C, however, after activity assays 

Figure 4.5 ESI-MS analyses showing the experimentally determined mass in Da for PaHisGS variants. .(A) 

C115A, (B), C115S, (C) D179A, (D) R32A, (E) R56A, (F) R56A/K57A (G) R32A/R56A/K57A and (H) WT 

PaHisGS. Mass spectrometry was carried out by the BSRC Mass Spectrometry facility at the University of St 

Andrews.  
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it was concluded that D179 is not an essential residue and this result was not investigated 

further.  

 

  

Figure 4.6 DSF-based thermal denaturation of WT and PaHisGS variants. Thermal denaturation curves of 

WT (red) and variant (C115A [orange], C115S [light-green], D179N [cyan], R32A [blue], R56A [purple] 

and R56A/K57A [magenta]) PaHisGS proteins in the (A) absence and (B) presence of PRPP. Lines are an 

average of triplicate measurement except for D179N PaHisGS (apo) data, which are an average of 5 

replicates. Solid black lines are data fitted to Equation 2.6. 
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Table 4-1 WT and mutant PaHisGS TMs determined with and without PRPP. 

Values are ± fitting error of either triplicate* or quintuplicate‡ measurements. 

4.4 Activity of PaHisGS variants 

Initially, mutant PaHisGS activity was qualitatively assessed by measuring activity with 

5 µM and 10 µM protein and substrate concentrations that would saturate WT PaHisGS, 

Figure 4.7 and Table 4.2. C115A, D179A and D179N PaHisGS all displayed good levels 

of activity when assayed as non-activated PaHisGS and the steady-state kinetic 

parameters of these variants were determined for a quantitative assessment of activity, 

Figure 4.8 and Table 4.3. A 4.0-, 2.6-, and 4.2-fold reduction in kcat was observed for 

C115A, D179A and D179N PaHisGS respectively, relative to WT. PaHisGS. Ultimately, 

C115 and D179 are not essential residues for PaHisGS catalysis, as kcat is decreased by 

PaHisGS Mutant Apo TM (⁰C) +PRPP TM (⁰C) PRPP-induced 

shift (⁰C) 

WT PaHisGS
* 57.83 ± 0.07* 65.4 ± 0.09* 7.75 ± 0.16 

C115A PaHisGS
* 59.21 ± 0.04* 64.83 ± 0.08* 5.62 ± 0.12 

C115S PaHisGS
* 56.75 ± 0.09* 63.53 ± 0.09* 8.78 ± 0.18 

D179N PaHisGS
‡ 57.55 ± 0.09‡ 67.73 ± 0.06‡ 10.18 ± 0.15 

R32A PaHisGS
* 60.39 ± 0.06‡ 63.81 ± 0.06* 3.42 ± 0.12 

R56A PaHisGS* 58.11 ± 0.07* 62.59 ± 0.07* 4.49 ± 0.17 

R56A/K57A PaHisGS* 56.77 ± 0.07* 60.3  ± 0.1* 3.53 ± 0.17 
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less than one order of magnitude, thus C115 and D179 are unlikely to act as a catalytic 

base.  

  

Figure 4.7 PaHisGS variant activity in the absence of PaHisZ. Product formation time courses from WT 

(red) and mutant (C115A [orange], C115S [light-green], D179A [dark-green], D179N [cyan], R32A [blue], 

R56A [purple] and R56A/K57A [magenta]) PaHisGS catalysed reactions. A control was performed in the 

absence of enzyme (yellow). Reactions contained either (A) 5 or (B and C) 10 µM PaHisGS and 

concentrations of substrate that would saturate WT PaHisGS  (2 mM PRPP and 5.6 mM ATP). Product 

formation was measured for either (A and B) 60 seconds or (C) 870 seconds. Data are average of duplicate 

measurements except for D179A at 5μM which is only a single measurement. Solid black lines are linear 

regressions of data. 
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Table 4-2 Rates of PRATP synthesis in reactions catalysed by PaHisGS active site variants. 

Values are mean ± standard-error of duplicate measurements. No data indicates activity was not detectable. 

Traces from reactions catalysed by 10 μM WT PaHisGS were not linear. *No enzyme control was subtracted 

from data. 

  

PaHisGS v (μM s-1) 5 μM 

PaHisGS (60 

seconds) 

v (μM s-1) 10 μM 

PaHisG (60 

seconds) 

v (μM s-1) 10 μM 

PaHisG (875 

seconds)* 

WT PaHisGS 0.29 ± 0.01 N.A. N.A. 

C115A PaHisGS 0.06 ± 0.01 0.14 ± 0.01 N.A. 

C115S PaHisGS 0.006 ± 0.002 0.0027 ± 0.0003 0.0053 ± 0.003 

D179A PaHisGS 0.128 ± 0.008 0.29 ± 0.001 N.A 

D179N PaHisGS 0.08 ± 0.01 0.1007 ± 0.002 N.A 

R32A PaHisGS No Data 0.0111 ± 0.0007 0.023  ± 0.0001 

R56A PaHisGS 0.0073 ± 0.0001 0.005 ± 0.009 0.0136 ± 0.0001 

R56A/K57A 

PaHisGS 

No Data No Data 0.0022  ± 0.0003 
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Figure 4.8 WT and variant PaHisGS substrate saturation curves.  WT (red) C115A (orange), D179A (dark-

green), D179N (cyan) PaHisGS  Data points are mean ± standard error of duplicate measurements. Solid 

lines are data fit to the Michaelis-Menten equation. 

Table 4-3 WT, C115A, D179A, D179N PaHisGS steady-state kinetic parameters 

Values are mean ± fitting error of duplicate measurements. 

Linear regressions performed on one minute product formation time-courses from 

reactions catalysed by C115S, R32A, R56A, and R56A/K57A PaHisGS are poor quality 

and have low R2 values, likely reflecting an extremely low rate of PRATP synthesis such 

that the total amount of PRATP present is below the detectable limit of the assay, Figures 

4.7A and 4.7B and Table 4.2. C155A, R32A, R56A and R56A/K57A PaHisGS were 

Parameter WT PaHisGS  C115A 

PaHisGS 

 D179A 

PaHisGS 

 D179N 

PaHisGS 

kcat (s
-1) 0.081 ± 0.003 0.020 ± 0.001 0.030 ± 0.001 0.020 ± 0.002 

KPRPP (mM) 0.4 ± 0.06 0.42 ± 0.07 0.16 ± 0.01 0.13 ± 0.02 

KATP (mM) 1.2 ± 0.2 2.2 ± 0.3 0.8 ± 0.2 1.7 ± 0.5 

kcat/KPRPP  (M-1 s-1) 200 ± 30 47 ± 9 200 ± 10 150 ± 30 

kcat/KATP  (M-1 s-1) 70 ± 11 9 ± 1 40 ± 10 11 ± 4 
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subsequently incubated with assay buffer and concentrations of substrates that would 

saturate WT PaHisGS for 870 seconds to facilitate PRATP accumulation which allowed 

for better data fitting (R2 > 98%), Figure 4.7C. The rate of PRATP synthesis in reactions 

catalysed by C115S, R32A, R56A and R56A/K57A PaHisGS was approximately 109-, 

25-, 43-, and 263-fold below WT PaHisGS, upon correction for protein concentration. 

The activity of these variants is much too low for determination steady-state kinetic 

parameters via the assay employed in this work. It was concluded that mutation of either 

R32 or R56 results in a catalytically impaired variant of PaHisGS. Furthermore, a serine 

in place of C115 is detrimental for ATPPRT catalysis, although C115 does not appear to 

be required for activity. It was hypothesised that serine at position 115 is forming an 

hydrogen bond that is not conducive for catalysis. Structural studies may elucidate why 

the cysteine to serine mutation is detrimental for catalysis but the cysteine to alanine 

mutation is not. However, as C115 is not an essential residue this unusual result was not 

investigated further. 

4.5  PaHisGS variant activity in the presence of PaHisZ. 

Unexpectedly, when PaHisZ was added to assays with C155A, R32A, R56A and 

R56A/K57A PaHisGS activity was recovered, Figures 4.9 and 4.10 and Table 4.4. Steady-

state kinetic parameters of C115S, R32A, R56A and R56A/K57A PaATPPRT were 

characterised alongside WT PaATPPRT. A 1.8-, 3.8-, 5.3- and 15-fold reduction in 

C115A, R32A, R56A and R56A/K57A PaATPPRT kcat relative to WT PaATPPRT was 

observed, whereas no significant changes in KM
ATP or KM

PRPP were detected. Critically, 

the values of kcat for C115S, R32A and R56A PaATPPRT were within one order of 

magnitude of the WT PaATPPRT, indicative that these residues are not required for 

catalysis by PaATPPRT despite the observation that catalysis by PaHisGS is impaired by 

mutagenesis at these positions. Unexpectedly, this data indicated that PaHisZ can 

allosterically rescue catalytically impaired mutants of PaHisGS. It was hypothesised that 

the recovery of R56A PaHisGS in the presence of PaHisZ may be explained by 

compensation by K57. Specifically, it was hypothesised that binding of PaHisZ to R56A 

PaHisGS modulated protein conformational sampling in order that conformations in 

which K57 could stabilise the pyrophosphate leaving-group were adopted. Interestingly, 

R56A/K57A PaATPPRT was the only mutant to exhibit a kcat more than a single order of 
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magnitude (15-fold) lower than that of the WT PaATPPRT, however, as the activity 

R56A/K57A PaHisGS was increased by 520-fold in the presence of PaHisZ this would 

suggest that the activated complex can still compensate for simultaneous mutagenesis at 

these positions and that PaHisZ is able to rescue R56A PaHisGS activity independently 

of K57. 

  

Figure 4.9 Determination of KD for equilibrium dissociation of PaHisZ from WT and mutant PaATPPRT 

holoenzyme. WT (red), C115S (green), R32A (dark blue), R56A (purple) and R56A/K57A (magenta) 

PaHisGS. Data points are mean ± standard error of duplicate measurements. Solid lines are data fitted to 

Equation 2.1 
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Figure 4.10 WT and variant PaATPPRT substrate saturation curves. WT (red), C115S (green), R32A 

(blue), R56A (magenta) and R56A/K57A PaHisGS. Data are mean ± standard error of duplicate 

measurements. 
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Table 4-4 WT, C115S, R32A, R56A and R56A/K57A PaATPPRT steady-state kinetic parameters. 

Values are mean ± standard error of duplicate measurements. 

To demonstrate that the rescue of PaHisGS mutants by PaHisZ was a true allosteric effect, 

a series of control experiments were performed. Firstly, control reactions were performed 

with 15 μM PaHisZ, in the absence of any PaHisGS to ensure PaHisZ was not 

contaminated with either WT PaHisGs or ATPPRT from E. coli expression cells. The rate 

of PRATP synthesis from these reactions (0.0081 ± 0.0005 µM s-1) was found to be 

negligible. Secondly, C115S, R32A, R56A and R56AK56A PaHisGS were incubated in 

the presence of 20 μM BSA to address the effect of nonspecific protein-binding, Figure 

4.11A and Table 4.5. Only negligible activity was detected upon incubation of C115S, 

Parameter WT PaHisGS  C115S 

PaHisGS 

 R32A 

PaHisGS 

 R56A 

PaHisGS 

R56A/K57A 

PaHisGS 

KD  0.44 ± 0.05 1.7 ± 0.4 0.49 ± 0.06 4.0 ± 0.6 5.0 ± 2.0 

kcat (s-1) 1.72 ± 0.07 0.93 ± 0.08 0.48 ± 0.03 0.35 ± 0.05 0.115 ± 0.007 

KPRPP 

(mM) 

0.44 ± 0.05 0.6 ± 0.1 0.41 ± 0.06 0.37 ± 0.04 0.4 ± 0.1 

KATP (mM) 0.76 ± 0.07 2.8 ± 0.2 1.5 ± 0.3 0.9 ± 0.1 1.5 ± 0.3 

kcat/KPRPP  

(M-1 s-1) 

3900 ± 500 1500 ± 300 1200 ± 200 1000 ± 200 290 ± 70 

kcat/KATP  

(M-1 s-1) 

2300 ± 200 330 ± 40 320 ± 70 360 ± 60 80 ± 20 

Activation 

by PaHisZ 

30-fold 1800-fold 190-fold 230-fold 520-fold 
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R32A, R56A and R56A/K56A PaHisGs with BSA which confirms that PaHisZ is 

inducing a specific effect. Thirdly, it was demonstrated that C115S, R32A, R56A and 

R56A/K56A PaATPPRT can be inhibited by histidine, Figure 4.11B and Table 4.5.  

 

  

Figure 4.11 Control reactions for allosteric activation of variant PaHisGS by PaHisZ.(A) Product formation 

time courses upon incubation of C115S (light-green) R32A (blue), R56A (purple), R56A/K57A (magenta) 

PaHisGS with saturating concentrations of substrates and BSA (20 μM) (dashed-line). A negative control 

reaction was performed in the absence of PaHisGS (yellow dashed-line) Positive control reactions were 

performed with PaHisZ in place of BSA (solid-lines). (B) Product formation time-courses upon incubation 

of C115S (light-green) R32A (blue), R56A (purple), R56A/K57A (magenta) activated PaATPPRT with 

saturating concentrations of substrates in the presence (dashed-lines) and absence (solid-lines) of histidine 

(1 mM). Solid black lines are linear regressions of data. Control data with PaHisZ were collected with His-

tagged PaHisZ (Section 4.13) 
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Table 4-5 Rates of PRATP synthesis from reactions catalysed by C115S, R32A, R56A and R56A/K57A 

PaHisGS in the presence of either BSA (20 μM), PaHisZ (His-tagged) or PaHisZ (His-tagged) with 

histidine (1 mM), 

Values are mean ± standard error of duplicate measurements. No data indicates that activity was not 

detected. 

4.6  Analysis of reactions catalysed by C115S, R32A, R56A 

or R56A/K57A PaHisGS and PaATPPRT by 31P-NMR 

Spectroscopy 

Next, it was sought to employ 31P-NMR spectroscopy to confirm that allosterically 

rescued PaHisGS variants catalyse formation of the expected product, PRATP. Briefly, 

10 µM of  C115S, R32A, R56A, and R56A/K57A PaHisGS was incubated with saturating 

concentrations of substrates with and without 30 µM PaHisZ and the products of 

reactions were analysed by 31P-NMR. The characteristic peak at approximately 3.3 ppm, 

representative of the 5-PO4
2- group of PRATP (reviewed in Chapter 3), was only 

detectable in reactions containing PaHisZ, Figure 4.12. Contrastingly, upon incubation 

of 10 µM WT PaHisGS with saturating concentration of substrates in the absence of 

PaHisZ, the peak at approximately 3.3 ppm representing PRATP formation was readily 

detected (Figure 3.10). 31P-NMR spectroscopy confirms that allosterically rescued 

PaHisGS v/ET (s-1) 

+ BSA 

v/ET (s-1) 

+ PaHisZ 

v/ET (s-1) 

+PaHisZ 

+ histidine 

C115S PaHisGS 0.007 ± 0.002 0.74 ± 0.0003 0.00 ± 0.01 

R32A PaHisGS 0.004 ± 0.003 0.94 ± 0.02 No data 

R56A PaHisGS 0.0062 ± 0.0007 1.03 ± 0.07 0.020 ± 0.004 

R56A/K57A PaHisGS 0.004 ± 0.001 0.069  ± 0.004 0.003  ± 0.001 
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PaHisGS mutants catalyse formation of PRATP, as expected and that PRATP synthesis 

in the absence of PaHisZ is too low for detection by 31P-NMR.  

  
Figure 4.12 31P-NMR spectra of reactions catalysed by PaHisGS and PaATPPRT variants. C115S, R32A, 

R56A, and R56A/K57A PaHisGS with (A [R56A], B [R56A/K57A], C [C115S], D [R32A]) and without 

(E [R56A], F [R56A/K57A], G [C115S], H [R32A]) 30 µM PaHisZ. Insets are close-ups of the spectra 

between 4.0 and 3.0 ppm, showing the peak at ca. 3.3 ppm in (A – D) corresponding to the phosphorus in 

the N1-5-phospho-β-D-ribose moiety of PRATP which is missing in insets in (E – H). 
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4.8  Oligomeric state of C115S, R32A, R56A and 

R56A/K57A PaHisGS 

The oligomeric state of C115S, R32A, R56A and R56A/K57A PaHisGS was investigated 

via analytical size-exclusion chromatography. Previous SEC-MALS and structural 

characterisations concluded PaHisGS forms dimers in solution and that the dimer is the 

catalytically active species40. A possible explanation for the extremely large activation of 

C115S, R32A, R56A and R56A/K57A PaHisGS by PaHisZ is that the mutations impaired 

the ability of PaHisGS to dimerise independently. If this were true, PaHisGS dimers could 

be stabilised by PaHisZ upon formation of the hetero-octamer leading to a large 

enhancement in catalytic activity. It was decided to investigate the oligomeric state of 

C115S, R32A, R56A and R56A/K57A PaHisGS
 by analytical size-exclusion 

chromatography. Analytical size-exclusion chromatography recently performed by 

Benjamin J. Read, independently of this work, confirmed that PaHisGS forms dimers in 

solution45.  

A peak in the UV absorbance at 280 nm at approximately 14 mL was observed in the WT 

PaHisGS analytical gel filtration chromatogram and the same elution volume was also 

observed for C115S, R32A, R56A and R56A/K57A, Figure 4.13. A secondary peak in 

the void volume of WT, C115S, R32A and R56A/K57A PaHisGS chromatograms was 

also observed, likely reflecting some aggregation of the proteins. In summary, C115S 

R32A, R56A and R56A/K57A PaHisGS chromatograms overlay well with the WT 

PaHisGS chromatogram, the mutations do not affect the oligomeric state of PaHisGS. It 

was noted that C115S, R32A, R56A/K57A and WT PaHisGS proteins have some 

tendency to aggregate, however, the proportion of aggregated protein is not different 

between C115S R32A, R56A, R56A/K57A  and WT PaHisGS, Figure 4.13.  
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4.9  Allosteric activation of WT and R56A PaHisGS by HisZ 

from A. baumannii 

The work outlined so far in this chapter indicated that the activity of several catalytically 

impaired variants of PaHisGS can be restored by the allosteric activator, PaHisZ. The 

following experiments were devised in order to probe this allosteric recovery of activity. 

R56A PaHisGS was selected specifically for further investigations, due to the posited role 

of R56 in allosteric activation. Firstly, it was sought to determine if R56A PaHisGS could 

also be rescued by an orthologous HisZ. ATPPRT from A. baumannii, a HisGS-type 

ATPPRT, is studied in the da Silva laboratory by Benjamin J. Read. HisZ from A. 

baumannii, henceforth referred to as AbHisZ, shares 69% sequence identity with 

PaHisZ45 and preliminary tests indicated that AbHisZ activates both WT and R56A 

PaHisGS. The steady-state kinetic parameters of reactions catalysed by WT PaHisGS-

AbHisZ  and R56A PaHisGS-AbHisZ  were determined, Figure 4.14 and Table 4.6. 

  

Figure 4.13 Analytical size-exclusion profile of WT and variant PaHisGS. WT (red), C115S (green), R32A 

(blue), R56A (purple) and R56A/K57A (magenta) PaHisGS.  
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Figure 4.14 Steady-state kinetics of WT PaHisGS-AbHisZ and R56A PaHisGS-AbHisZ. (A) Dependence 

of rate of reaction catalysed by WT (red) and R56A (purple) PaHisGS on AbHisZ. (B-C) Substrate 

saturation curves with either (B) ATP or (C) PRPP as the varying substrate. (D) Product formation time-

courses in the presence (dashed line) and absence (solid line) of histidine (1 mM). Data points are mean ± 

standard-error of at least duplicate measurements. Solid black lines in (A) are data fit to either Equation 

2.1(WT) or the Hill equation (R56A). Solid black lines in (B) and (C) are data fit to the Michaelis-Menten 

equation. Solid black lines in (D) are linear regressions of data.  
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Table 4-6 WT PaHisGS-AbHisZ and R56A PaHisGS-AbHisZ steady-state kinetic parameters. 

Values are mean ± fitting error of duplicate measurements. 

The KD for the WT PaHisGS-AbHisZ complex was approximately 20-fold greater 

compared with the KD of the WT PaHisGS-PaHisZ complex, Tables 4.4 and 4.6. Upon 

saturation of WT PaHisGS by AbHisZ, the steady-state kinetic parameters were 

remarkably similar to those determined from reactions catalysed by WT PaHisGS-

PaHisZ, Tables 4.4 and 4.6. 

Unexpectedly, the rate of reactions catalysed by R56A PaHisGS-AbHisZ appeared to 

exhibit sigmoidal dependence on [AbHisZ], Figure 4.14A. It was not possible to model 

data with Equation 2.1. Instead, R56A PaHisGS-AbHisZ data were fitted to the Hill 

equation to highlight the sigmoidal nature of the data, Figure 4.14A. Unfortunately, 

values obtained from the fit are not meaningful as concentrations of AbHisZ  employed 

in the experiment were not sufficiently greater than the concentration of R56A-PaHisGS 

to satisfy pseudo-first order conditions. Subsequent data for substrate saturation curves 

were collected with concentrations of AbHisZ that saturated R56A-PaHisGS and it was 

assumed that 100% of R56A-PaHisGS was bound by AbHisZ. The steady-state kinetic 

parameters of R56A PaHisGS-AbHisZ are also in good agreement with those reported for 

Parameter WT PaHisGS R56A PaHisGS 

KD  9 ± 1 N.A. 

kcat (s-1) 1.49 ± 0.05 0.22 ± 0.02 

KPRPP (mM) 0.270 ± 0.008 0.27 ± 0.01 

KATP (mM) 0.9 ± 0.1 1.2 ± 0.3 

kcat/KPRPP  (M-1 s-1) 5500 ± 200 810 ± 80 

kcat/KATP  (M-1 s-1) 1700 ± 200 180 ± 50 
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R56A PaATPRPT, Tables 4.4 and 4.6. It was also demonstrated that the enzymatic 

activities of both WT PaHisGS-AbHisZ and R56A PaHisGS-AbHisZ are sensitive to 

histidine inhibition, Figure 4.14D, indicating that the allosteric network required for 

transmission of the histidine feedback inhibition signal is intact in these hybrid ATPPRTs. 

Critically, these experiments demonstrate that activity R56A PaHisGS can also be 

allosterically rescued by AbHisZ, an orthologous HisZ with 69% sequence identity to 

PaHisZ. An analysis of the PaHisGS-PaHisZ interface, carried out by Benjamin J. Read, 

determined that 25 and 34 out of 46 PaHisZ residues found at the interface are strictly 

and functionally conserved in AbHisZ, respectively (manuscript submitted Fisher G., 

Corbella M., Alphey M. S., Nicholson H., Read B. J., Kamerlin S. C. L., and da Silva R. 

G. [2022])  

4.10  Crystal structures of substrate bound R56A PaHisGS 

and PaATPPRT 

The crystal structures of non-activated R56A PaHisGS and activated R56A PaATPPRT 

were determined. It was envisioned that a side-by-side comparison of R56A PaHisGS and 

R56A PaATPPRT active sites may illuminate the mechanism underpinning allosteric 

recovery of activity. The crystal structures of R56A PaHisGS:PRPP:ATP and 

PaATPPRT:PRPP:ATP were solved at 2.00 Å and 2.55 Å resolution, respectively. All 

crystallography was performed under the supervision of Dr Magnus S. Alphey. Data 

collection and refinement was performed with help and guidance from Dr Magnus S. 

Alphey. Refinement statistics are summarised in Table 4.7. R56A PaHisGS and 

PaATPPRT crystallised in identical space groups to WT PaHisGS and PaATPPRT, I2 

and C2, respectively. One monomer of R56A PaHisGS was found in the asymmetric unit 

of R56A PaHisGS crystal structures, whereas a tetramer, composed of two R56A 

PaHisGS subunits and two PaHisZ subunits, was found in the asymmetric unit of R56A 

PaATPPRT crystal structures. The R56A PaHisGS dimer and PaATPPRT hetero-

octamer were generated from crystallographic symmetry, Figure 4.15. Experimental 

density maps for ATP, PRPP and Mg2+
 are shown in Figure 4.16. Data did not allow for 

modelling of the active site Mg2+
 ion in the R56A PaATPPRT structure. Root-mean-

square deviation (rmsd) values calculated from structural alignments of R56A and WT 
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PaHisGS (0.235 Å) and R56A and WT PaATPPRT (1.044 Å), indicated that the crystal 

structures of the R56A variant are similar to the crystal structures of WT PaHisGS and 

WT PaATPPRT, Figure 4.17. 

Table 4-7. Data processing and refinement statistics for R56A PaHisGS:ATP:PRPP and R56A 

PaATPPRT:ATP:PRPP 

Parameter R56A PaHisGS R56A  PaATPPRT 

PDB ID 7Z8U 7Z6R 

Data collection   

Resolution (Å)* 22.01 – 2.00 (2.05 – 2.00) 56.97 – 2.55 (2.61 – 2.55) 

Space group I2 C2 

Unit cell parameters a, b, c 70.09, 33.90, 89.27 102.16, 145.53, 93.81 

Unit cell parameters α, β, γ 90.00, 103.52, 90.00 90.00, 102.48, 90.00 

Rmerge
* 0.11 (0.36) 0.17 (3.17) 

MeanI/σI* 7.2 (2.5) 10.9 (0.8) 

Completeness (%)* 93.8 (88.2) 99.9 (99.3) 

Redundancy*  3.0 (2.6) 6.5 (7.2) 

CC1/2
*‡ 0.99 (0.84) 0.99 (0.28) 

Refinement    

Number of reflections 12411 41555 
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*Values in brackets are for the high resolution shell. ‡CC1/2, correlation coefficient. RMSD, root mean 

square deviation. †RMS, root mean square 

  

Rwork/Rfree (%) 22.1/26.8 23.4/27.6 

Number of atoms    

Protein 1573 8431 

Ligand/ion 54 106 

Water 42 16 

B-factors    

Protein 21.04 79.9 

Ligand/ion 40.01 104.8 

Water 20.24 58.3 

R.M.S deviations†   

Bond lengths (Å) 0.008 0.005 

Bond angles (°) 1.623 1.374 

Ramachandran   

Ramachandran favoured (%) 97 96 

Ramachandran allowed (%) 3 4 

Ramachandran outliers (%) 0 0 
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Figure 4.15 Crystal structures of  R56A PaHisGS and R56A PaATPPRT with ATP and PRPP bound. (A) R56A 

PaHisGS. (B) R56A PaATPPRT. PaHisGS subunits are shown in grey and magenta. PaHisZ subunits are shown 

in cyan, green, yellow and brown. Substrates are depicted with stick models  with nitrogen in blue, oxygen, in red, 

phosphorus in orange, and carbon in either cyan (PaHisGS) or purple (PaATPPRT). Mg2+ ions are depicted as 

green spheres. Images were generated in Pymol 
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Figure 4.17 Omit maps at 1σ for ligands in the (A) R56A PaHisGS and (B) R56A PaATPPRT crystal 

structures. Ligands are depicted by stick models with nitrogen in blue, oxygen, in red, phosphorus in orange, 

and carbon in cyan. The Mg2+ ion in the PaHisGS structure is depicted by a green sphere. Image generated 

in Pymol.. 

Figure 4.16 Overlays of ATP and PRPP bound R56A and WT PaHisGS and PaATPPRT.  (A).Overlay of WT 

and R56A PaHisGS structures. (B) Overlay of WT and R56A PaATPPRT structures. Proteins are shown with 

ribbon diagrams. R56A PaHisGS subunits are shown in either grey (PaHisGS) or grey and magenta 

(PaATPPRT). WT PaHisGS subunits are shown in coral (PaHisGS) or purple and teal (PaATPPRT). PaHisZ 

subunits are shown in yellow and orange (R56A PaATPPRT) or cyan and green (WT PaATPPRT). Substrates 

are depicted as stick models with nitrogen in blue, oxygen in red, phosphorus in orange, and carbon in the 

colour of the protein backbone. Mg2+ is depicted by green spheres. WT PaHisGS:PRPP;ATP (PDB ID: 6FCT) 

and PaATPPRT:PRPP:ATP (PDB ID: 6FU2) structures are from Alphey et al40. Image generated in Pymol 
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4.10.1 Analysis of R56A PaHisGS crystal structure 

The crystal structure of R56A PaHisGS is almost identical to the WT PaHisGS structure. 

An additional Mg2+ ion was modelled into the R56A PaHisGS structure, at the edge of 

the protein, however, this was considered to be a crystallisation artefact, Figure 4.17. The 

additional Mg2+ ion bound away from the active site and was not considered 

mechanistically relevant. A56 of R56A PaHisGS is approximately 10 Å away from the 

pyrophosphate leaving group, Figure 4.18A. All hydrogen bonds from PRPP (T183, 

G181, T180, D179, R32) and ATP (R32, D94, R73, K137) to WT PaHisGS are observed 

in the R56A PaHisGS structure and no additional interactions were identified, Figure 

4.18A. Notably, the interaction between R32 to the pyrophosphate leaving group is 

preserved in the absence of R56. The structural work presented here provides further 

evidence that the R56A mutation does not alter PaHisGS folding, oligomeric state or 

ability to bind substrate, and is consistent with the hypothesis that the loss of activity in 

R56A PaHisGS is due to loss of the electrostatic stabilisation of the pyrophosphate 

leaving group at the transition state 

Figure 4.18 Comparison of substrate-bound R56A PaHisGS and R56A PaATPPRT active sites. (A) R56A 

PaHisGs. (B) R56A PaATPPRT. PaHisGs subunits are shown as ribbon diagrams in either grey (ligand-

bound subunit) or magenta (adjacent subunit) selected residues are depicted as stick models with carbon in 

either grey or magenta, nitrogen in blue, oxygen in red and phosphorus in orange. Ligands are presented as 

stick models with carbon in cyan, nitrogen in blue, oxygen in red and phosphorus in orange. Mg2+ is 

depicted by green spheres. Polar interactions are represented by dashed lines. Images were generated in 

Pymol 
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4.10.2 Analysis of R56A PaATPPRT crystal structure 

Previous structural studies of PaATPPRT:PRPP, PaATPPRT:PRPP:ATP and 

PaATPPRT:PRPP:histidine complexes carried out by Dr Magnus S. Alphey and Dr 

Catherine M. Thomson indicated that Apo PaATPPRT, PaATPPRT:PRPP and 

PaATPPRT:PRPP:histidine complexes reflect similar non-activated conformations of the 

protein, whereas the crystal structure of PaATPPRT:PRPP:ATP reflects an activated 

form of the protein32,40,44. The proposed the structural hallmarks of protein activation 

include subunits of the PaHisGS dimer moving closer to one another and repositioning of 

the PaHisGS A44-V67 upon formation of the ternary complex40,44. The repositioning of 

the A44-V67 loop in the WT PaATPPRT:PRPP:ATP structure facilitates formation of a 

salt-bridge between R56 and the pyrophosphate leaving group of the adjacent dimer40and  

this interaction was hypothesised to play a key role in allosteric activation of PaHisGS by 

PaHisZ at the beginning of this chapter.  

Structural alignments were performed with the PaHisGS dimer from the R56A 

PaATPPRT:PRPP:ATP structure to the PaHisGS dimers from activated WT 

PaATPPRT:PRPP:ATP and non-activated WT PaATPPRT:PRPP, Figure 4.19A. 

RMSDs obtained from the PaHisGS structural alignments suggest that the PaHisGS dimer 

from the R56A PaATPPRT:PRPP:ATP structure is more similar to the non-activated WT 

PaATPPRT:PRPP structure (RMSD: 0.423 Å) than the activated WT 

PaATPPRT:PRPP:ATP structure (RMSD: 1.950 Å).  Indeed, upon examination of Figure 

4.19A, it was concluded that  the PaHisGS dimer from the R56A PaATPPRT:PRPP:ATP 

structure is held more loosely than the PaHisGS dimer from the activated WT 

PaATPPRT:PRPP:ATP structure. Unfortunately, only the protein backbone and partial 

side chains of the PaHisGS loop encompassing A44-V67, on which A56 resides, could 

be modelled in the R56A PaATPPRT:ATP:PRPP structure, possibly due to increased 

flexibility of this loop in the absence of R56. Nonetheless, the position of A44-V67  loop 

in the R56A PaATPPRT:PRPP:ATP structure overlays well with the position occupied 

in the non-activated WT PaATPPRT:PRPP structure, Figure 4.19B. A56 is 

approximately 11 Å from the pyrophosphate leaving group. Critically, the position of the 

PaHisGS A44-V67 loop in the R56A PaATPPRT:PRPP:ATP crystal structure would not 

facilitate interaction between K57 and the pyrophosphate leaving group, Figure 4.19B.   



Biophysical, kinetic and structural analysis of PaHisGS active site variants 

140 

 

 

Figure 4.19 The PaHisGS dimer from the R56A PaATPPRT:PRPP:ATP structure is more similar to that of 

the WT PaATPPRT:PRPP structure than the WT PaATPPRT:PRPP:ATP structure. (A) Overlay of 

PaHisGS dimers from R56A PaATPPRT:PRPP:ATP (magenta), WT PaATPPRT:PRPP:ATP (green) 

(PDB ID :6FU2), and WT PaATPPRT:PRPP (cyan) (PDB ID: 6TFF) structures. (B) Overlay of the 

PaHisGS A44-V67 loop from R56A PaATPPRT:PRPP:ATP (magenta), WT PaATPPRT:PRPP:ATP 

(green), and WT PaATPPRT:PRPP (cyan) structures. Proteins are shown with ribbon diagrams. Ligands 

are shown in stick representation with oxygen coloured in red, nitrogen in blue and carbon in either magenta 

(R56A ATPPRT:PRPP:ATP), green (WT PaATPPRT:PRPP:ATP), or cyan (WT PaATPPRT:PRPP). Mg2+ 

is depicted by green spheres. Dashed lines represent polar interactions. PaHisZ subunits have been omitted 

for clarity. PaATPPRT:PRPP:ATP (PDB ID: 6FU2) and PaATPPRT:PRPP:ATP (PDB ID: 6FTT) 

structures are from Alphey et al.40. Only part of the K57 side chain in the R56A PaATPPRT:PRPP:ATP 

structure could be modelled from density. Images generated in Pymol.  



Biophysical, kinetic and structural analysis of PaHisGS active site variants 

141 

 

The active sites of R56A PaHisGS and R56A PaATPPRT were examined side-by-side in 

order to identify possible structural explanations for allosteric recovery of activity, Figure 

4.17. The active site of R56A PaATPPRT was structurally similar to that of R56A 

PaHisGS, an interaction between E216 and the 3-OH of PRPP was the only additional 

interaction captured in the R56A PaATPPRT that was not present in the  R56A PaHisGS. 

Despite a thorough study of both active sites, no alternative interactions to the 

pyrophosphate leaving-group that could compensate for loss of R56 were identified, nor 

was any alternative hypothesis generated that could account for the allosteric rescue of 

R56A PaHisGS by PaHisZ. It was noted that the adenine ring of ATP must rotate 180° 

from the position observed in the active site of the R56A PaATPPRT:PRPP:ATP 

structure for catalysis to occur. An anticatalytic ATP rotamer was also observed in the 

“activated” WT PaATPPRT:PRPP:ATP crystal structure40. Thus, the view of active site 

captured by X-ray crystallography, does not reflect the catalytically competent 

conformation. Crystallisation with ATP in an anticatalytic conformation explains why 

both substrates can be observed in the active site without reaction. It was concluded that 

the mechanism underpinning allosteric rescue of catalytically impaired R56A PaHisGS 

may not have been captured in these snapshots. It was envisioned that dynamic studies of 

WT PaHisGS and PaATPPRT alongside R56A PaHisGS and R56A PaATPPRT may 

provide further insight into the allosteric rescue of catalytically impaired R56A PaHisGS. 

Indeed, the crystal structures of R56A PaATPPRT:PRPP:ATP and R56A 

PaHisGS:PRPP:ATP described here, later served as starting points for molecular 

dynamics simulations performed by Dr Marina Corbella of the Kamerlin laboratory at 

Uppsala University. These simulations yielded interesting insights into the proposed 

mechanism of allosteric activation of PaHisGS by PaHisZ and allosteric rescue of 

catalytically impaired R56A PaHisGs and are discussed in Sections 4.14 and 4.15.  

4.11  Site-saturation mutagenesis (SSM) at position 56 of 

PaHisGS  

Whilst molecular dynamics simulations were carried out by Dr Marina Corbella to 

address the role of protein dynamics in allosteric rescue of R56A PaHisGS by PaHisZ, 

subsequent experiments reported here were devised to further explore the function of R56 
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in catalysis. Site-saturation mutagenesis (SSM) is a powerful technique, commonly 

applied in biotechnology, in which a particular amino acid residue is mutated to each of 

the 19 remaining proteinogenic amino acids. SSM has been used to evolve enzymes with: 

increased activity, altered substrate specificity/enantioselectivity151,152, increased thermal 

stability153,154 and changes in co-factor preference155. SSM was carried out at position 56 

of PaHisGS. SSM was envisioned to provide a wider examination of the function of R56. 

Results from SSM studies have previously challenged catalytic mechanisms established 

from studies in which an amino acid(s) is mutated solely to alanine156–158. On the other 

hand, SSM can support a proposed amino acid function by confirming a catalytic 

requirement for an ionizable group159, a hydrophobic interaction160, or charged amino 

acid161,162.   

Saturation mutagenesis PCRs were performed with specific primers rather than 

degenerate primers, which is considered more suitable approach when randomising two 

or more positions simultaneously163. A “medium-throughput” approach, developed by Dr 

Teresa F. G. Machado, was employed to evaluate variant PaHisGS production and 

activity. WT and R56A PaHisGS were included in the analyses as positive and negative 

controls, respectively. All 20 mutant PaHisGS proteins were successfully produced, 

Figure 4.20, and protein production levels are generally comparable with WT PaHisGS, 

with the exception of R56F PaHisGS, which was produced at a low level. 

Following confirmation of PaHisGS variant production, the soluble fraction of cell lysate 

from cells expressing each of the mutant PaHisGS proteins was evaluated for PaHisGS 

activity, Figure 4.21. R56X PaHisGS mutants displayed only minimal catalytic activity. 

Figure 4.20 Production of R56X PaHisGS. SDS-PAGE gel with protein ladder (PageRuler Plus Prestained) 

and samples of the soluble fraction from C43 (DE3) cells expressing R56X variants. PaHisGS band is 

between 25 and 35 kDA bands on ladder. X represents the amino acid to which R56 was mutated. 
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At this point, it is expected that total protein concentration would be determined for each 

cell lysate and activities converted to specific activity for a quantitative comparison of 

the mutant activities. However, R56X PaHisGS mutants did not exhibit catalytic activity 

sufficiently greater than the negative R56A control to warrant further investigation and it 

was concluded that only arginine is tolerated at position 56 of PaHisGS and no further 

data was collected. It had been hypothesised that an R56K mutation may be tolerated by 

PaHisGS as lysine has similar chemical properties to arginine and has previously been 

shown to be a tolerable replacement for arginine161. Nevertheless, as no other amino acid 

could reasonably compensate for loss of R56, SSM provided further, independent, 

evidence that R56 is essential for PaHisGS. A future research study examining the impact 

of simultaneous saturation mutagenesis of R32, R56 and K57 which examines PaHisGS 

activities with and without PaHisZ could yield further insights into the minimum 

requirements for stabilisation of the pyrophosphate leaving group.  

Figure 4.21 Activity of R56X PaHisGS variants.. PRATP formation was measured in the presence of 

substrate concentrations that would saturate WT PaHisGS. Data are mean ± standard error of duplicate 

measurements. R56 and R56A PaHisGS are positive and negative controls, respectively. 
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4.12  Attempted chemical rescue of R56A PaHisGS 

Loss of enzymatic activity due to a mutation can also often be restored orthosterically by 

supplementing the reaction mixture with small molecules that have similar chemical 

properties to the mutated residue. Mechanistic insights can subsequently be gleamed from 

Brønsted analyses which evaluate the relationship between pKa of these small molecules 

and reaction rate164. Brønsted analyses have previously been used to dissect the role of: 

R57 of ornithine transcarbamoylase165 and R301 of phosphite dehydrogenase166. It was 

sought to determine if catalytic activity of R56A PaHisGS activity could be restored by 

inclusion of various guanidine and amine analogues in activity assays. 

Unfortunately, most guanidine analogues tested (guanidine, ethyl-guanidine, propyl-

guanidine) precipitated when added to the reaction mixture, only methyl-guanidine was 

soluble. Upon addition of 200 mM methyl-guanidine to R56A PaHisGS catalysed 

reactions, there appeared to be a very small enhancement of catalytic rate relative to 

control reactions, Figure 4.22. Unfortunately, the rate of reaction was very low and 

precipitation was observed upon attempts to increase the concentration of methyl-

guanidine to 400 mM. R56A PaHisGS activity was unaffected when methyl-, ethyl-, and 

propyl-amine were added to reactions at concentrations upto 200 mM, Figure 4.22. 

Ultimately, chemical rescue studies yielded little information on the function of R56 
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4.13  R32A and R56A mutations disrupt the chemical step of 

catalysis 

R32 and R56 of PaHisGS were posited to be required for stabilisation of the 

pyrophosphate leaving group at the transition state. R32 may play additional roles in 

orientating ATP for catalysis. In Chapter 3, it was demonstrated that allosteric activation 

of PaHisGS by PaHisZ shifts the rate-limiting step from interconversion between ternary 

complexes, including chemistry, to product release. It was speculated that if R32 and R56 

were required for stabilisation of the pyrophosphate leaving-group at the transition state, 

the rate-limiting step of reactions catalysed by activated R32A and R56A PaATPPRT 

may include contributions from the chemical step, which would be disrupted in the 

absence of these residues.  

Figure 4.22 Product formation time-courses of reactions catalysed by R56A PaHisGS in the presence of 

guanidiniums or amines. (A) methyl-guanidine, (B) methylamine, (C) ethylamine, and (D) propylamine (0 

mM [cyan], 50 mM [green], 100 mM [blue] and 200 mM[(magenta])Black line is 200 mM methyl-

guanidine data fitted to a linear equation
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In Chapter 3, it was also demonstrated that replacement of Mg2+ by Mn2+ increases the 

kcat of PaHisGS catalysed reactions but that the kcat of PaATPPRT reactions is unaffected 

by substitution of Mg2+ by Mn2+. Subsequent transition state modelling performed by Dr 

Jennifer S. Hirschi concluded that Mn2+ is better able to attenuate negative charge at the 

transition state due to d-orbital overlap with the two p-orbitals of the oxygens of the 

pyrophosphate leaving-group43. If, as was hypothesised, R32A and R56A mutations 

disrupted the rate of the chemical step, it would be expected that the rate-limiting step of 

R32A and R56A PaATPPRT-catalysed reactions would include contributions from 

chemistry. Hence, it would also be expected that the rate of reaction would be increased 

upon measurement with Mn2+ instead of Mg2+, as was reported for WT PaHisGS. On the 

other hand, if the rate-limiting step of R32A and R56A PaATPPRT is not different from 

WT PaATPPRT and is reporting on product release, it would be expected that the rate of 

reaction would not be influenced by substitution of Mg2+ by Mn2+, as was reported for 

WT PaATPPRT. Accordingly, the rates of reactions catalysed by WT, R32A and R56A, 

PaATPPRT in Mg2+ and Mn2+ were measured. 

At this point in the experimental work, it was discovered that PaHisZ purified with the 

His-tag still attached also activated PaHisGS. Furthermore, removing the TEVP cleavage 

step from the PaHisZ purification allowed for quicker production of higher quantities of 

PaHisZ. His-tagged PaHisZ was purified using nickel affinity chromatography and the 

expected mass was observed via ESI -MS (carried out by the BSRC mass-spectrometry 

facility), Figure 4.23. The presence of a His-tag may influence enzymatic activity167,168, 

thus, the steady-state kinetic parameters of WT PaHisGS were redetermined with His-

tagged PaHisZ to assess the effect of the His-tag on activated PaATPPRT activity, Figure 

4.24 and Table 4.8.  
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Figure 4.23 Purification of His-tagged PaHisZ. ESI mass-spectrometry analysis showing the 

experimentally determined mass of 44,790 Da for His-tagged PaHisZ, in agreement with the loss of the N-

terminal methionine. Inset is SDS-PAGE with protein ladder (PageRuler Plus Prestained).  

 

 

  

Figure 4.24 WT, R32A and R56A PaHisGS steady-state kinetics with His-tagged PaHisZ. (A) 

Determination of KD for equilibrium dissociation of His-tagged PaHisZ from the PaATPPRT holoenzyme 

with WT (red), R56A (purple) and R32A (blue). (B and C) WT PaATPPRT substrate saturation curves. 

Solid lines in (A) are data fitted to Equation 2.1. Solid lines in (B) and (C) are data fitted to the Michaelis-

Menten equation. Data points are mean ± standard error of at least duplicate measurements. 
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Table 4-8. WT PaATPPRT steady-state kinetic parameters with His-tagged PaHisZ.  

Values are mean ± fitting error of duplicate measurements.  

The affinity of WT PaHisGS for His-tagged PaHisZ is approximately 10-fold greater than 

for non-tagged PaHisZ, Figures 4.7 and 4.24, Tables 4.4 and 4.8. The kcat of WT 

PaATPPRT with His-tagged PaHisZ (2.33 ± 0.05 s-1) is similar to the kcat of WT 

PaATPPRT with non-tagged PaHisZ (1.72 ± 0.07 s-1). KM
ATP and KM

PRPP are 2.9- and 

2.3-fold lower, respectively for WT PaATPPRT with His-tagged compared with WT 

PaATPPRT with non-tagged PaHisZ. Thus, a redetermination of the steady-state kinetic 

parameters of WT PaATPPRT completed with His-tagged PaHisZ confirms that His-

tagged PaHisZ is a suitable substitute for non-tagged PaHisZ. His-tagged PaHisZ was 

employed in all further experiments.  

The rates of reactions catalysed by WT, R32A and R56A, PaATPPRT were subsequently 

determined in Mg2+ and Mn2+, control reactions were performed with Mn2+ in the absence 

of His-tagged PaHisZ, Figure 4.25 and Table 4.9. The data in Figure 4.25 and Table 4.9 

confirmed the findings reported in Chapter 3, the value of v/ET for reactions catalysed by 

Parameter WT PaHisGS 

KD  0.06 ± 0.03 

kcat (s-1) 2.33 ± 0.05 

KPRPP (mM) 0.19 ± 0.03 

KATP (mM) 0.26 ± 0.02 

kcat/KPRPP  (M-1 s-1) 12000 ± 2000 

kcat/KATP  (M-1 s-1) 9000 ± 700 
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WT PaATPPRT is similar between measurements performed in Mg2+ and Mn2+. On the 

contrary, rates of reactions catalysed by R32A and R56A PaATPPRT is increased by 

approximately 4.5- and 2.7-fold when measurements are performed with Mn2+ in place 

of Mg2+. Controls reaction performed with R32A and R56A PaHisGS in Mn2+, 

demonstrated that whilst the background activity of these PaHisGS variants appears 

enhanced by Mn2+, it cannot account for the rate enhancement observed when Mn2+ 

replaces Mg2+ in reactions catalysed by activated PaATPPRT. These findings indicate 

that the kcats reported in Table 4.4 for R32A and R56A PaATPPRT are at least partially-

reporting on chemistry. Importantly, these findings establish a link between R32 and R56 

and the rate of the chemical step for catalysis which is consistent with the proposed role 

of these residues in stabilising the pyrophosphate leaving-group at the transition state.  
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Figure 4.25 The effect of Mn2+ on rates of reactions catalysed by R32A, R56A and WT PaATPPRT. (A, B 

and C) Product formation time-courses from reactions catalysed by (A) WT, (B) R32A and (C) R56A 

PaHisGS or PaATPPRT at fixed, saturating concentrations of PRPP and ATP. Rates of reaction catalysed 

by either PaHisGS with Mn2+ (magenta) or PaATPPRT with Mg2+ (blue) or PaATPPRT with Mn2+ (cyan) 

were measured. WT PaATPPRT and PaHisGS measurements were performed with 0.22 μM 

PaHisGS/PaATPPRT. R56A measurements were performed with either 0.16 μM PaATPPRT (Mg2+) or 

0.08 μM PaHisGS/PaATPPRT (Mn2+). R32A measurements were performed with either 0.34 μM 

PaATPPRT (Mg2+) or 0.18 μM PaHisGS/PaATPPRT (Mn2+). (D, E and F) Apparent first-order rate 

constants for PaHisGS and PaATPPRT variants. Two independent measurements were carried out for 

PaHisGS variants and four for PaATPPRT variants except for R56A PaATPPRT in the presence of Mg2+ 

which is a triplicate measurement. Data are average of independent measurements. Solid black lines are 

linear regressions of data. Bars are ± standard error of independent measurements.. 
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Table 4-9 The effect of Mn2+ on rates of reactions catalysed by R32A, R56A and WT PaATPPRT. Values 

are mean ± standard error of duplicate* or quadruplicate)‡ measurements. 

4.14  R32A/R56A/K57A PaHisGS cannot be rescued by 

PaHisZ. 

As the crystal structures of R56A PaHisGS and R56A PaATPPRT did not shed light on 

allosteric activation of R56A PaHisGS by PaHisZ, it was sought to investigate PaHisGS 

conformational sampling in the presence and absence of PaHisZ. Attempts to label 

PaHisGS for single molecule fluorescence resonance energy transfer (smFRET)  studies 

were unsuccessful which was unfortunate as smFRET can demonstrate stabilisation of 

catalytically active enzyme conformations and changes in the rate of interconversion 

between conformations upon ligand binding169,170. The smFRET was carried out as part 

of a collaboration with Dr Tiange Li of the Penedo Laboratory at the University of St 

Andrews. Fortunately, an extensive analysis of WT and R56A PaHisGS and PaATPPRT 

conformational sampling via molecular dynamics simulations was performed by Dr 

Marina Corbella of the Kamerlin laboratory at Uppsala University in collaboration with 

the da Silva Laboratory. Dr Corbella ’s work confirmed that R56 is more likely to occupy 

a space which facilitates interactions with the pyrophosphate leaving-group when PaHisZ 

is present. Dr Corbella ’s work also revealed that in the absence of R56, R32 is more 

restricted and spends more time interacting with the pyrophosphate leaving-group 

(manuscript submitted: Fisher G., Corbella M., Alphey M. S., Nicholson H., Read B. J., 

Kamerlin S. C. L., and da Silva R. G. [2022]). 

PaHisGS Variant PaHisGS + Mn2+ 

v/ET (s-1)* 

PaATPPRT + Mg2+ 

v/ET (s-1)‡ 

PaATPPRT + Mn2+ 

v/ET (s-1))‡ 

WT  0.30 ± 0.04 1.9 ± 0.1 1.45 ± 0.06 

R32A  0.12 ± 0.1 1.48  ± 0.09 6.6 ± 0.3 

R56A  0.13  ± 0.01 0.95  ± 0.04 2.58  ± 0.03 
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The findings from the molecular dynamic simulations illuminated a rationale for 

allosteric rescue of catalytically impaired R32A, R56A, and R56A/K57A PaHisG. It was 

hypothesised that in the presence of HisZ, the dynamics of R32 and R56 are altered in 

order that one arginine can somewhat compensate for loss of the other. To test this 

prediction, R32A/R56A/K57 PaHisGS was produced and kinetically characterised. The 

K57A mutation was included in order that any small compensatory effect of K57 for loss 

of R56 did not influence the results. SDS-PAGE and ESI/TOF-MS confirmed that 

R32A/R56A/K57 PaHisGS was of satisfactory purity and of the expected molecular 

weight, Figures 4.4 and 4.5. 

DSF of R32A/R56A/K57A PaHisGs was performed to evaluate the thermal stability of 

the variant and it was concluded that R32A/R56A/K57A PaHisGs exhibits a similar 

thermal unfolding profile to WT PaHisGS, Figure 4.26A. The TM of R32A/R56A/K57A 

PaHisGs was calculated in the absence (60.2 ± 0.2 °C) and presence of PRPP (63.53 ± 

0.06 °C), The reported TMs and magnitude of the PRPP-induced shift were in reasonable 

agreement with those reported in Table 4.1. R32A/R56A/K57A PaHisGS is thermally 

stable and retains the ability to bind PRPP.  

  

Figure 4.26 DSF and kinetic characterisation of R32A/R56A/K57A PaHisGS. (A) DSF-based thermal 

denaturation of R32A/R56A/K57A PaHisGS. Traces are averages of three independent measurements. (B) 

Product formation time-courses from reactions catalysed by R32A/R56A/K57A PaHisGS (10 μM) (orange), 

R32A/R56A/K57A PaHisGS (5 μM) with PaHisZ (20 μM) (teal), R32A PaATPPRT (0.49 μM) (blue) and 

R56A PaATPPRT (0.79 μM). Traces are averages of at least two independent measurements. Solid black 

lines in (A) are data fitted to Equation 2.6. Solid black lines in (B) are linear regressions of data.  
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The ability of R32A/R56A/K57A PaHisGS to catalyse formation of PRATP in the 

presence and absence of PaHisZ was subsequently evaluated, Figure 4.26B and Table 

4.10. PRATP formation was not detectable for reactions catalysed by R32A/R56A/K57A 

PaHisGS in the absence of PaHisZ. Upon addition of excess PaHisZ, a low level of 

PRATP formation was detected. This rate of product formation is approximately 670-, 

337- and 226-fold below that of WT, R32A, and R56A PaATPPRT, respectively. 

Ultimately, this data demonstrated that the activity of R32A/R56A/K57A PaHisGS 

cannot be allosterically recovered by PaHisZ. This finding is consistent with the 

hypothesis that at  least one of R32 or R56 is required for catalysis by PaATPPRT. 

Table 4-10. Rates of PRATP synthesis from reactions catalysed by R32A/R56A/K57A PaHisGS in the 

presence and absence of PaHisZ.  

Values are mean ± standard error of at duplicate measurements 

4.15  Chapter summary 

Ultimately, the work described in this chapter highlighted that stabilisation of the 

pyrophosphate leaving-group by R32 and R56 is a key feature of catalysis by PaHisGS 

and PaATPPRT. R32A and R56A PaHisGS were catalytically impaired whilst the rate of 

the chemical step was diminished in reactions catalysed by R32A and R56A variants of 

PaATPPRT compared with WT PaATPPRT. Upon consideration of these findings in 

context with the conclusions from the molecular dynamic simulations performed by Dr 

Marina Corbella , it was proposed that the increase in the rate of interconversion between 

ternary complexes observed upon allosteric activation of PaHisGS by PaHisZ can be at 

PaHisGS Variant v/ET (s-1) 

R32A/R56A/K57A PaHisGS  No Data 

R32A/R56A/K57A PaHisGS  + PaHisZ 0.0027 ± 0.0008 

R32A PaATPPRT  0.91  ± 0.08 

R56A PaATPPRT 0.61  ± 0.00 
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least partially ascribed to PaHisZ inducing a change in the protein conformational 

ensemble, in order that conformations with R32 and R56 are primed to accept the 

pyrophosphate leaving-group are sampled more frequently. Electrostatic pre-organisation 

of the enzyme active site is an established pillar of enzyme catalysis and the stance 

adopted here is consistent with modern conceptualisations of catalysis which view 

proteins as dynamic molecules171,172. A similar mode of activation to that proposed here 

was recently reported by Bunzel and colleagues (2021) and Otten and colleagues (20 21) 

who demonstrated catalytic enhancement of computationally designed KEMP eliminases, 

achieved via directed evolution, can be linked to narrowing of the conformational 

landscape such that a conformation with a pre-organised active site is favoured173,174. 

Furthermore, the ability of allosteric modulators to influence the protein conformational 

landscape is established41–44.  

An unexpected observation in this work was that catalytically impaired R32A and R56A 

PaHisGS can be allosterically rescued by PaHisZ. The PaHisGS-PaHisZ interface is 

found over 20 Å away from the active site40. Whilst, chemical rescue of catalytically 

impaired mutant enzymes by small molecules is commonly observed164–166, the rescue of 

catalytically compromised PaHisGS by PaHisZ and/or AbHisZ appears to be unique as 

the recovery of activity is mediated via an allosteric effector. A literature search for 

similar phenomena identified that activity of a catalytically impaired S99T variant of 

human propyl isomerase, CypA, can be partially rescued via mutations that lie outside 

the active site177. The catalytic impairment of S99T CypA was attributed to a decrease in 

the rate of interconversion between conformational states whilst allosteric recovery of 

activity was attributed to restoration of the fast rate of interconversion between these 

conformations177. The literature search also identified a report of recovery of a 

catalytically compromised E109A variant of the β-subunit of tryptophan synthase 

mediated via CsCl which was also linked to stabilisation of an activated enzyme 

conformation178. Finally, molecular dynamics simulations indicated that catalytic 

impairment of an R308K variant of glucokinase could be attributed to inability of the 

enzyme to efficient sample the catalytically competent closed conformation179,180; 

interestingly, molecular dynamics simulations further suggested that the presence of the 

allosteric activator, YNKGKA4, R308K glucokinase can sample the closed conformation 

with similar efficiency as WT glucokinase180. Although, it appears that this hypothesis 
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has not yet been experimentally tested. Upon consideration of the above examples, it was 

concluded that whilst allosteric rescue of catalytically impaired R32A and R56A PaHisGS 

by PaHisZ and/or AbHisZ appears to be the first confirmed example of rescue of 

catalytically impaired mutants modulated via an allosteric effector, the proposal that 

PaHisZ and AbHisZ mediate this recovery by moderating the conformational sampling 

of the remaining active site arginine aligns well with previous observations of recovery 

of catalytically comprised enzymatic variants via methods that manipulate the protein 

conformational landscape.  

In conclusion, this work identified that R32 and R56 of PaHisGS/PaATPPRT are 

important for the chemical step of catalysis and it was proposed that allosteric activation 

of PaHisGS by PaHisZ includes biasing the protein conformational landscape in order 

that conformations with these residues in place to stabilise the pyrophosphate leaving-

group are sampled more frequently. Furthermore, in the presence of PaHisZ, R32 and 

R56 can somewhat compensate for loss of the other.  
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Chapter 5 PRADP is a substrate of PaHisI but not PaHisE 

5.1 Chapter introduction 

After PRATP is produced from PRPP and ATP by ATPPRT, the subsequent 

pyrophosphohydrolysis and cyclohydrolysis reactions of the histidine biosynthetic 

pathway are catalysed by HisE and HisI, respectively18, Figure 5.1A. In P. arcticus, and 

in many other organisms, HisE and HisI activities are encoded by a single polypeptide 

chain termed HisIE. This bifunctional enzyme is composed of a C-terminal 

pyrophosphohydrolase domain (HisE) and an N-terminal cyclohydrolase domain (HisI) 

(reviewed in Chapter 1).  

In Chapter 3, it was demonstrated that ADP is a substrate of PaHisGS which catalyses 

formation of PRADP in place of the native product, PRATP.  Dr Catherine. M. Thomson, 

a former PhD student in the da Silva laboratory, subsequently confirmed that ADP is also 

a substrate of PaATPPRT (KM
ADP = 0.68 ± 0.09 mM, kcat = 2.6 ± 0.4 s-1)181. It was 

Figure 5.1 Possible products from reactions catalysed with PaHisIE with PRATP and PRADP as substrates. 

(A) Reaction catalysed by HisIE with PRATP as a substrate. (B and C) Possible products from reactions 

catalysed by HisIE with PRADP as a substrate. PRATP 3, PRAMP 5, ProFAR 6, PRADP, 14, Pro-

phosphoribosylforminio-5-aminoimidazole-4-carboxamide ribonucleoside disphosphate 15. Compound 

numbering is  according to Figure 1.1. 
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hypothesised that PRADP, the product of reactions catalysed by either PaHisGS or 

PaATPPRT with ADP, may be a substrate of the pyrophosphohydrolase domain of P. 

arcticus HisIE, henceforth referred to as PaHisE. It has previously been shown that the 

dimeric α-dUTPases, which belong to the same protein superfamily as HisE and catalyse 

pyrophosphohydrolysis of dUTP generating dUMP and pyrophosphate as products, can 

accept dUDP as a substrate54. If PRADP is accepted by PaHisE as a substrate, the most 

likely products of the reaction would be phosphate and PRAMP, the substrate of the next 

enzyme in the histidine biosynthetic pathway, HisI, Figure 5.1B. Thus, if PRADP is a 

substrate of PaHisE, histidine biosynthesis within P. arcticus could, in theory, be initiated 

from either ADP or ATP. As previously eluded to, the low intracellular concentration of 

ADP relative to ATP indicates that ATP is the primary substrate of PaHisGS and 

PaATPPRT in vivo, hence, even if PRADP is a substrate of PaHisE in vitro, this would 

not suggest that histidine biosynthesis is commonly initiated from ADP in vivo. 

Alternatively, PRADP could act as a substrate solely for the cyclohydrolase domain of P. 

arcticus HisIE, henceforth referred to as PaHisI, Figure 5.1C, or may not react at all in 

the presence of PaHisIE.  

Bifunctional HisIE is a possible target for development of novel antimicrobial agents 

against key resistant bacteria (reviewed in Chapter 1) and a model system to study the 

advantages of gene fusion for catalysis, however, no kinetic characterisation of 

bifunctional HisIE had been reported in the literature prior to this work. It was envisioned 

that elucidating the minimal substrate requirements of HisE and HisI from P. arcticus 

could aid future mechanistic characterisation(s) and inhibitor development towards other 

bifunctional HisIE  enzymes. The aim of this chapter was to establish if PRADP is a 

substrate of PaHisIE. 

5.2 Purification of PaHisIE  

Previous attempts to purify PaHisIE by Dr Teresa F. G. Machado indicated that PaHisIE 

could not be purified via Ni2+-affinity chromatography as PaHisIE with the His-tag 

cleaved still tightly binds Ni2+-resin, and cannot be easily separated from residual His-

tagged PaHisIE, TEVP, and other proteins that bind to the column. Wang and colleagues 

also reported that S. flexerni HisIE without a His-tag sticks to Ni2+ resin70. It was decided 
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to purify PaHisIE without an affinity tag. Untagged PaHisIE in pJexpress411 was 

provided by Dr Teresa F. G. Machado.  

A strategy for PaHisIE purification was subsequently devised. The first step of 

purification was an ammonium sulphate precipitation. Ammonium sulphate precipitation 

is a long-established technique, which capitalises on the differing solubilities of a protein 

of interest relative to contaminants182. In this case, PaHisIE was determined to be soluble 

in 1.5 M ammonium sulphate, whereas some contaminating proteins were “salted-out”, 

Figure 5.2A. Subsequent purification employed a series of column chromatography steps 

including: medium and high resolution anion exchange (Figures 5.2B, 5.2C and 5.2F), 

Zn2+- affinity (figure 5.2D) and size-exclusion chromatography (figure 5.2E) columns. 

After each purification step, SDS-PAGE was performed to identify appropriate fractions 

for further purification. After the final high-resolution anion exchange step, PaHisIE was 

present without major contaminants, Figure 5.2F.  
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Figure 5.2. SDS-PAGE gels from PaHisIE purification. SDS-PAGE gels with protein ladder (either 

PageRuler Plus Prestained [B, C & D] or PageRuler Prestained [A, E & F]) carried out after each 

purification step. (A) SDS-PAGE of cell lysate containing PaHisIE with different concentrations of 

ammonium sulfate. PaHisIE is soluble in 1.5 M ammonium sulfate whilst some contaminants are “salted-

out”. SDS-PAGE of fractions from column chromatography using (B and C) HiTrapQ FF (2 x 5 mL 

columns), (D) Zn2+-affinity (HisTrap FF charged with ZnCl), (E) Sephracyl S200 HR and (F) HiTrapQ HP 

columns are shown. Fractions 9-13 were pooled after the HiTrapQ HP column. Numbers in (A) indicate 

molar concentration of ammonium sulfate and “S” and “I” denote soluble and insoluble fractions, 

respectively. L corresponds to protein ladder, PC refers to pre-column and FT is column flow-through. 

Numbers shown under elution refer to fraction number. The estimated molecular weight of PaHisIE is 

31,304 Da. Pink arrow denotes PaHisIE.  
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A sample of purified protein was submitted to the BSRC protein mass-spectrometry 

facility for protein identification. Briefly, the sample was digested with trypsin and 

MS/MS analysis of the tryptic peptides confirmed that purified protein was PaHisIE 

(sequence coverage = 65%), Appendix 1. 

5.3 Biophysical characterisation of PaHisIE 

A brief biophysical characterisation of PaHisIE was carried out in order to determine the 

oligomeric state and thermal stability of PaHisIE. The oligomeric state of PaHisIE was 

investigated via dynamic light scattering (DLS), Table 5.1. DLS correlates the intensity 

of light scattered to particle size183. Brownian motion of molecules in solution causes the 

intensity of the light they scatter to fluctuate and by analysing these fluctuations, it is 

possible to determine the velocity of molecules in solution183. The size (hydrodynamic 

diameter) of a molecule can be extracted by inputting the velocity to the Stokes-Einstein 

equation183. The molecular weight of PaHisIE was estimated as 52 ± 20 kDa via DLS 

though a small proportion of the sample (1.9%) was predicted to exist in a higher 

oligomeric state, likely reflecting some aggregation of the protein. A very large standard 

deviation was observed on the estimated molecular weight extracted from the DLS 

experiment which prevents unambiguous assignment of a single oligomeric species from 

DLS data alone. The theoretical monomeric mass of PaHisIE is 31,304 Da, thus, the DLS 

data indicate that PaHisIE forms either mostly monomers or mostly dimers or a mixture 

of monomers and dimers in solution. Previous work has demonstrated that HisI from M. 

vannielii and M. thermoautotrophicum purify with Zn2+ tightly bound in the active site. 

Structural analyses have confirmed that the Zn2+-binding site of HisI and bifunctional 

HisIE is composed of cysteines from two distinct HisI or HisIE polypeptide chains 

(reviewed in introduction)63,64,70,71. After activity studies it was hypothesised that 

PaHisIE also purifies with Zn2+ bound, hence, it was considered likely that PaHisIE exists 

exclusively as dimers in solution and that the large standard deviation observed is a 

technical artefact perhaps due to aggregation or debris within the sample or imperfections 

in the quartz cuvette used for measurement. 
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Table 5-1 DLS studies of PaHisIE. The estimated molecular weight is listed alongside the sizes of the 

particles present in the sample and the mass (%) per volume of each of these species. 

Values are mode ± standard deviation of triplicate measurements.  

DSF was performed to evaluate the thermal stability of PaHisIE, Figure 5.3. DSF data 

are biphasic and most likely reflect unfolding of at least two distinct domains with distinct 

TM values184. The first TM value lies between 40 – 50 °C which is similar to reported TMs 

for enzymes from other psychrophilic organisms including α-amylase from 

Pseudoalteromonas haloplanktis (44 °C)185, adenylate kinase from Bacillus subtilis (48 

°C) 186 and DNA ligase from Psychromonas sp187. An additional TM value lies between  

60 – 70 °C which is similar to the TM reported for PaHisGS in Chapters 3 and 4.  

 Estimated MW 

(kDA)  

Mass (%) Z-Average (nm) 

PaHisIE 52  ± 20 98.1% 6.4 ± 0.9 

500 ± 70 1.9% 17 ± 2 
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5.4 Preliminary studies of PaHisIE activity in a coupled 

system with PaATPPRT 

PaHisIE activity was initially assayed as part of a coupled system with PaATPPRT, 

Figure 5.4 and Table 5.2. Briefly, either ATP or ADP and PRPP were incubated with an 

excess of PaATPPRT in the presence and absence of PaHisIE and absorbance at 300 nm, 

corresponding to ProFAR formation, was recorded. d’Ordine and colleagues previously 

defined the extinction co-efficient for the product of cyclohydrolase reaction catalysed by 

HisI, ProFAR, (Δε = 6700 M-1 cm-1 [pH 7.5]) at 300 nm63. Control reactions with no 

PaHisIE were subtracted from data. A PaHisIE-dependent rate of reaction was extracted 

from data, Figures 5.4B and 5.4D. These preliminary data suggest that PRADP is a 

substrate of PaHisIE. The data from spectrophotometric assay presented here cannot 

distinguish if PRADP is a substrate of the PaHisE and the PaHisI domain or just the 

Figure 5.3 Biphasic DSF thermal denaturation curve of PaHisIE. Data are average of triplicate 

measurements. 
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PaHisI domain. When corrected for total protein concentration the rate of product 

formation is approximately 13-fold greater in reactions catalysed with ATP as a substrate 

compared with those with ADP as a substrate.   

 

 

 

 

  

Figure 5.4 PaHisIE activity assay with PaATPPRT. (A and C) Time-courses of product formation upon 

incubation of either (A) ATP (5.6 mM) or (C) ADP (5.6mM) with PRPP (2 mM) and PaATPPRT (8.9 μM) 

with MgCl2 (15 mM) at pH 7.5 in the presence of varying concentrations of PaHisIE. Product formation 

was recorded with either (A) 80 (cyan), 160 (magenta) and 320 (blue) nM of PaHisIE or (C) 320 (cyan), 

640 (magenta) or 1280 (blue) nM of PaHisIE. (B and D) Rates extracted from time-courses recorded with 

ATP (B) and ADP (D) as substrates were plotted against enzyme concentration. Solid black lines are linear 

regressions of data. Data are average of two replicates. Data points are mean ± standard error 
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Table 5-2. Rates of product formation time-courses upon incubation of either ATP or ADP with PRPP in 

the presence of PaHisIE and PaATPPRT 

Values are mean ± standard error of duplicate measurements. 

5.5  Enzymatic synthesis and purification of PRATP and 

PRADP 

For a more thorough biochemical investigation of the reaction catalysed by PaHisIE with 

the native substrate PRATP and the alternative substrate PRADP both substrates were 

enzymatically synthesised and purified. PRATP and PRADP were produced from PRPP 

and either ATP or ADP, respectively, by PaHisGS using a method previously defined in 

the da Silva Laboratory40. A novel purification for extracting PRATP and PRADP from 

reaction mixtures was developed in this work. PRATP and PRADP must be separated 

from starting materials to accurately determine concentration of these compounds 

spectrophotometrically.  

Briefly, reaction mixtures containing PRATP were loaded onto a 20 mL HiTrap Q HP 

column equilibrated with water, the column was washed with 1 CV of water and 2 CV of 

16% ammonium bicarbonate (1 M), ATP and PRATP were eluted across a 20 CV linear 

gradient from 16 to 30% ammonium bicarbonate (1M), Figure 5.5A. Absorbance at 220, 

260 and 290 nm was monitored. Two peaks were observed in the elution, Figure 5.5A. 

The first peak which eluted at approximately 22% ammonium bicarbonate (1 M) 

ATP ADP 

PaHisIE (nM) v (μM s1) PaHisIE (nM) v (μM s-1) 

80 0.072 ± 0.002 320 0.031 ± 0.003 

160 0.214 ± 0.002 640 0.0632 ± 0.0001 

320 0.4365 ± 0.003  1280 0.12 ± 0.01 
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exhibited a low ratio of absorbance at 290 nm: 260 nm, assumed to be ATP, whereas the 

2nd peak which eluted at approximately 24% ammonium bicarbonate (1 M) exhibited a 

greater ratio of absorbance at 290 nm: 260 nm, assumed to be PRATP. Fractions from 

each peak were pooled and lyophilised. 31P-NMR was spectra were collected  on a sample 

suspected to contain PRATP, Figure 5.6. The distinctive chemical shift at approximately 

3.3 ppm, which represents the phosphoribosyl moiety of PRATP, (discussed in Chapter 

3) was observed, confirming that the sample contained PRATP. Chemical shifts 

corresponding to the triphosphate moiety of PRATP were also readily assigned, Figure 

5.6. The sample was further analysed by high-resolution LC-MS which demonstrated that 

the sample contained a species with m/z 717.9947, in good agreement with the theoretical 

m/z of PRATP, 717.9971, Figure 5.7. LC-MS was performed by Dr Alison Dickson 

formerly of the Czekster laboratory.  
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Figure 5.5 Chromatogram depicting separation of either (A) PRATP or (B) PRADP from starting materials 

on a HiTrapQ HP column. Absorbance at 220 (cyan), 260 (magenta) and 290 (purple) nm was recorded. 

Peaks proposed to represent ATP, ADP, PRATP and PRADP are labelled. 
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Figure 5.6 31P-NMR spectrum of pooled fractions containing PRATP. Assignments of chemical shifts (δ) 

in ppm and J values in Hz: δ 3.31 (s, P4); -5.78 (d, J = 13.3 Hz, P1); -10.88 (d, J = 15.6 Hz, P3); -19.12 - 

-19.68 (m, P2)   
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Similarly, reaction mixtures containing PRADP were loaded onto a 20 mL HiTrap Q HP 

column equilibrated with water, the column was washed with 1 CV of water and 5 CV of 

10% ammonium bicarbonate (1 M), ATP and PRATP were eluted across a 20 CV linear 

gradient from 10 to 30% ammonium bicarbonate (1M), Figure 5.5B. Again two peaks 

were observed in the elution, Figure 5.5B. The first peak was eluted with 16% ammonium 

bicarbonate (1M) and exhibited a low ratio of absorbance at 290 nm: 260 nm, assumed to 

be ADP, whereas the second peak was eluted with 20% ammonium bicarbonate (1M) and 

exhibited a high ratio of absorbance at 290 nm: 260 nm, assumed to be PRADP. Fractions 

suspected to contain PRADP were pooled and lyophilised. A sample was analysed by 

LC-MS, performed by Dr Alison Dickson, Figure 5.7. LC-MS confirmed that the sample 

contained a species with m/z 638.0292, in good agreement with the theoretical m/z of  

Figure 5.7 High-resolution LC-MS analysis of enzymatically synthesised PRATP and PRADP purified via 

FPLC.Analysis was performed on an Atlantis Premier BEH C18 AX column on a Waters ACQUITY UPLC 

system coupled to a Xevo G2-XS QToF mass spectrometer equipped with an ESI source. HPLC was 

performed in ammonium acetate pH 6, acetonitrile and ammonium acetate pH 10. Extracted ion 

chromatograms for either (A) PRATP (expected m/z 717.9971) or (C) PRADP (expected m/z 638.0307) 

are shown alongside m/z spectra of samples containing either (B) PRATP or (D) PRADP. Spectra were 

acquired in negative mode. LC-MS was performed by Dr Alison Dickson. 
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contained a species with m/z 638.0292, in good agreement with the theoretical m/z of 

PRADP, 638.0307 Da.  

5.6  Steady-state kinetics of reactions catalysed by PaHisIE 

An increase in absorbance at 300 nm, corresponding to ProFAR formation, was detected 

upon incubation of enzymatically synthesised and purified PRATP with PaHisIE in the 

presence of Mg2+. Control reactions were performed in the absence of PaHisIE and only 

negligible background activity was detected. Addition of exogenous Zn2+
 resulted in 

precipitation and it was hypothesised that PaHisIE purifies with Zn2+ bound, as has been 

reported for other HisI63,64 and HisIE70,71 enzymes. The activity was dependent on enzyme 

concentration, Figures 5.8, Table 5.3. Furthermore, when activity is monitored until a 

plateau in A300 is reached, the calculated molar concentration of ProFAR produced 

equates to approximately 71% of the molar concentration of PRATP added to the 

reaction, Figure 5.8C. It was expected that both reactions catalysed by PaHisIE are 

irreversible, however, incomplete consumption could be attributed to product inhibition. 

Overall, these preliminary studies indicate that the enzymatically synthesised and purified 

PRATP is a suitable substrate for determining the steady-state kinetics of reactions 

catalysed by PaHisIE.  

  

Figure 5.8 PaHisIE activity with purified PRATP. (A) Time-courses of product formation upon incubation 

of PRATP (38 μM) with 15 mM MgCl2 in the presence of varying concentrations PaHisIE at pH 7.5. 

Product formation was recorded with 0 (green), 100 (cyan), 200 (magenta) and 400 (blue) nM of PaHisIE. 

(B) Rates extracted from time-courses were plotted against enzyme concentration. (C) Reactions with 200 

nM PaHisIE were also monitored until product formation plateaued. Solid black lines represent linear 

regressions of data. Data are average of two replicates. Data points are mean ± standard error. The 

difference in absorbance between control and reaction in (C) equates to 27 μM ProFAR
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Table 5-3. Rates of product formation from reactions catalysed by PaHisIE with PRATP as a substrate. 

 

 

 

 

 

Values are mean ± standard error of duplicate measurements. 

The steady-state kinetic parameters of reactions catalysed by PaHisIE with PRATP were 

determined at 20 °C, Figure 5.9 and Table 5.4. Reactions kcat of 1.04 ± 0.01 s-1  and a KM of 

50 ± 1 μM. The kcat reported here is lower than the kcat reported for activated PaATPPRT, 

which catalyses the flux-controlling step of histidine biosynthesis (Chapters 1: 2.1 – 2.5 

s-1 and Chapter 2: 1.7 s-1). In contrast to PaATPPRT, which likely operates under 

conditions which most closely resemble kcat in vivo, kcat/KM, is likely the relevant steady-

state kinetic parameter in vivo, due to the limiting intracellular concentrations of pathway 

intermediates PRATP and PRAMP. The kcat obtained here is similar to the v/ET reported 

from the coupled assay (Table 5.2).  

[PaHisIE] (nM) v (μM s-1) 

100 0.0537  ± 0.0002 

200 0.994 ± 0.003 

500 0.28 ± 0.02 
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Table 5-4 PaHisIE steady-state kinetic parameters with PRATP and PRADP as substrates. 

Values are mean ±fitting error of duplicate measurements. 

Upon incubation of PRADP with PaHisIE in the presence of Mg2+, time-courses of 

product formation exhibited a lag phase prior a linear phase, Figure 5.10. The duration of 

the lag phase was inversely proportional to substrate concentration. High concentrations 

of PaHisIE (1.7 μM) were required to generate data of satisfactory quality for PRADP 

reactions. Upon inspection of the time-courses in Figure 5.10, one must conclude that the 

lag-phase occurs prior to the first turnover of substrate. If PRADP is accepted by PaHisE 

as a substrate, such an observation may indicate that the reaction catalysed by the 

Parameter PRATP PRADP 

kcat (s-1) 1.04 ± 0.01 0.043 ± 0.003 

KPRAXP (μM) 50 ± 1 100 ± 20 

kcat/KPRAXP  (M-1 s-1) 20800 ± 500 430 ± 90 

Figure 5.9 Steady-state kinetics of PaHisIE catalysed reactions with PRATP as a substrate. (A)Time-

courses of product formation upon incubation of PaHisIE (300 nM) with various concentrations of PRATP 

in the presence of 12 mM Mg2+
  at pH 7.5. PRATP concentration is indicated in legend. (B) PaHisIE 

saturation curve. Data are average of two replicates. Data points are mean ± standard error. Solid black 

lines in (A) are linear regressions of data and solid black line in (B) is data fitted to the Michaelis-Menten 

equation.  
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pyrophosphohydrolase domain is rate-limiting, however, if PRADP were to be 

exclusively turned over by PaHisI such an observation implies turnover of PRATP is 

slow enough that pre-steady state/approach to steady-state data can be captured without 

the requirement for stopped-flow apparatus. Substrate-dependent lag phases on approach 

to steady-state have previously been reported for uridine phosphorylase from 

Trypanosoma cruzi, although those data were captured with a stopped-flow 

spectrophotometer188. Steady-state kinetic parameters for reactions catalysed by PaHisIE 

with PRADP as a substrate were determined, Figure 5.10 and Table 5.4. The kcat and 

kcat/KM values of reactions with PRADP as a substrate are approximately 24- and 48-fold 

lower than those from reactions with PRATP as a substrate.  

Figure 5.10 Steady-state kinetics of PaHisIE catalysed reactions with PRADP as a substrate. (A - F) Time-

courses of product formation upon incubation of PaHisIE (1.7 μM) with various concentrations of PRATP 

in the presence of 12 mM Mg2+. at pH 7.5. PRADP concentration is indicated in legend. Initial rates were 

extracted from linear phase only. (F) PaHisIE saturation curve. Data are averages of two replicates. Data 

points are mean ± standard error. Solid black lines in (A – E) are linear regressions of data. Solid line in (F) 

is data fit to the Michaelis-Menten equation. 
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5.7  LC-MS analysis of reactions catalysed by PaHisIE with 

PRADP and PRATP as substrates. 

The products of reactions catalysed by PaHisIE with PRADP and PRATP as substrates 

were analysed by LC-MS, performed by Dr Alison Dickson, Figure 5.11. A species with 

m/z 576.0724 was observed in reactions with PRATP as a substrate, in good agreement 

with the theoretical m/z of the expected product, ProFAR, 575.0750. Contrastingly, a 

species with m/z 656.0400 was the main product identified in reactions with PRADP as 

a substrate. This value is in good agreement with the theoretical m/z of pro-

phosphoribosylformino-5-aminoimidazole-4-carboxamide ribonucleoside diphosphate, 

656.0412, Figure 5.1C. These data indicate that PRADP is a substrate of PaHisI, but not 

PaHisE.  

Figure 5.11 High-resolution LC-MS analysis of products from reactions catalysed by PaHisIE with either 

PRATP or PRADP. Analysis was performed on an Atlantis Premier BEH C18 AX column on a Waters 

ACQUITY UPLC system coupled to a Xevo G2-XS QToF mass spectrometer equipped with an ESI source. 

Reaction components were separated in ammonium acetate pH 6, acetonitrile and ammonium acetate pH 

10. Extracted ion chromatograms for either (A) ProFAR (expected m/z 575.0750) or (B) 

phosphoribosylformino-5-aminoimidazole-4-carboxamide ribonucleoside diphosphate (expected m/z 

656.0412 ) are shown alongside m/z spectra from reactions catalysed by PaHisIE with either (B) PRATP 

or (D) PRADP. Spectra were acquired in negative mode. LC-MS was performed by Dr Alison Dickson. 
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5.8  Chapter summary 

In summary, this work represents the first characterisation of HisIE from P. arcticus. 

Activity was detected upon incubation of either ATP or ADP with PRPP in the presence 

of PaATPPRT and PaHisIE. PRATP and PRADP were enzymatically synthesised and 

purified via anion exchange chromatography. The steady-state kinetic parameters of 

PaHisIE catalysed reactions with PRATP and PRADP as substrates were determined. 

LC-MS performed by Dr Alison Dickson confirmed that the product of reactions 

catalysed by PaHisIE with PRATP is ProFAR, however, reactions with PRADP produce 

a novel product, phosphoribosylformino-5-aminoimidazole-4-carboxamide 

ribonucleoside diphosphate. Unexpectedly, PRADP is a substrate of PaHisI but not 

PaHisE. The dimeric α-dUTPases, which belong to the same superfamily as HisE, can 

accept dUDP as a substrate54. Contrastingly, DR2231, another member of the α-helical 

pyrophosphohydrolase superfamily was shown to accept dUTP, but not dUDP as a 

substrate58.  It is possible that HisE recognises and binds substrate more similarly to 

DR2231 compared with the dimeric α-dUTPases, however, in the absence of further data 

from HisE from a range of organisms, it is not possible to draw a generalised conclusion. 

The findings from the LC-MS analysis necessitates that the steady-state kinetic 

parameters of PaHisIE with PRADP as a substrate are reporting solely on the activity of 

the HisI domain. The kcat and kcat/KM values suggest PRADP is a poor substrate of PaHisI. 

The kcat and kcat/KM from reactions catalysed by PaHisIE with PRADP as a substrate were 

24- and 48-fold lower than the kcat and kcat/KM from reactions catalysed by PaHisIE with 

PRATP as a substrate which encompass both the pyrophosphohydrolase and 

cyclohydrolase reactions.  

Prior to this work, no steady-state kinetic parameters have been reported for HisE or 

bifunctional HisIE. Steady-state kinetic parameters have been reported from HisI from 

Methanococcus vannielii (kcat = 4.1 s-1, kcat/KM = 4.1 x 105 M-1 s-1)  and Methanobacterium 

thermoautotrophicum (kcat = 8 s-1 , kcat/KM = 6 x 105  M-1 s-1). Interestingly, whilst the kcat 

reported here for reactions catalysed by PaHisIE with PRATP as substrate is of a similar 

(~4-8 fold lower) magnitude to the values reported for M. vannielii and M. 
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thermoautotrophicum, the value of kcat/KM is ~19.7- and 28.8-fold lower than the values 

reported for M. vannielii and M. thermoautotrophicum, respectively63,64.  

Here, the steady-state kinetic parameters, kcat, and kcat/KM, encompass reactions catalysed 

by both domains of PaHisIE. From this data, it is not possible to speculate as to whether 

the pyrophosphohydrolase or cyclohydrolase is rate-limiting. It was anticipated that 

future characterisation of HisI and HisE domains split from a bifunctional enzyme 

alongside the full-length enzyme may lead to interesting insights to the catalytic 

mechanism of HisIE and evolutionary incentive for gene fusion.  
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Chapter 6 Biochemical characterisation of AbHisIE 

6.1 Chapter introduction 

In the previous chapter, protocols to produce PRATP and to determine the activity of 

bifunctional HisIE were established. The subsequent work in the previous chapter 

demonstrated that PRADP is a substrate of PaHisI but not PaHisE, thus, provided the 

first reported insight into the substrate scope of bifunctional HisIE. This work sparked 

interest in kinetically characterising this complex bifunctional system, which has so far 

only been investigated structurally.  

Bifunctional HisIE is a potential target for novel antimicrobial development in A. 

baumannii (reviewed in Chapter 1). Here, it was sought to carry out the first biochemical 

characterisation of bifunctional HisIE from A. baumannii, henceforth referred to as 

AbHisIE, with a view to paving the way for future inhibitor development. More 

specifically, the aims of this chapter were to determine the kinetic parameters of 

bifunctional AbHisIE and to probe the rate-limiting steps of this complex bifunctional 

system.  

Previous to this work, no kinetic characterisation of a bifunctional HisIE or standalone 

HisE had been reported. A catalytic mechanism for monofunctional HisI had been 

proposed by d’Ordine and colleagues65 which informed the work carried out in this 

chapter. The proposed mechanism entails nucleophilic attack at the C6 position of 

PRATP by a Zn2+-activated water molecule followed by a series of proton transfers which 

leads to collapse of the tetrahedral intermediate and breakage of the C6-N1 bond65 

(reviewed in Chapter 1), Figure 6.1.  
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Figure 6.1 Catalytic mechanism of HisI. PRAMP 5, ProFAR 6. B denotes a, as yet unidentified, catalytic 

base.  A1-H and A2-H represent, as yet unidentified, proton donors. The mechanism presented here is 

modified from the mechanism proposed by d’Ordine and colleagues65. Compounds are numbered according 

to Figure 1.1..  

6.2 Production of AbHisIE 

The AbHisIE-encoding sequence was successful cloned into a pJexpress414 vector via 

the Gibson Assembly method113 and expressed in BL21 (DE3) cells. AbHisIE was 

purified from cell lysate via a similar procedure to that previously described for PaHisIE. 

In contrast to PaHisIE, tests revealed AbHisIE is insoluble in 1-2 M ammonium sulphate, 

Figure 6.2A. Fortunately, many contaminating proteins remained soluble in 1.5 M 

ammonium sulphate. In all further purifications ammonium sulphate was titrated into cell 

lysate until a concentration of 1.5 M was reached, after which the insoluble fraction was 

collected via centrifugation and AbHisIE was returned to solution upon removal of 

ammonium sulphate by dialysis. Further purification employed a series of column 
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chromatography steps including: anion exchange (Figure 6.2B and 6.2C), Zn2+-affinity 

(Figure 6.2D and 6.2E) and size-exclusion chromatography (Figure 6.2F) columns. After 

each purification step, SDS-PAGE was performed to identify appropriate fractions for 

further purification. After size-exclusion chromatography, bands representing both the 

monomeric (~30 kDA) and dimeric (~60 kDA) forms of AbHisIE were present without 

major contaminants, Figure 6.2F. Trypsin digestion of both bands followed by MS/MS 

analysis of the tryptic peptides confirmed both bands contained AbHisIE (~30 kDA band 

= 68% sequence coverage; ~60kDA band = 79% sequence coverage), Appendix 1.  
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Figure 6.2 SDS-PAGE gels from AbHisIE Purification. SDS-PAGE gels with protein ladder (PageRuler Plus 

Prestained [ThermoFisher]) carried out after each purification step. (A) SDS-PAGE of cell lysate treated 

with various concentrations of ammonium sulfate. AbHisIE is insoluble at 1 - 2 M ammonium sulfate. SDS-

PAGE of fractions from column chromatography using: (B and C) HiTrapQ FF coulmns (2 x 5 mL columns); 

(D and E) a Zn2+-affinity column (HisTrap FF charged with ZnCl); and (F) a Sephracyl S200 HR column. 

Fractions 12-17 were pooled after size-exclusion chromatography. The band between 55 and 70 kDA in (F) 

was confirmed as an AbHisIE dimer by mass-spectrometry. Numbers in (A) indicate molar concentration of 

ammonium sulfate. “S” and “I” denote soluble and insoluble fractions, respectively. L corresponds to protein 

ladder, PC refers to pre-column and FT is column flow-through. Numbers shown under elution refer to 

fraction number. The expected molecular weight of AbHisIE is 29,195 Da. Pink and blue arrows in (F) 

indicate monomeric and dimeric AbHIsIE, respectively.  
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6.3 Biophysical characterisation of AbHisIE 

A brief biophysical characterisation was carried out to determine the oligomeric state and 

thermostability of AbHisIE. The oligomeric state of AbHisIE was investigated via DLS 

as previously described, Table 6.1. The estimated molecular weight of AbHisIE in 

solution was approximately 150 kDA ± 40 kDA. The particle size was not influenced by 

addition of DTT (4 mM). The molecular weight of monomeric AbHisIE is approximately 

30 kDA. Thus, although the large standard deviation prevents unambiguous assignment 

of the oligomeric state, DLS data are consistent with formation of either a tetramer, 

pentamer or hexamer in solution. As previously highlighted HisI from M. vannielii and 

M. thermoautotrophicum purify with Zn2+ tightly bound in the active site and structural 

analyses have confirmed that the Zn2+-binding site of HisI and bifunctional HisIE is 

composed of cysteines from two distinct HisI or HisIE polypeptide chains63,64,70,71. If 

AbHisIE also purifies with Zn2+ bound, it is unlikely that AbHisIE exists as a pentamer in 

solution, however, it is possible that AbHisIE adopts either a dimer of dimers or a trimer 

of dimers arrangement in solution. HisIE from S. flexneri, HISN2 from M. truncatula and 

PaHisIE are all posited to form dimers in solution70,71. Determining the crystal structure 

of AbHisIE may shed light on interactions that could facilitate formation of a higher-order 

oligomeric state in solution relative the other characterised HisIE proteins.  
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Table 6-1. DLS studies of AbHisIE. The estimated molecular weights is listed alongside the sizes of 

particles present in the sample and the mass (%) per volume of each of these species 

Values are mode ± standard deviation of triplicate measurements. 

DSF was performed to evaluate the thermal stability of AbHisIE, Figure 6.3. It was not 

possible to define a global TM for the enzyme as the data most likely reflect unfolding of 

at least two domains with distinct TM values. DSF data indicate AbHisIE is more 

thermostable than PaHisIE. 

  

 Estimated MW 

(kDA)  

Mass (%) Z-Average (nm) 

Replicate 1 140  ± 50 100% 10 ± 3 

Replicate 2 170  ± 60 100% 11 ± 3 

Replicate 3 150 ± 50 100% 10 ± 3 

Replicate 4 150 ± 40 100% 10 ± 3 

+ 4 mM DTT 150 ± 30 91.8% 10 ± 2 

7 x 105 ± 3 x 105 7.1% 400 ± 150 

4.2 x 108 ±  4 x 107  1.1% 5700 ± 700 
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Figure 6.3. DSF-based thermal denaturation curves of AbHisIE. Curves from AbHisIE (red) and PaHisIE 

(blue) are shown. Data are average of triplicate measurements. 

6.4 AbHisIE Activity 

The substrate of AbHisIE, PRATP, was prepared as described in Chapter 5. AbHisIE 

activity was initially assessed by monitoring increase in absorbance at 300 nm 

corresponding to ProFAR formation (Δε = 6700 M-1 s-1 [pH 7.5])63. Mg2+ was required 

for activity. Activity was demonstrated to be dependent on enzyme concentration, Figures 

6.4A, 6.4B and Table 6.2. Reactions containing 21 nM AbHisIE were incubated until 

product formation plateaued and 100% of the PRATP initially added (38 M) to the 

reaction was consumed, Figure 6.5C. AbHisIE was hypothesised to co-purify with Zn2+, 

as addition of exogenous Zn2+ resulted in either mild inhibition or precipitation. Inhibition 

of HisI by excess Zn2+ has previously been reported by d’Ordine and colleagues63. The 

enzyme activity was not influenced by addition of EDTA but addition of DTT (4 mM) 

increased the rate of reaction and was included in all future assays.  
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Table 6-2 Rates of product formation from reactions catalysed by AbHisIE. 

 

 

 

 

 

Values are mean ± standard error of duplicate measurements. 

  

[AbHisIE] (nM) v (μM s-1) 

10 0.0236  ± 0.0002 

21 0.058 ± 0.003 

42 0.1152 ± 0.003 

Figure 6.4 AbHisIE activity with PRATP. (A) Time-courses of product formation upon incubation of 

PRATP (38 μM) with 12 mM MgCl2+
 at pH 7.5 with varying concentrations of AbHisIE. Product formation 

was recorded with 10 (cyan), 21 (magenta) and 42 (blue) nM AbHisIE. (B) Rates extracted from time-

courses were plotted against enzyme concentration. (C) Reactions with 20 nM AbHisIE (cyan) and controls 

(magenta) were also monitored until product formation plateaued (C). Solid black lines represent linear 

regressions of data. Data are average of two replicates except for cyan line in (C) which is a single 

measurement. Data points are mean ± standard error. The difference in absorbance between control and 

reaction in (C) equates to 40 µM ProFAR. 
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6.5  Steady-state kinetics of reactions catalysed by AbHisIE 

The steady-state kinetic parameters of reactions catalysed by AbHisIE were subsequently 

determined, Figure 6.5 and Table 6.3. At high concentrations of PRATP (21 µM and 42 

µM), time-courses of product formation depicted an initial lag phase, Figure 6.5 (0 – 40 

s). In such cases, rates were extracted from data collected between 40 – 120 seconds. It 

was hypothesised that this initial lag-phase may reflect that the rate is dependent on 

production of PRAMP by HisE. The value of kcat at 25 °C for AbHisIE (5.6 ± 0.3 s-1 ) is 

less than the kcat reported at 25 °C for AbATPPRT (11.4 ± 0.4 s-1 )7 , which is considered 

the flux-controlling enzyme of histidine biosynthesis, however, as previously highlighted 

AbHisIE likely operates under conditions that most closely resemble kcat/KM in vivo, 

owing to the limiting intracellular concentrations of the pathway intermediates. 

Furthermore, the kcat of AbATPPRT was determined at pH 8.5, whereas the kcat of AbHisIE 

was determined at pH 7.5. The values of kcat and kcat/KM (kcat = 5.6 ± 0.3 s-1 , kcat /KM 1.40 

x 106 ± 3 x 105 M-1 s-1 ) reported here are similar to the values reported for HisI from M. 

vannielii (kcat = 4.1, kcat/KM = 4.1 x 105 M-1 s-1) and M. thermoautotrophicum (kcat = 8 s-1 

, kcat/KM = 6 x 105 M-1 s-1 )63,64.  
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Table 6-3 AbHisIE steady-state kinetic parameters 

 

 

 

 

 

 

Values represent mean ± fitting-error of duplicate measurements. 

Parameter PRATP 

kcat (s-1) 5.6 ± 0.3 

KPRATP (μM) 4.0 ± 0.7 

kcat/KPRATP  (M-1 s-1) 1.4 x 106 ± 3 x 105 

Figure 6.5 AbHisIE steady-state kinetic parameters. (A – E) Time-courses of reactions catalysed by 

AbHisIE (18 nM) in the presence of varying concentrations of PRATP with 15 mM MgCl2 at pH 7.5. The 

concentration of PRATP is indicated in the legend. (F) AbHisIE saturation curve .Data are average of at 

least two replicates. Data points are mean ± standard error Solid black lines in (A – E) represent linear 

regressions of data. Solid line in (F) is data fitted to the Michaelis-Menten equation. For data collected with 

21 µM and 42 µM PRATP linear regressions were performed on data between 40-120 seconds. 
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6.6  LC-MS analysis of the reaction catalysed by AbHisIE 

A product with m/z 575.0724 was identified from LC-MS analysis of the reaction 

catalysed by AbHisIE, in good agreement with the theoretical m/z of ProFAR, 575.0750, 

Figure 6.6. LC-MS was performed by Dr Alison Dickson, formerly of the Czekster 

laboratory.  

6.7  Uncovering the rate-limiting steps for reactions 

catalysed by AbHisIE. 

As previously highlighted, prior to this work, no investigations of the rate-limiting step 

of bifunctional HisIE had been reported. The kcat reported in Table 6.3 encompasses both 

the pyrophosphohydrolase and the cyclohydrolase reactions catalysed by HisIE. The 

following experiments were devised in order to ascertain which step is rate-limiting. It 

should be noted previous computational analysis of M. truncatula HISN2 with CAVER 

did not identify any channels/tunnels that could funnel the product of the 

pyrophosphohydrolase reaction, PRAMP, to the active site of the cyclohydrolase 

Figure 6.6 LC-MS analysis of the reaction catalysed by AbHisIE with PRATP as a substrate. Analysis was 

performed on an Atlantis Premier BEH C18 AX column on a Waters ACQUITY UPLC system coupled to 

a Xevo G2-XS QToF mass spectrometer equipped with an ESI source. Reaction components were separated 

in ammonium acetate pH 6, acetonitrile and ammonium acetate pH 10. The extracted ion chromatogram 

for ProFAR (A) (expected m/z 575.0750) and  m/z spectrum (B) are shown. Spectra were acquired in 

negative mode. LC-MS was performed by Dr Alison Dickson. 
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domain71. It is possible that PRAMP is released to the solvent prior to binding the HisI 

domain.  

6.7.1 Steady-state kinetic parameters of AbHisE 

Firstly, the steady-state kinetic parameters of the pyrophosphohydrolase domain of 

AbHisIE were determined via the EnzCheckTM Pyrophosphate Assay kit115. The assay is 

outlined in Figure 6.7. Briefly, pyrophosphate, produced as a bi-product of the 

pyrophosphohydrolase reaction, is cleaved by inorganic pyrophosphatase generating two 

equivalents of free phosphate. PNP catalyses conversion of phosphate and 2-amino-6-

mercapto-7-methylpurine ribonucleoside (MESG) to 2-amino-6-mercapto-7-

methylpurine (Δε360 nm = 11,000 M-1- cm-1) and ribose-1-phopshate115. Ultimately, the 

EnzCheckTM assay facilitates measurement of the reaction catalysed by AbHisE 

independently of the reaction catalysed by AbHisI. If the kcat of the reaction catalysed by 

AbHisE is greater than the previously determined kcat for the conversion of PRATP to 

ProFAR catalysed by AbHisIE, this would indicate that the overall turnover of PRATP to 

ProFAR is limited by the cyclohydrolase reaction. Contrastingly, if the kcat of AbHisE is 

equal to the previously determined kcat for the conversion of PRATP to ProFAR catalysed 

by AbHisIE, this would suggest that the pyrophosphohydrolase reaction is at least 

partially rate-limiting for the overall turnover of PRATP to ProFAR.  

Prior to measuring the steady-state kinetic parameters of AbHisE, a series of control 

experiments were performed to demonstrate that the background activity due to 

phosphate contamination of the enzyme and/or substrate is negligible and that the assay 

was reporting on the activity of AbHisE, Figure 6.8. Further control experiments 

demonstrated that the increase in absorbance at 360 nm requires addition of 

pyrophosphatase, Figure 6.8. The steady-state kinetic parameters of the reaction catalysed 

Figure 6.7. Outline of the EnzCheckTM pyrophosphate assay. The catalytic domains of AbHisIE are denoted 

in pink whilst coupled enzymes are denoted in blue.  
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by AbHisE were subsequently determined, Figure 6.8F and Table 6.4. The kcat of the 

reaction catalysed by the AbHisE domain is larger (beyond experimental error) than the 

kcat reported for the overall conversion of PRATP to ProFAR, catalysed by AbHisIE, 

Figure 6.9. As the kcat for the pyrophosphyrdrolase reaction is greater than the kcat  for 

both the pyrophosphyrdrolase and cyclohydrolase reactions it is likely that the overall 

turnover of PRATP to ProFAR catalysed by AbHisIE, under steady-state conditions, is 

limited by the cyclohydrolase reaction.  
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Figure 6.8 Steady-state kinetic parameters of AbHisE catalysed reactions. Reactions were performed with 

15 mM MgCl2 at pH 7.5. Product formation time-courses recorded after addition of either (A) PRATP or 

(B) AbHisIE (blue) to PPase, MESG, and PNP demonstrating negligible background absorption at 360 nm  

without addition of the final component of the assay, either (A) AbHisIE (B) PRATP (magenta). In all 

further measurements PRATP was incubated with PPase, MESG, and PNP prior to addition of AbHisIE to 

start the reaction. (C) Product formation time-courses were recorded at various concentrations of AbHisIE, 

1.6 (cyan), 3.2 (magenta) and 6.4 (blue) nM, whilst the concentration of PRATP (10 μM) was held constant. 

(D) Rates extracted from time-courses were plotted against enzyme concentration. (E) Product formation 

time-course in the presence and absence of PPase. (F) AbHisIE saturation curve . Solid black lines represent 

linear regressions of data in (A - E). Solid black line in (F) is data fitted to the Michaelis-Menten equation. 

Data are average of two replicates and data points are mean ± standard error. 



Biochemical characterisation of AbHisIE 

190 

 

Table 6-4 AbHisE steady-state kinetic parameters 

Parameter PRATP 

kcat (s-1) 8.3 ± 0.3 

KPRATP (μM) 2.7 ± 0.3 

kcat/KPRATP  (M-1 s-1) 3.1 x 106 ± 4 x 105 

Values represent  mean ± fitting error of duplicate measurements. 

6.7.2 Solvent isotope effects 

Next, a solvent isotope effect study was employed to further probe the rate-limiting step 

of AbHisIE. Isotope effects are powerful tools to probe the chemical mechanism and rate-

limiting steps of an enzyme catalysed reaction. An isotope effect is defined as a change 

in the rate or equilibrium constant of a reaction upon substitution of a heavy atom for a 

light atom in a position where bonds are broken or formed or adjacent to that site126. 

Solvent deuterium isotope effects (SIEs) may be observed when rate and/or equilibrium 

constants are measured in H2O and D2O. Upon measurement of an enzyme-catalysed 

reaction rate in D2O, solvent exchangeable protons on the enzyme and/or substrate are 

replaced by deuterium, thus may give rise to an isotope effect.  

Bonds formed with a heavy isotope exhibit lower vibrational frequencies and 

consequently lower zero-point energies than bonds formed with a light isotope189. A 

greater energy input is required in order to break bonds composed of a heavy atom 

compared with that of a lighter atom, assuming that at the transition state the isotope 

Figure 6.9 Scheme outlining the reaction catalysed by AbHisIE. Steps encompassed by the overall kcat of 

AbHisIE determined by monitoring absorbance at 300 nm, are denoted by a magenta bracket. Steps 

encompassed by kcat of AbHisIE, determined via the EnzCheckTM assay, are denoted by a blue bracket. 
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substitution will not influence the energy of the activated complex as the reaction 

coordinate vibrational mode disappears189. This phenomenon gives rise to a “normal” 

kinetic isotope effect, in which the rate constant for the light isotope (Lk) is larger than the 

rate constant for the heavy isotope (Hk), ( Lk/Hk > 1)189. Observation of a kinetic isotope 

effect greater than 1 on either kcat or kcat/KM typically indicates that chemistry is at least 

partially rate-limiting. Kinetic isotope effects may be masked if isotopically insensitive 

steps dominate kcat and/or kcat/KM and determining the intrinsic isotope effect (the isotope 

effect measured if the chemical step were completely rate-limiting) may elucidate 

valuable information about the structure of the transition state189–191, although this is 

beyond the scope of this work. Inverse isotope effects (Lk/Hk < 1) may also be observed 

which typically reflect either secondary isotope effects or contributions from an 

equilibrium step prior to the rate-limiting step189.  

Analyses of SIEs are typically more complex than analysis of isotope effects that arise 

from heavy atom labelling of specific positions within the substrate. All exchangeable 

positions in the substrate and enzyme are isotopically labelled, thus, pinpointing exactly 

which and how many proton transfers give rise to an SIE is not straightforward if multiple 

proton transfers occur within a reaction. Nevertheless, when interpreted alongside other 

experimental data solvent isotope effects are valuable tools for elucidating the rate-

limiting steps and chemical mechanism of an enzyme catalysed reaction. For example, a 

sizable normal (> 2) solvent kinetic isotope effect (SKIE) observed on kcat or kcat/KM 

indicates that at least one solvent-sensitive proton is in flight during the rate-limiting step. 

Of particular note to this work is that reactions that proceed via rapid-equilibrium 

exchange of a metal-bound water prior to a slower rate-limiting step may give rise to 

inverse SKIEs ( H2Ok/D2Ok < 1) due to the inverse fractionation factors observed on these 

species192. It must be highlighted that the expression of such inverse SKIEs is dependent 

on the magnitude of the solvent equilibrium isotope effect relative to any normal SKIE 

observed on the following rate-determining step192.  

The catalytic mechanism of cyclohydrolase reaction catalysed by HisIE is predicted to 

employ a Zn2+-bound water as a nucleophile (reviewed in Chapter 1). Whilst, no 

mechanistic studies of HisE have been reported, the catalytic mechanism for the 

dUTPases which are evolutionarily related to the HisE are posited to employ a Mg2+-
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activated water as a nucleophile51,62. Thus, catalysis by either domain of AbHisIE could, 

theoretically, give rise to an inverse SKIE. Inverse SKIEs reported on AMP deaminase, 

which catalyses a similar reaction to HisI, have previously been attributed to protonic 

transfers originating from Zn2+-activated water66. An SKIE study of the full reaction 

catalysed by AbHisIE was initiated in order to determine which, if any, SKIEs would be 

observed on the steady-state kinetic parameters. The steady-state kinetic parameters were 

determined by measuring increase absorbance at 300 nm, corresponding to formation of 

ProFAR, in H2O and D2O.  

Prior to SKIE measurement, the steady-state parameters of reactions catalysed by 

AbHisIE were determined in 0%, 9% and 18% glycerol at 25 °C to assess if kinetic solvent 

viscosity effects (SKVE) are present, Figure 6.10, Table 6.5. The viscosity of D2O is 

greater than H2O
193, to avoid incorrectly assigning a solvent viscosity effect as an SKIE 

one must account for the effect of increased solvent viscosity on the reaction. At 25 ⁰C, 

9% glycerol produces the same viscosity that 100% D2O does194. No SKVE was detected 

on reactions catalysed by AbHisIE at 9 and 18% glycerol, indicative that diffusional steps 

are not rate-limiting for the overall reaction catalysed by AbHisIE and the SKIE 

experiment was continued. 

 

Figure 6.10 The effect of increasing solvent viscosity on AbHisIE steady-state kinetic parameters. (A) 

Saturation curves were measured in 0% (magenta), 9% (blue) and 18% (blue) glycerol (v/v). Solvent kinetic 

viscosity effects on (B) kcat and (C) kcat/KM
PRPP. Data points are mean ± either (A) standard error or (B) 

fitting error. Magenta, blue and cyan lines in (A) are data fitted to the Michaelis-Menten equation. Solid 

black lines in (B) and (C) are data fitted to Equation 2.8. 
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Table 6-5 The effect of increasing solvent viscosity on AbHisIE steady-state kinetic parameters. 

Values are ± fitting error of duplicate measurements. 

To measure pD using a glass electrode calibrated with buffers prepared in H2O, the 

reading must be corrected by adding 0.4 to obtain the correct pD195. Furthermore, pKAs 

may be subject to solvent equilibrium isotope effects. To minimise errors, solvent isotope 

effects should ideally be measured at a point in the pH profile at which the rate of reaction 

is independent of pH. To evaluate the effect of pH on the rate of AbHisIE-catalysed 

reactions, the extinction coefficient at 300 nm for production of ProFAR from PRATP 

(Δε300 nm) was determined at pH 7.0, 7.5 and 8.0, Table 6.6. 

Table 6-6. Extinction coefficients at 300 nm (Δε300 nm) for production of ProFAR from PRATP at pH 7.0, 

pH 7.5 and pH 8.0. 

Values are ± fitting error. 

  

Parameter 0% Glycerol 9% Glycerol 18% Glycerol 

kcat (s-1) 5.6 ± 0.3 6.1 ± 0.2 5.7 ± 0.4 

KPRATP (μM) 4.0 ± 0.7 4.5 ± 0.5 4 ± 1 

kcat/KPRATP  (M-1 s-1) 1.40 x 106 ± 3 x 105 1.4 x 106 ± 2 x 105 1.4 x 106  ± 4 x 105 

pH  ε300 nm (PRATP) (M-1 cm-1)* Δε300 nm (ProFAR) (M-1 cm-1) 

pH 7.0 1200 ± 100 6800 

pH 7.5 1310 ± 50 6700 

pH 8.0 1810 ± 50 6200 
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The steady-state kinetic parameters of AbHisIE were subsequently determined in H2O 

and D2O at pL 7.0, 7.5 and 8.0, Figure 6.11 and Table 6.7. Product formation was 

calculated from the extinction coefficients detailed in Table 6.6. Due to time constraints 

and instability of PRATP at high pH, a full pH rate-profile was not carried out. The kcat 

and kcat/KM of AbHisIE were somewhat dependent on pH although data appear to be 

approaching a plateau in the pH rate-profile. Upon inspection of  Figures 6.11C and 

6.11D, it was considered likely that there is a solvent equilibrium isotope effect, as in 

D2O the rate of reaction is more strongly influenced by pD compared with the effect of 

pH on reactions catalysed in H2O. Solvent kinetic isotope effects were determined by 

fitting v/ET
 data to Equation 2.9, Table 6.8. Solvent kinetic isotope effects were observed 

on kcat and increased from 2.04 to 6.8 as pD decreased from 8.0 to 7.0. Qualitatively, these 

data suggest at least one protonation step is possibly rate-limiting for the overall turnover 

of PRATP to ProFAR, however, the absolute values of the SKIEs likely have 

contributions from the solvent equilibrium isotope effect. It is likely that proton transfer 

becomes increasingly rate-limiting at lower pH. A similar trend in SKIE was observed on 

kcat/KM, although, it should be noted this parameter is more dependent on pD. 
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Table 6-7 AbHisIE steady state parameters determined at pH 7.0, pH 7.5 and pH 8.0. 

Values represent ± fitting error of duplicate measurements 

.  

Parameter pH 7.0 pH 7.5 pH 8.0 

kcat (s-1) 2.8 ± 0.2 5.6 ± 0.3 9.5 ± 0.4 

KPRATP (μM) 8 ± 1 4.0 ± 0.7 10 ± 1 

kcat/KPRATP  (M-1 s-1) 3.5 x 105 ± 5 x 104 1.4 x 106 ± 3 x 105 9.5 x 106 ± 1 x 106 

Figure 6.11 SKIE study on AbHisIE steady-state parameters. Substrate saturation curves in (A) H2O and 

(B) D2O at pL 7.0 (cyan), 7.5 (magenta) and 8.0 (blue). pL profiles for (C) kcat and (D) kcat/KM. Data represent 

either mean ± standard error (A and B) or mean ± fitting error  (C and D). Solid line in (A)  is data fitted to 

the Michaelis-Menten equation. Solid line in (B) is data fitted to Equation 2.8. 
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Table 6-8. Solvent deuterium kinetic isotope effects on reactions catalysed by AbHisIE at pL 7.0, pL 7.5 

and pL 8.0. 

Values represent ± fitting error of duplicate measurements. 

6.7.3 Analysis of AbHisIE product formation time-courses under pre-steady state 

conditions. 

Finally, conversion of PRATP to ProFAR catalysed by AbHisIE was monitored under 

multiple turnover conditions in a stopped-flow spectrophotometer, facilitating the capture 

of the first milliseconds of the reaction, Figure 6.12.The experiment was performed at pH 

7.5, and absorbance at 300 nm, corresponding to ProFAR formation, was recorded. 

  

Parameter pL 7 pL 7.5 pL 8 

D2O
(k

cat
) 6.8 ± 0.6 4.9 ± 0.6 2.04 ± 0.04 

D2O
(k

cat/KM
)

 12 ± 2 11 ± 2 0.81 ± 0.05 
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A lag-phase (0.030 s, k = 33 s-1) followed by a burst in product formation was observed. 

Data were fitted to equation 2.4, which is typically employed to model reactions with a 

burst. It was not possible to fully model the exponential phase of the reaction, possibly 

due to the influence of the lag-phase. Upon inspection of the fit, it is apparent that the 

model is underestimating kburst (69.6 ± 0.7 s-1) and  the amplitude of the burst, A0  (3.52 ± 

0.01 µM). The values extracted from the fit place a lower limit on the true values for kburst 

and A0. A0 was also extrapolated from a linear regression of data between 0.1 – 0.45 s 

and the estimated value of A0 (4.5 µM) was found to be in good agreement with 

concentration of protein used in this experiment (5 µM). After the burst, the rate of 

product formation was found to be dependent on a second rate constant, k = 4.527 ± 0.002 

s-1, which is in good agreement with kcat (5.6 ± 0.3 s-1). 

Observation of a lag-phase under pre-steady state conditions is expected as PRAMP must 

be first produced by AbHisE before it can be hydrolysed by AbHisI. As discussed in 

Chapter 3, a burst indicates that steps after chemistry are rate-limiting143. For reactions 

Figure 6.12 Pre-steady state kinetics with AbHisIE. A lag phase followed by a burst in product formation 

was observed prior to the establishment of the steady-state phase. Solid black line is data fitted to Equation 

2.4. Cyan dashed line is linear regression of data between 0.1 – 0.45 s. 
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catalysed by AbHisIE, a burst in product formation necessitates that the rate of conversion 

of PRAMP to ProFAR must be greater than the rate of steps after ProFAR formation. For 

the reaction catalysed by HisE, the order of product release for the reaction is not known. 

It is possible that release of pyrophosphate from the AbHisE active site is slower than 

PRAMP migration to the active site of AbHisI and conversion to ProFAR, Figure 6.13. 

Critically, the burst of product formation demonstrates that the chemical step of the 

reaction catalysed by AbHisI, is faster than the overall steady-state number and is not the 

rate-limiting step of catalysis. Furthermore, as the apparent rate constant estimated from 

the lag-phase (k ~33 s-1) is also greater than kcat, this suggests that steps before formation 

of ProFAR, including migration of PRAMP from the AbHisE domain to the AbHisI 

domain, are also not rate-limiting under steady-state conditions.  

Figure 6.13. Scheme outlining the reaction catalysed by AbHisIE under pre-steady-state conditions. 

6.7.4 Analysis of the rate-limiting step of reactions catalysed by AbHisIE 

In conclusion, at pH 7.5, steady-state kinetics revealed that under multiple-turnover 

conditions, the turnover of the pyrophosphohydrolase reaction catalysed by AbHisE is 

modestly faster than the overall turnover of PRATP to ProFAR catalysed by AbHisIE. 

Hence, the overall rate-limiting step for the reaction catalysed by AbHisIE likely lies 

within the cyclohydrolase reaction. A burst in product formation confirmed a step after 

formation of ProFAR is rate-limiting for the overall turnover of PRAMP to ProFAR. 

Interestingly, the absence of a SKVE indicated that the rate-limiting step is not a 

diffusional step. Data from the SKIE study suggested at least one proton transfer is 

partially rate-limiting at pH 7.5. It is possible that multiple proton transfers from both 

reactions give rise to the SKIE. Together, these findings indicate that, at pH 7.5, the rate-

limiting step of reactions catalysed by AbHisIE is likely a step after the main chemical 

event catalysed by AbHisI, i.e. collapse of the tetrahedral intermediate and severing of the 

C6-N1 bond, but prior to the diffusion of products off the enzyme, and said step may 

involve a proton transfer, Figure 6.14.  
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6.8  Chapter summary 

Overall, this chapter represents the first reported biochemical characterisation of 

AbHisIE, a possible drug target in carbapenem-resistant A. baumannii. AbHisIE may 

adopt a tetrameric or hexameric oligomeric state in solution in contrast to previously 

characterised HisIE from S. flexerni70, HISN2 from M. trunantgo71 and PaHisIE (Chapter 

5 of this work) which form dimers in solution. The steady-state kinetic parameters of 

AbHisIE were similar to reported parameters from HisI from M. vannielii63 and M. 

thermoautotrophicum64. Together, data from steady-state kinetics, solvent kinetic 

viscosity studies, solvent kinetic isotope studies, and pre-steady state kinetics are 

consistent with the rate-determining step of the reaction occurring after the main chemical 

event catalysed by HisI, i.e. collapse of the tetrahedral intermediate and severing of the 

C6-N1 bond, but before diffusion of substrates off the enzyme, possibly. The rate-

determining step may include contributions from a protonation step.  

This work will help pave the way for more detailed characterisation of AbHisIE. The 

individual pyrophosphohydrolase and cyclohydrolase domains were cloned and produced 

as part of this work. Biochemical characterisation of these isolated domains from AbHisIE 

will be continued by the da Silva Laboratory as part of ongoing efforts towards 

development of novel inhibitors of the A. baumannii histidine biosynthetic pathway. 

Indeed, Ennio Pečaver, a BSc student in the da Silva Laboratory purified the AbHisE 

domain and confirmed that the isolated domain is active in the absence of AbHisI. Future 

work in the da Silva laboratory will also include isolating the pathway intermediate 

PRAMP which may facilitate characterisation of the steady-state kinetic parameters of 

the isolated AbHisI domain. This work suggested that migration of PRAMP between the 

Figure 6.14 Scheme of the reaction catalysed by AbHisIE. The rate-determining step is denoted by a green 

arrow. Steps encompassed by the overall kcat  of AbHisIE, determined by monitoring absorbance at 300 nm, 

are denoted by a magenta bracket. Steps encompassed by kcat  of AbHisE, determined via the EnzCheckTM 

assay, are denoted by a blue bracket. The proposed rate-limiting step (RLS) of the reaction is indicated with 

a green arrow. 

 

Figure 6.15 Scheme of the reaction catalysed by AbHisIE. The rate-determining step is denoted by a green 

arrow. Steps encompassed by the overall kcat  of AbHisIE, determined by monitoring absorbance at 300 nm, 

are denoted by a magenta bracket. Steps encompassed by kcat  of AbHisE, determined via the EnzCheckTM 

assay, are denoted by a blue bracket. The proposed rate-limiting step (RLS) of the reaction is indicated with 

a green arrow. 

 

Figure 6.16 Scheme of the reaction catalysed by AbHisIE. The rate-determining step is denoted by a green 

arrow. Steps encompassed by the overall kcat  of AbHisIE, determined by monitoring absorbance at 300 nm, 

are denoted by a magenta bracket. Steps encompassed by kcat  of AbHisE, determined via the EnzCheckTM 

assay, are denoted by a blue bracket. The proposed rate-limiting step (RLS) of the reaction is indicated with 

a green arrow. 

 

Figure 6.17 Scheme of the reaction catalysed by AbHisIE. The rate-determining step is denoted by a green 

arrow. Steps encompassed by the overall kcat  of AbHisIE, determined by monitoring absorbance at 300 nm, 

are denoted by a magenta bracket. Steps encompassed by kcat  of AbHisE, determined via the EnzCheckTM 

assay, are denoted by a blue bracket. The proposed rate-limiting step (RLS) of the reaction is indicated with 

a green arrow. 
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active site of AbHisE and AbHisI is not rate-limiting. Characterisation of the steady-state 

kinetic parameters of the individual AbHisE and AbHisI domains separately and when 

mixed together may conclusively determine if enhanced speed of PRAMP shuttling 

between active sites is an advantage of gene fusion. Notably, the SKIE data suggested 

that a proton transfer becomes increasingly rate-limiting as pH decreases and it was 

speculated that chemistry becomes increasingly rate-limiting at low pH. This finding 

raises the possibility of carrying out kinetic isotope effects with isotopically labelled 

substrates at pH < 7.5,  where chemistry is exposed, to probe the architecture of the 

transition state. Knowledge of the enzyme transition state may facilitate development of 

tight-binding inhibitors, which may in turn drive development of novel antimicrobial  

agents196.  
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Chapter 7 Conclusions and outlook 

The first aim of this work was to propose a mechanism of allosteric activation of PaHisGS 

by PaHisZ. Chapters 3 and 4 of this work represent the most detailed kinetic 

characterisation of a short-form ATPPRT to date. In Chapter 3, it was demonstrated that 

PaHisGS  operates via a steady-state ordered mechanism with PRPP as the first substrate 

to bind and PRATP as the last substrate to leave the active site. Further kinetic 

characterisation demonstrated that allosteric activation of PaHisGS by PaHisZ shifts the 

rate-limiting step from interconversion between ternary complexes to product release. 

Based on these observations, it was hypothesised that PaHisZ may increase the rate of 

interconversion between ternary complexes by narrowing the conformational landscape 

of PaHisGS such that conformations with R56 in position to stabilise the pyrophosphate 

leaving group are sampled more frequently. In Chapter 4, it was demonstrated that R56A 

and R32A variants of PaHisGs are catalytically impaired. Catalytic impairment of R56A-

PaHisGs is consistent with the proposed mechanism of allosteric activation. 

Unexpectedly, the activity of catalytically impaired R56A and R32A PaHisGS was 

mostly restored by addition of the allosteric activator PaHisZ. It was demonstrated that 

the rate-limiting step of allosterically rescued R32A and R56A PaATPPRT included 

contributions from chemistry. This finding linked these arginine residues to the chemical 

step of catalysis. Molecular dynamics simulations carried out by Dr Marina Corbella 

indicated in the presence of PaHisZ, R32 can somewhat compensate for the loss of R56. 

An R32A/R56A/K57A variant of PaHisGS was constructed to test this hypothesis. 

R32A/R56A/K57A PaHisGS was severely catalytically impaired and activity was not 

restored in the presence of PaHisZ. This finding suggests at least one of R32 and R56 is 

required for catalysis by PaATPPRT. Thus, the hypothesis for allosteric activation was 

refined to PaHisZ increasing the rate of interconversion between ternary complexes by 

narrowing the protein conformational landscape in order that conformations with R32 

and/or R56 in position to stabilise the pyrophosphate leaving group are sampled more 

frequently. 

The mechanism of allosteric activation proposed in this work is consistent with 

contemporary conceptualisations of catalysis and allostery which emphasise 

contributions from protein dynamics145,146,169,172–174. A deeper understanding of the 
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contributions of protein dynamics to allostery and catalysis has the potential to accelerate 

rational evolution of existing enzymes and de novo design of enzymes with novel 

functions not found in nature. Recent studies of Kemp eliminase variants allude to the 

potential for improved success in de novo enzyme design by targeting the conformational 

dynamics of the transition-state ensemble173,174. For ATPPRT specifically, the work 

reported here suggests that efforts to engineer a constitutively activated short-form HisGS 

free from histidine feedback inhibition for industrial histidine biosynthesis should seek to 

introduce mutations which narrow the conformational sampling of the A45-V67 loop. 

This work will be continued by the da Silva and the Kamerlin Laboratories.  

So far, the molecular mechanism underpinning histidine inhibition of a HisGS-type 

ATPPRTs has not been determined. It has been demonstrated by pre-steady-state kinetics 

that histidine traps ATPPRT from P. arcticus in an inactive form44. It is possible that 

binding of histidine to PaHisZ disrupts the conformational sampling of R32 and R56. 

PaATPPRT is primed for further dynamics studies to investigate the effect of histidine 

binding to PaHisZ on R32 and R56 conformational sampling. Additional characterisation 

of the conformational ensemble of PaHisGS in the presence and absence of PaHisZ by 

NMR or single molecule FRET (Fӧrester resonance energy transfer) may yield insights 

into the population of conformations and the rate of interconversion between 

conformations. 

The second aim of this work was to initiate biochemical characterisation of AbHisIE with 

a view towards inhibitor development. In Chapter 6, AbHisIE was successfully produced 

and kinetically characterised. A brief analysis of the rate-limiting steps of AbHisIE was 

performed which indicated that a step after the main chemical event catalysed by AbHisI, 

i.e. collapse of the tetrahedral intermediate and severing of the C6-N1 bond, but before 

diffusion of product off the enzyme is rate-limiting. This work is the first reported kinetic 

analysis of bifunctional HisIE and has paved the way for future work in the da Silva 

Laboratory seeking to further characterise the catalytic mechanisms of AbHisE and 

AbHisI.  

Determining the crystal structure of AbHisIE in the presence of substrate analogues may 

elucidate key residues for substrate binding and guide inhibitor development. For further 

biochemical characterisation of HisIE, it is advantageous to reduce the kinetic complexity 
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of the system by studying isolated AbHisI and AbHisE domains. Both domains have now 

been successfully produced. Ennio Pečaver, a BSc student in the da Silva Laboratory 

demonstrated that the isolated AbHisE domain is catalytically active in the absence of 

AbHisI. The steady-state kinetic parameters of AbHisI will be determined upon isolation 

of the pathway intermediate PRAMP. Further solvent isotope effect studies of the isolated 

AbHisI and AbHisE domains may resolve which proton transfers are contributing to the 

overall solvent kinetic isotope effect observed on AbHisIE. Additional kinetic isotope 

effect studies with isotopically labelled substrates at pH < 7.5 may probe the architecture 

of the transition state. Knowledge of the enzyme transition state has the potential to drive 

development of tight-binding inhibitors196 

In summary, the work reported in this thesis furthers understanding of the catalytic and 

regulatory mechanisms of the enzymes underpinning the first three steps of the histidine 

biosynthetic pathway. This work has the potential to drive the development of improved 

biocatalysts for efficient production of histidine and has primed AbHisIE for further 

studies with a view towards novel antimicrobial development. 
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ABSTRACT: Short-form ATP phosphoribosyltransferase
(ATPPRT) is a hetero-octameric allosteric enzyme comprising
four catalytic subunits (HisGS) and four regulatory subunits
(HisZ). ATPPRT catalyzes the Mg2+-dependent condensation of
ATP and 5-phospho-α-D-ribosyl-1-pyrophosphate (PRPP) to
generate N1-(5-phospho-β-D-ribosyl)-ATP (PRATP) and pyro-
phosphate, the first reaction of histidine biosynthesis. While HisGS
is catalytically active on its own, its activity is allosterically
enhanced by HisZ in the absence of histidine. In the presence of
histidine, HisZ mediates allosteric inhibition of ATPPRT. Here,
initial velocity patterns, isothermal titration calorimetry, and differential scanning fluorimetry establish a distinct kinetic
mechanism for ATPPRT where PRPP is the first substrate to bind. AMP is an inhibitor of HisGS, but steady-state kinetics and
31P NMR spectroscopy demonstrate that ADP is an alternative substrate. Replacement of Mg2+ by Mn2+ enhances catalysis by
HisGS but not by the holoenzyme, suggesting different rate-limiting steps for nonactivated and activated enzyme forms. Density
functional theory calculations posit an SN2-like transition state stabilized by two equivalents of the metal ion. Natural bond
orbital charge analysis points to Mn2+ increasing HisGS reaction rate via more efficient charge stabilization at the transition state.
High solvent viscosity increases HisGS’s catalytic rate, but decreases the hetero-octamer’s, indicating that chemistry and product
release are rate-limiting for HisGS and ATPPRT, respectively. This is confirmed by pre-steady-state kinetics, with a burst in
product formation observed with the hetero-octamer but not with HisGS. These results are consistent with an activation
mechanism whereby HisZ binding leads to a more active conformation of HisGS, accelerating chemistry beyond the product
release rate.

Allosteric control of catalysis is a widespread strategy
evolved in biosynthetic pathways.1−4 The modulation of

biochemical pathways for synthetic biology applications often
requires overcoming or manipulating allosteric regulation.5,6

Furthermore, allosteric sites provide a more selective avenue
for drug design in comparison with active sites, which tend to
be more conserved.3,7,8 Accordingly, the elucidation of
allosteric mechanisms in multiprotein enzymatic complexes
paves the way for future therapeutic and biotechnological
applications.
The allosteric enzyme adenosine 5′-triphosphate phosphor-

ibosyltransferase (ATPPRT) (EC 2.4.2.17), responsible for the
first and flux-controlling step in histidine biosynthesis,9 is a
potential drug target in some pathogenic organisms,8,10−12 the
focus of synthetic biology endeavors to harness the histidine
biosynthetic pathway for histidine production in bacteria,6,13,14

and a model system for the study of allosteric regulation of
catalysis.3,8,15,16

ATPPRT catalyzes the Mg2+-dependent and reversible
nucleophilic substitution of adenosine 5′-triphosphate (ATP)
N1 on 5-phospho-α-D-ribosyl-1-pyrophosphate (PRPP) C1 to
generate N1-(5-phospho-β-D-ribosyl)-ATP (PRATP) and

inorganic pyrophosphate (PPi) (Scheme 1),9 with the chemical
equilibrium highly displaced toward reactants.17 The metabolic
status of the cell regulates ATPPRT activity via allosteric
inhibition by histidine9,18 and orthosteric inhibition by
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Scheme 1. ATPPRT-Catalyzed Nucleophilic Substitution
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adenosine 5′-monophosphate (AMP).19 Intriguingly, orthos-
teric inhibition by adenosine 5′-diphosphate (ADP) is also
reported.19

The hisG gene encodes two forms of ATPPRT. Most
histidine-synthesizing organisms possess a long-form of the
protein, HisGL,

16,20 a homohexamer with each subunit
consisting of two N-terminal catalytic domains and a C-
terminal allosteric domain responsible for histidine inhib-
ition.11 HisGL ATPPRTs operate by a steady-state ordered
kinetic mechanism where ATP is the first substrate to bind to,
and PRATP the last product to dissociate from, the
enzyme.21,22

Archaea and some eubacteria have instead a short-form of
the protein, HisGS,

23,24 a homodimer with each subunit
comprising two catalytic domains homologous to HisGL’s, but
lacking the C-terminal allosteric domain.20,25 Thus, HisGS is
catalytically active on its own but insensitive to inhibition by
histidine.20,26 HisGS binds HisZ, the product of the hisZ gene,
a catalytically inactive paralogue of histidyl-tRNA synthetase,23

forming the hetero-octameric ATPPRT holoenzyme, where
two HisGS dimers flank a HisZ tetramer.24,26,27 HisZ has two
distinct allosteric functions: in the absence of histidine, it
activates catalysis by HisGS, and in the presence of histidine, it
binds the final product of the pathway and mediates allosteric
inhibition of HisGS.

20,24,26,28 The kinetic mechanism of HisGS
ATPPRTs has not been investigated, but recent crystal
structures suggest that the order of substrate binding may be
different from HisGL’s.

29 Moreover, little is known about the
kinetics of allosteric activation.
We recently reported several crystal structures of the

psychrophilic bacterium Psychrobacter arcticus dimeric HisGS
(PaHisGS) and hetero-octameric ATPPRT holoenzyme
(PaATPPRT),26,29 from which an activation mechanism was
inferred that involves tightening of the PaHisGS dimer in the
hetero-octamer when both substrates are bound (Figure 1),
which facilitates leaving group stabilization at the transition
state.29 Here we employ initial rate studies, isothermal titration
calorimetry (ITC), differential scanning fluorimetry (DSF), 31P
nuclear magnetic resonance (31P NMR), liquid chromatog-

raphy−mass spectrometry (LC-MS), density functional theory,
solvent viscosity effects, and pre-steady-state kinetics to unveil
a distinct kinetic mechanism for PaATPPRT, the role of ADP
as a substrate instead of an inhibitor, the basis for charge-
stabilization at the transition state, and a shift in the rate-liming
step upon allosteric activation of the enzyme.

■ MATERIALS AND METHODS
Materials. ATP, PRPP, PPi, AMP, ADP, MgCl2, MnCl2,

D2O (99.9 atom % deuterium), tricine, dithiothreitol (DTT),
and glycerol were purchased from Sigma-Aldrich. All other
chemicals were purchased from readily available commercial
sources, and all chemicals were used without further
purification. PaHisGS, PaHisZ, Mycobacterium tuberculosis
pyrophosphatase (MtPPase), and tobacco etch virus protease
were obtained as previously published.26 PRATP was produced
as previously described.29

PaHisGS and PaATPPRT Activity Assay. All assays were
performed under initial rate conditions in the forward direction
at 20 °C as previously described26 by monitoring the increase
in absorbance at 290 nm due to formation of PRATP (ε290 nm
= 3600 M−1 cm−1)30 in 1 cm path length quartz cuvettes
(Hellma) in a Shimadzu UV-2600 spectrophotometer. Unless
stated otherwise, for PaHisGS activity, PaHisGS concentration
was 2.2 μM, and for PaATPPRT activity, PaHisGS and PaHisZ
concentrations were 0.38 and 15 μM, respectively. Reactions
were started by addition of PRPP. Control reactions lacked
either ATP, PRPP, PaHisGS, or PaHisZ. In all kinetic
experiments under the various different conditions described
below, controls were carried out to ensure that the rate did not
depend on MtPPase. Kinetic measurements were performed at
least in duplicates unless stated otherwise.

PaATPPRT Equilibrium Dissociation Constant (KD) in
Glycerol. Initial velocities were measured in the presence of
5.6 mM ATP, 2 mM PRPP, 0.38 μM PaHisGS, and varying
concentrations of PaHisZ (0.9−8.5 μM) in 0%, (0.5−16.3
μM) in 18% and 27% glycerol (v/v). PaHisZ-PaHisGS KD
values were obtained by fitting initial rate data to a kinetic
equation (vide inf ra) as previously reported.26

PaATPPRT and PaHisGS Saturation Kinetics with ATP
and PRPP. PaATPPRT initial rates were measured at
saturating concentrations of one substrate and varying
concentrations of the other, either ATP (0.4−5.6 mM) or
PRPP (0.1−2.0 mM). Initial rates for PaHisGS were
determined at saturating concentrations of one substrate and
varying concentrations of the other, either ATP (either 0.4−
2.8 or 0.4−5.6 mM) or PRPP (0.1−2.0 mM).

PaATPPRT and PaHisGS Saturation Kinetics with
MnCl2. PaATPPRT initial rates were measured at saturating
concentrations of one substrate and varying concentrations of
the other, either ATP (0.1−1.4 mM) or PRPP (0.1−2.0 mM),
while initial rates for PaHisGS (1.1 μM) were determined at
saturating concentrations of one substrate and varying
concentrations of the other, either ATP (0.1−1.4 mM) or
PRPP (0.05−2.0 mM), in the presence of 15 mM MnCl2
instead of MgCl2.

Analysis of PaHisGS Reaction with MnCl2 by LC-MS.
Reaction mixtures (500 μL) contained 100 mM tricine pH 8.5,
100 mM KCl, 4 mM DTT, 15 mM MnCl2, 19.7 μM MtPPase,
1.4 mM ATP, 2.0 mM PRPP, and 10.3 μM PaHisGS. Reactions
were incubated for 1 h at 20 °C, after which proteins were
removed by passage through 10000 MWCO Vivaspin
centrifugal concentrators. Reactions were run in duplicate,

Figure 1. PaHisGS and PaATPPRT quaternary structures and
allosteric activation. (A) PaATPPRT hetero-octamer, where catalysis
is enhanced. The second PaHisGS homodimer is behind the PaHisZ
tetramer. (B) Nonactivated PaHisGS homodimer and (C) overlay of
activated and nonactivated PaHisGS dimers. In all structures, PaHisGS
is bound to PRPP, ATP, and Mg2+.29
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and control reactions lacked PaHisGS. LC-MS analysis of the
protein-free reaction mixtures was performed on an EC250/4.6
Nucleodur 100−10 C18 ec HPLC column (10 μm × 4.6 mm
× 250 mm) (Macherey-Nagel) in a 1260 infinity HPLC system
coupled to a G6130B Single Quadrupole mass spectrometer
(Agilent Technologies). Separation of PRATP and ATP was
carried out in (A) 50 mM triethylamine-acetic acid pH 7.4 and
(B) methanol as a mobile phase in the following sequence: 0−
3 min 100% A, 3−3.1 min 90% A and 10% B, 3.1−12 min 80%
A and 20% B at a flow rate of 1 mL min−1, with UV absorbance
monitored at 260 and 290 nm. Electrospray ionization-mass
spectrometry (ESI-MS) data were acquired in negative mode
with a capillary voltage of 4500 V.
PaATPPRT and PaHisGS Saturation Kinetics in

Glycerol. PaATPPRT and PaHisGS initial rates were
measured at saturating concentrations of one substrate and
varying concentrations of the other, either ATP (0.4−5.6 mM)
or PRPP (0.1−2.0 mM), in the presence of 0%, 18%, and 27%
glycerol (v/v).
PaHisGS Inhibition by AMP. The half-maximal inhibitory

concentration of AMP was determined by measuring initial
rates for PaHisGS (4.5 μM) in the presence of 5.6 mM ATP, 2
mM PRPP, and varying concentrations of AMP (0−0.8 mM).
The inhibition mechanism was investigated by measuring
initial rates for PaHisGS (4.5 μM) at saturating concentrations
of one substrate and varying concentrations of the other, either
ATP (0.4−5.6 mM) with different concentrations of AMP (0−
0.1 mM) or PRPP (0.1−2.0 mM) with different concentrations
of AMP (0−0.05 mM). PaHisGS concentration was more than
4-fold higher than the lowest AMP concentration used, and
pseudo-first-order approximation was assumed.
PaHisGS Saturation Kinetics with ADP and PRPP.

Initial rates for PaHisGS were determined at saturating
concentrations of one substrate and varying concentrations
of the other, either ADP (0.4−5.6 mM) or PRPP (0.1−2.0
mM).
Comparison of PaHisGS Reactions with ADP and ATP

by 31P NMR Spectroscopy. Analysis of PaHisGS reactions by
31P NMR spectroscopy was carried out as previously
described,26 except that PaHisGS concentration was 10.3 μM
and ADP replaced ATP in half of the reactions. All reactions
were run in duplicate, and control reactions lacked PaHisGS.
PaATPPRT and PaHisGS Initial Velocity Patterns. Initial

rates for PaATPPRT were measured in the presence of varying
ATP (0.4−5.6 mM) and PRPP (0.1−2.0 mM), with 1 μM
PaHisGS and 20 μM PaHisZ. Initial rates for PaHisGS were
determined in the presence of varying ATP (0.2−2.8 mM) and
PRPP (0.1−2.0 mM). Measurements were performed in
quadruplicates.
PaHisGS Binding by ITC. ITC measurements were carried

out at 20 °C in a MicroCal PEAQ-ITC calorimeter (Malvern
Instruments). Protein and ligand were solubilized in the same
ATPPRT assay buffer. After a small injection of 0.4 μL, 18
successive injections of 2 μL of ligand (either 0.8 mM PRPP or
10 mM ATP) were made into 300 μL of 50 μM PaHisGS, with
150-s intervals between successive injections and a reference
power of 10 μcal s−1. Heat of dilution for each experiment was
measured by titrating ligand into assay buffer, and subtracted
from the corresponding binding curve. All measurements were
performed in duplicate. Data for PRPP binding were fitted to a
single-site binding model as implemented in the PEAQ-ITC
analysis software (Malvern Instruments).

PaHisGS Thermal Denaturation by DSF. DSF measure-
ments (λex = 490 nm, λem 610 nm) were performed in 96-well
plates on a Stratagene Mx3005p instrument. Thermal
denaturation assays (50 μL) for 7.5 μM PaHisGS were
measured in the presence and absence of ligands (6 mM ATP,
2 mM PRPP, 208 μM PRATP, 3.6 mM PPi), with or without
22% glycerol (v/v) (apoenzyme) in 100 mM tricine, 100 mM
KCl, 4 mM DTT and 15 mM MgCl2 pH 8.5. The assay for
apoenzyme was also performed in 10 mM KH2PO4, 10 mM
KF pH 8.0. Sypro Orange (5×) (Invitrogen) was added to all
wells. Thermal denaturation curves were recorded over a
temperature range from 25−93 °C with 1 °C min−1

increments. Control curves lacked enzyme and were subtracted
from curves containing enzyme. All measurements were carried
out in triplicate.

Density Functional Theory Calculations. Theoretical
structures were derived from B3LYP calculations using a 6-
31G* basis set with a Lanl2DZ basis set on Mg2+ and Mn2+

and a Lanl2DZ pseudopotential added to Mg2+ and Mn2+ as
implemented in Gaussian 09.31 A model system was chosen by
including all residues within 5 Å of ADP and PRPP in the
crystallographic dimer of the PaHisGS-PRPP-Mg-ADP com-
plex crystal structure29 and by flipping the adenine ring from
its crystal structure orientation to bring N1 in proximity to
PRPP. The system was further paired down to include only
functional groups, metal ions and water molecules within the
5-Å cutoff that were essential for stabilization of the transition
structure. In addition to the divalent metal found in the crystal
structure, a second divalent metal had to be included in the
system for a transition structure to be located. Initial searches
exploring structures with fixed distances along the reaction
coordinate were located by performing an optimization of an
input structure with the key bond-forming or bond-breaking
distances held constant, and frequency calculations resulted in
only one imaginary frequency along the reaction coordinate.
Final transition structures for the system complexed with either
Mg2+ or Mn2+ were located as stationary points with no
geometrical constrains and exhibit only one imaginary
frequency along the reaction coordinate. Coordinates for all
optimized structures are available in the Supporting
Information.

Pre-Steady-State Kinetics. Approach to steady-state in
PaHisGS and PaATPPRT reactions was investigated under
multiple-turnover conditions by monitoring the increase in
absorbance at 290 nm upon PRATP formation at 20 °C in an
Applied Photophysics SX-20 stopped-flow spectrophotometer
outfitted with a 5 μL mixing cell (0.5 cm path length and 0.9
ms dead-time). Each syringe contained 100 mM tricine pH 8.5,
100 mM KCl, 4 mM DTT, 15 mM MgCl2, and 20 μM
MtPPase. In addition, one syringe carried 40 μM PaHisGS
(with or without 100 μM PaHisZ) and 4 mM PRPP, while the
other carried 11.2 mM ATP. Reaction was triggered by rapidly
mixing 55 μL from each syringe. Absorbance increase with
PaHisGS was monitored in a linear-time base for 5 s with 5000
data points collected, and with PaATPPRT, in a split-time base
for 2 s, with 4000 data points collected in the first 0.2 s and
4000 in the following 1.8 s. At least 8 traces were acquired for
each enzyme, and controls lacked PRPP.

Data Analysis of Kinetics and Thermal Denaturation.
Kinetic and DSF data were analyzed by the nonlinear
regression function of SigmaPlot 13 (SPSS Inc.). Data points
and error bars in graphs are represented as mean ± standard
error, and kinetic and equilibrium constants are presented as
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mean ± fitting error. Initial rate data with varying
concentrations of PaHisZ were fitted to eq 1. The
concentration of PaATPPRT at any concentration of PaHisGS
and PaHisZ was calculated according to eq 2. Substrate
saturation data were fitted to eq 3. Inhibition data at fixed
substrate concentrations were fitted to eq 4, and competitive
inhibition data were fitted to eq 5. Initial velocity patterns were
fitted to eq 6, and pre-steady-state kinetics under multiple-
turnover conditions was fitted to eq 7. In eqs 1−7, v is the
initial rate, Vmax is the maximal velocity, G is the concentration
of PaHisGS, Z is the concentration of PaHisZ, KD is the
equilibrium dissociation constant, PaATPPRT is the concen-
tration of PaHisGS-PaHisZ complex, S is the concentration of
the varying substrate, kcat is the steady-state turnover number,
KM is the apparent Michaelis constant, ET is total enzyme
concentration, vi is the initial rate in the presence of inhibitor,
IC50 is the half-maximal inhibitory concentration, Ki is the
inhibitor dissociation constant, A and B are the first and
second substrates to bind to the enzyme, respectively, Ka and
Kb are their respective Michaelis constants, Kia is the apparent
dissociation constant for the complex between enzyme and
substrate A when the concentration of B approaches zero, t is
time, P(t) is product concentration at time t, A0 is the
amplitude of the burst phase, and kburst is the first-order rate
constant of product formation in the burst phase. DSF thermal
denaturation data were fitted to eq 8,32 where FU is fraction
unfolded, T is the temperature in °C, Tm is the melting
temperature, c is the slope of the transition region, and LL and
UL are folded and unfolded baselines, respectively.

=
+ + − + + −

v V
G Z K G Z K GZ

G
( ) ( ) 4

2max
D D

2

(1)

=
+ + − + + −

Pa

G Z K G Z K GZ

ATPPRT

( ) ( ) 4

2
D D

2

(2)

=
+

v
E

k S
K ST

cat

M (3)

=
+

v
v

1
1 I

i

IC50 (4)

=
+ +

v
E

k S
K S(1 )I

KT

cat

Mi (5)

=
+ + +

v
E

k AB
K K K B K A ABT

cat

ia b a b (6)

= − +−P t A vt( ) (1 e )k t
0

burst (7)

= + −
+ −F LL
UL LL

1 e T T cU ( )/m (8)

■ RESULTS AND DISCUSSION
PaHisGS and PaATPPRT Kinetic Mechanism. A steady-

state ordered kinetic mechanism in which ATP is the first
substrate to bind to the enzyme, and PRATP is the last
product to dissociate from it, has long been demonstrated for
HisGL ATPPRTs.

21,22 This mechanism has been supported by

several structures of Campylobacter jejuni and M. tuberculosis
ATPPRT-ATP binary complexes,10,16 and by the recent
structure of the C. jejuni ATPPRT catalytic core in complex
with PRPP, where despite being able to bind to the free
enzyme, PRPP drifts into the ATP binding site, which would
lead to a dead-end complex.33 The kinetic mechanism of
HisGS ATPPRTs, on the other hand, has not been explored.
We recently published the crystal structures of PaHisGS and
PaATPPRT in binary complexes with PRPP and PRATP, and
in ternary complexes with PRPP-ATP, but were unable to
obtain structures of enzyme-ATP binary complexes, suggesting
a reverse order of substrate binding in comparison with HisGL
ATPPRTs.29

To test this hypothesis, the kinetic mechanism of PaHisGS
and PaATPPRT was investigated. Intersecting patterns of
double-reciprocal plots with both ATP and PRPP in initial
velocity studies were determined for PaATPPRT (Figure
2A,B) and PaHisGS (Figure 2C,D), indicating a ternary

complex is formed in a sequential mechanism. The double-
reciprocal plots intersecting to the left of the y-axes rule out a
rapid equilibrium ordered mechanism.34 Fitting the data to eq
6 (Figure 2E,F) yielded steady-state kinetic parameters
summarized in Table S1.
Binding studies were performed with PaHisGS to elucidate

the substrate binding order. Binding of PRPP to PaHisGS was
detected by ITC (Figure S1), and fitting the data from two
independent experiments to a single-site binding model
(stoichiometry of 1:1 and no cooperativity) resulted in KD's
of 15.4 ± 0.2 and 8.3 ± 0.1 μM (one from each experiment,
yielding a mean ± SE of 12 ± 2 μM). ATP binding to
PaHisGS, on the other hand, could not be detected, as no
signal was observed beyond heat of dilution (Figure S2). This

Figure 2. Initial velocity patterns for PaATPPRT and PaHisGS.
Intersecting double-reciprocal plots for PaATPPRT with (A) ATP
and (B) PRPP as varying substrates and for PaHisGS with (C) ATP
and (D) PRPP as varying substrates. Each color represents a different
fixed concentration of the cosubstrate. Data points are mean ± SE.
Three-dimensional plot of (E) PaATPPRT and (F) PaHisGS initial
rate data, where lines are data fitting to eq 6.
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corroborates the hypothesis that PRPP can bind to the free
enzyme, while ATP cannot.
To confirm and expand these results, PaHisGS thermal

denaturation curves in the presence and absence of substrates
and products were determined by DSF (Figure 3), and data

fitting to eq 8 produced Tm’s shown in Table S2. PRPP and
PRATP increased PaHisGS Tm by 6 and 5 °C, respectively,
indicating that these molecules can bind to the free enzyme.
Conversely, ATP and PPi did not alter PaHisGS Tm. The latter
observation alone does not necessarily rule out the possibility
that ATP and PPi can bind to the free enzyme, but the
integration of crystallography,29 initial velocity patterns, ITC,
and DSF data supports a steady-state ordered mechanism
where PRPP is the first substrate to bind to PaHisGS and
PRATP is the last product to dissociate from it. The strong
parallels in corresponding binding modes seen in the PaHisGS
and PaATPPRT crystal structures29 suggest that PaATPPRT
follows the same mechanism. Moreover, given the conservation
of PRPP position in PaATPPRT29 and Lactococcus lactis
ATPPRT binary complexes,27 this mechanism may be valid for
other HisGS ATPPRTs.
AMP Is an Inhibitor of PaHisGS. AMP is a competitive

inhibitor of HisGL ATPPRTs against both substrates,16,19

which is explained structurally by the simultaneous partial
occupation of the PRPP and ATP binding sites by AMP’s
phosphoribosyl and adenine moieties, respectively.11,16,35 AMP
is also a competitive inhibitor against PRPP in L. lactis
ATPPRT,28 and the recent crystal structure of the PaHisGS-
AMP complex shows a similar binding mode as in HisGL
ATPPRTs.11,16,29,35 AMP inhibits PaHisGS with an IC50 of 79
± 6 μM (Figure S3A), and inhibition is competitive against
both PRPP and ATP, with Ki’s of 25 ± 5 and 52 ± 8 μM,
respectively (Figure S3B,C). These values are on average ca. 7-
and 10-fold lower than those for HisGL ATPPRTs,16,19 and
over 27-fold lower than that for L. lactis ATPPRT,28 suggesting
PaHisGS activity is more stringently regulated by this
metabolite.
ADP Is a Substrate for PaHisGS. ADP has been shown to

be an inhibitor of HisGL ATPPRTs.19 However, crystal
structures of PaHisGS and PaATPPRT in complex with
PRPP-ADP reveal that ADP binds in the same manner as
ATP.29 In order to evaluate the ability of PaHisGS to use ADP
as a substrate, we compared the reactions with ADP and ATP
by 31P NMR spectroscopy (Figure S4). The spectra of
reactions containing ADP (Figure S4A) and ATP (Figure
S4C) are similar except for the peak at −19.2 to −19.4
corresponding to the γ-PO4

2− phosphorus of ATP and PRATP,
since this group is absent in ADP and N1-(5-phospho-β-D-

ribosyl)-ADP (PRADP). Spectra for both reactions differ from
the controls lacking PaHisGS (Figure S4B,D). The character-
istic peak at ca. 3.3 ppm corresponding to the phosphorus in
the N1-5-phospho-β-D-ribose moiety of the product26 is
present in the reaction spectra with ADP (Figure S4A, inset)
and ATP (Figure S4C, inset), and absent in the controls
(Figure S4B,D, insets), establishing that ADP can replace ATP
as a substrate for PaHisGS.
For a quantitative comparison of the reactions with ATP and

ADP, steady-state kinetic analysis of the reaction with either
substrate was carried out (Figure 4) and kinetic parameters are

summarized in Table S3. Values of kcat are the same within
error with either ATP or ADP as a substrate, indicating that
once saturated PaHisGS turns over ATP and ADP just as
effectively. The main difference is in the KM for ADP, which is
over 3-fold that for ATP, suggesting some small loss of affinity
for the steady-state with ADP.

PaHisGS and PaATPPRT Kinetics with Mn2+. Replace-
ment of Mg2+ by Mn2+ is a common strategy in enzymology,36

having been employed to uncover rate-limiting steps in
reactions involving stabilization of phosphate groups.37

HisGL ATPPRTs have been reported to have their activities
either unaltered or decreased by changing the divalent metal in
the reaction from the physiological Mg2+ to Mn2+, but no
mechanistic inference has been drawn.17,38 To evaluate the
effect of Mn2+ on a HisGS enzyme, saturation curves for
PaHisGS and PaATPPRT with either divalent metal were
determined (Figure 5), and kinetic constants are displayed in
Table S4. Mn2+ led to 2.6- and 11-fold increases in PaHisGS
kcat and kcat/KM

ATP, respectively, as compared with Mg2+. The
change in kcat/KM

ATP was driven in large part by a reduction in
KM

ATP. LC-MS analysis of the PaHisGS reaction with Mn2+

confirmed the same product, PRATP, was being formed
(Figure S5).
In contrast to PaHisGS, steady-state constants for

PaATPPRT were unchanged by Mn2+, except for a 2.9-fold
increase in kcat/KM

ATP owing to a reduction in KM
ATP. These

results raise the possibility that PaHisGS and PaATPPRT
reactions have distinct rate-limiting steps. Crystal structures of
PaHisGS and PaATPPRT with various ligands do not depict
any specific interaction between Mg2+ and the enzyme,29

raising the possibility the off-rates of products from the active
site might not be affected by the nature of the metal ion. It is
possible, nonetheless, that a solution metal stabilizes charges of
either PRATP or PPi concomitantly with product release from
the enzyme. The metal ion seen in the structures acts as a
Lewis acid to stabilize negative charges in the Michaelis
complex upon binding of ATP, with a putative second metal

Figure 3. DSF-based thermal denaturation of PaHisGS apoenzyme
and in the presence of substrates and products. Thin black lines are
data fitting to eq 8.

Figure 4. PaHisGS substrate saturation curves with either ATP
(green) or ADP (blue) as a substrate. (A) Varying PRPP
concentration with saturating concentration of the nucleotide. (B)
Varying the nucleotide concentration with saturating concentration of
PRPP. Data points are mean ± SE, and lines are data fitting to eq 3.
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ion likely present at the transition state to facilitate departure
of the PPi leaving group.29 Thus, one might expect Mn2+ to
increase the reaction rate if rate-limiting steps are located
between ATP binding to the enzyme-PRPP complex and
product formation, since a stronger Lewis acid would facilitate
catalysis by stabilizing charges more efficiently. The kinetic
constants affected would be kcat and kcat/KM

ATP, which is
exactly what is observed with PaHisGS. If, on the other hand,
ternary complex formation played a minor role in limiting the
reaction rate, chemistry was fast, and product release was the
slowest step, a modest increase in kcat/KM

ATP only would be
expected, which is the case with PaATPPRT.

A Transition-State Hypothesis for the PaHisGS
Reaction. An SN1-like, DN*AN

‡39,40 transition-state structure
has recently been proposed for C. jejuni and M. tuberculosis
(HisGL) and L. lactis (HisGS) ATPPRT-catalyzed reaction
based on kinetic isotope effects and computational chemistry,
using a simplified model of the reaction for density functional
theory calculations.10 Having established that PaHisGS utilizes
ADP as a substrate with a similar kcat as it does ATP (Table
S3), the crystal structure of the PaHisGS-PRPP-Mg-ADP
Michaelis complex29 served as a starting point for density
functional theory calculations in order to find a theoretical
transition state for the reaction that includes not only the full
substrates but also several active-site residue side-chain
surrogates and water molecules essential to stabilize the
system, with either Mg2+ or Mn2+ as the metal ion (Figure 6).
Transition structures were located as stationary points (i.e.,
without any constraints on distances or dihedral angles) and
possess only one imaginary frequency reflecting vibration along
the N1−C1−O1 axis. Inclusion of a second equivalent of the
divalent metal ion to stabilize the departing PPi leaving group
was essential to locate transition structures, lending support to
a recent proposal based on the crystal structures of PaHisGS
and PaATPPRT Michaelis complexes29 and the transition
structures of other phosphoribosyltransferases.41

The optimized structures indicate an SN2-like, almost
synchronous ANDN transition state is possible for the
PaHisGS-catalyzed reaction with either Mg2+ (Figure 6A) or
Mn2+ (Figure 6B) as a Lewis acid. The 6-NH2 group of ADP is
protonated in all transition structures and is likely to lose a
proton to form the 6-NH group of PRADP only after the
nucleophilic substitution is complete, as recently hypothe-
sized.29 Nucleophilic attack occurs from the charge-neutral
resonance structure of adenine in which N1 has transiently a
negative charge due to electron donation from N6. This
natural resonance structure represents 6.64% of the distribu-

Figure 5. Steady-state kinetics with Mg2+ (green) and Mn2+ (blue).
Saturation curves varying either PRPP or ATP concentration with
saturating concentration of the cosubstrate for (A and B) PaHisGS
and (C and D) PaATPPRT. Data points are mean ± SE, and lines are
data fitting to eq 3.

Figure 6. Transition-state model for the PaHisGS-catalyzed reaction. (A) Transition structure with magnesium, (B) transition structure with
manganese, and (C) overlay of the transition structures with magnesium and manganese. Substrates are represented as stick models, side-chain
mimics as wireframe, and metal ions and water oxygens as spheres. Carbon is in either cyan or yellow for substrates and in gray for side-chain
mimics, with oxygen in red, nitrogen in blue, phosphorus in orange, magnesium in green, and manganese in purple. Hydrogens are omitted for
simplicity. Partial bonds and metal ion coordination bonds are represented by dashed lines. Distances are shown for the N1−C1 and the C1−O1
bonds. Key residue side-chain mimics are labeled, and the prime denotes a residue of the adjacent subunit in the PaHisGS dimer.29
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tion of adenine resonances.42 The ANDN transition state
located here contrasts with the DN*AN

‡ one proposed for
HisGL and HisGS ATPPRT reaction.10 This would mean that
different orthologues of ATPPRT catalyze the same reaction
via different transition states, which is not uncommon in
ribosyl-transfer reactions. For instance, distinct transition-state
models based on kinetic isotope effects and density functional
theory have been suggested for bovine and human purine
nucleoside phosphorylases,43,44 and for wild-type and mutant
human purine nucleoside phosphorylases.43,45 Kinetic isotope
effect measurements for PaHisGS could test the ANDN
transition-state hypothesis put forth in this work.
Overlay of the transition structures with Mg2+ and Mn2+

demonstrates an almost identical arrangement (Figure 6C),
indicating transition-state geometry cannot explain the
discrimination in PaHisGS reactivity between the metal ions.
Natural bond orbital (NBO) analysis of the transition
structures, however, revealed significant differences in charge
distribution in the metal ions and the PPi at the transition state
depending on which metal is included (Table S5). Most atoms
have very similar charges in the two transition structures,
except for the metal ions and PPi oxygens. The average charge
of the two magnesium ions at the transition state is 1.439, over
2-fold higher than the average charge of the manganese ions,
0.649. This is due to more efficient attenuation of the negative
charge of the PPi leaving group by Mn2+ through d-orbital
bonding to coordinating oxygens, as shown by orbital
population analysis. As compared with Mg2+, therefore, Mn2+

improves catalysis in the PaHisGS reaction by more effectively
stabilizing the negatively charged leaving group at the
transition state.
Solvent Viscosity Effects on PaHisGS and PaATPPRT

Kinetics. In order to probe further the distinct rate-limiting
steps governing PaHisGS and PaATPPRT catalyses, the effect
of solvent viscosity on reaction rates was evaluated (Figure 7),
and the data are summarized in Tables S6 and S7. Increasing
solvent viscosity by increasing glycerol concentration46 slows
down diffusional steps such as substrate binding and release
and product release, and values of kinetic constants will be
reduced if such steps are rate-limiting.47−49 PaHisGS rate
constants did not decrease with increasing glycerol concen-
tration (Table S6), consistent with diffusional steps not
contributing to limit the reaction rate. Instead, as shown in
Figure 7A and Table S6, glycerol led to an increase in PaHisGS
kcat and kcat/KM

PRPP of up to 2.7- and 2.4-fold, respectively,
while kcat/KM

ATP was only marginally affected. Inverse solvent
viscosity effects generally suggest that a more active dynamic
conformation of the enzyme or the Michaelis complex is
favored at high viscosity.47−49 To rule out the possibility that
glycerol might be affecting the overall stability of the enzyme, a
thermal denaturation curve was determined by DSF in 22%
glycerol (Figure S6), and no difference in Tm was observed in
comparison with that determined without glycerol (Table S2).
Crystal structures of PaHisGS apoenzyme and PaHisGS-PRPP-
ATP were also obtained with and without soaking crystals in
glycerol, and no electron density for glycerol was visualized in
any of the structures.29 This suggests that glycerol is acting as
part of bulk solvent, not as a ligand, but with the caveat that
crystal lattice might have prevented binding.
To assess the effect of solvent viscosity on PaATPPRT, first

the KD for the PaHisGS-PaHisZ complex had to be measured
in glycerol (Figure S7), and data fitting to eq 1 yielded KD’s of
1.3 ± 0.1, 1.1 ± 0.2, and 0.5 ± 0.1 μM in 0%, 18%, and 27%

glycerol, respectively. Knowledge of the KD’s allowed
calculation, using eq 2, of PaATPPRT concentrations at
different glycerol concentrations for measurement of kcat. In
contrast to the effect on PaHisGS, increasing solvent viscosity
resulted in a decrease of up to 2.5-fold in PaATPPRT kcat, with
negligible effects on kcat/KM for either substrate, as shown in
Figure 7B and Table S7. This points to product dissociation
from PaATPPRT as the rate-limiting step in the reaction, as is
the case with HisGL ATPPRTs.

8,50

Burst in Product Formation by PaATPPRT. To glean
additional support for distinct rate-limiting steps controlling
nonactivated and activated PaHisGS reactions, product
formation time courses were monitored under pre-steady-
state conditions for PaHisGS and PaATPPRT (Figure 8).
PRATP formation with PaHisGS varies linearly with time with
a steady-state rate constant of 0.091 ± 0.001 s−1, in reasonable
agreement with kcat (Tables S3, S4, S6). This rules out a slow
step after formation of enzyme-bound products51 and suggests
interconversion between ternary complexes (k5 + k6 in Scheme
2) is rate-limiting.
On the other hand, a burst in PRATP formation precedes

the steady-state with PaATPPRT, and data fitting to eq 7
yielded a kburst of 80 ± 1 s−1, a steady-state rate constant of

Figure 7. Solvent viscosity effects on steady-state kinetics determined
at 0% (green), 18% (pink), and 27% (cyan) glycerol (v/v). (A)
PaHisGS saturation curves (top) and steady-state constants (bottom)
dependence on glycerol concentration. (B) PaATPPRT saturation
curves (top) and steady-state constants (bottom) dependence on
glycerol concentration. Data represent either mean ± SE (scatter
plots) or value ± fitting error (bar plots). Lines are data fitting to eq 3.
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1.11 ± 0.01 s−1, and an A0 of 4.3 μM. This is consistent with a
step after chemistry, likely product release (k′7 in Scheme 2),
limiting the reaction rate,51,52 in agreement with the conclusion
drawn from solvent viscosity effects. M. tuberculosis HisGL
ATPPRT also displays a burst in product formation with a
kburst of 0.67 s−1 at 25 °C.8 Thus, PaATPPRT kburst at 20 °C is
over 119-fold higher than M. tuberculosis HisGL ATPPRT’s at
25 °C, which may be a feature of HisGS ATPPRTs and/or a
consequence of PaATPPRT being psychrophilic.26

The amplitude of the burst phase (A0) generally reflects the
concentration of the Michaelis complex, which at saturating
substrate concentrations could be as high as the concentration
of enzyme.53 The A0 of 4.3 μM is over 4.4-fold lower than the

concentration of PaATPPRT used in the experiment (19 μM).
Two main reasons may account, separately or in combination,
for this result without invoking the unlikely scenario where ca.
75% of enzyme molecules are inactive. First, the enzyme might
not be fully saturated by one or both substrates, which would
also explain the steady-state rate constant being slightly smaller
than the kcat values extrapolated from substrate saturation
curves. This may be the case with the PaHisGS steady-state
rate constant as well. Second, chemical reversibility decreases
A0. Both kburst and A0 are dependent on all rate constants
depicted in Scheme 2, the forward and reverse rate constants
for interconversion between enzyme-bound substrates and
products, k5 and k6, respectively, and the net rate constant for
release of products from the enzyme, k′7, according to eqs 9
and 10.51

= + + ′k k k kburst 5 6 7 (9)

=
+ ′

+ + ′
A

k k k
k k k

( )
( )0

5 6 7

5 6 7
2

(10)

Upon inspection of eqs 9 and 10, one must conclude that
under the most favorable conditions, full expression of A0 can
only occur when chemistry is irreversible (k6 = 0) and much
faster than product release (k5 ≫ k′7). Internal reversibility,
described by the magnitude of k6, will increase kburst while
decreasing A0. Equilibrium in the ATPPRT reaction strongly
favors the reactants,17 making it possible for the crystal
structure of the PaATPPRT-PRPP-ATP ternary-complex to be
attained with wild-type enzyme.29 Hence, k6 is likely to be
much larger than k5, making k6 the main contributor to kburst
and significantly reducing A0 from its theoretical upper limit of
19 μM. Relative contributions of k5 and k6 to kburst and A0
notwithstanding, it is clear that activation of PaHisGS by
PaHisZ switches the rate-limiting step of the reaction from
interconversion between the ternary complexes to product
release.

PaHisZ-Induced Shift in the Rate-Limiting Step. The
results presented here demonstrate that two long-established
mechanistic features of HisGL ATPPRTs, namely, ATP as the
first substrate to bind to the enzyme and ADP as an

Figure 8. Pre-steady-state kinetics with PaATPPRT and PaHisGS,
with a burst in product formation observed with the former but not
the latter. Black lines are data fitting to eq 7 for PaATPPRT and a
linear regression for PaHisGS.

Scheme 2. Interpretation of the Pre-Steady-State of
PaHisGS and PaATPPRT Reactions

Scheme 3. Kinetic Mechanism and Rate-Limiting Steps of PaHisGS (top) and PaATPPRT (bottom) Reactions and the
Corresponding Crystal Structures26,29 a

aThe second PaHisGS homodimers lie behind the PaHisZ tetramers.
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inhibitor,16,19,21,22,33 do not apply to PaHisGS, and possibly
other HisGS ATPPRTs. Providing functional data to support
hypotheses proposed based on extensive crystallography work
on PaHisGS and PaATPPRT,

29 PaHisGS is shown to be able to
replace ATP for ADP as a substrate and to operate by a steady-
state ordered mechanism where PRPP is the first substrate to
bind to the enzyme (Scheme 3). PaHisGS kcat increases when
Mn2+ replaces Mg2+, which can be accounted for owing to
more efficient charge stabilization by Mn2+ upon leaving group
departure at the transition state. The observation that
PaATPPRT steady-state kinetics is unaltered with Mn2+ raises
the possibility of kcat’s for the activated and nonactivated
enzyme forms reporting on distinct steps. This is confirmed by
solvent viscosity effects on steady-state parameters and by pre-
steady-state kinetics under multiple-turnover conditions, which
indicate that interconversion between PaHisGS−PRPP-ATP
and PaHisGS−PRATP-PPi complexes limits the reaction rate
for the nonactivated enzyme, likely with a significant
contribution from chemistry given the effect of Mn2+.
However, allosteric activation by PaHisZ accelerates this
interconversion well beyond the steady-state rate, which now
reflects the off-rate of either PPi from the PaATPPRT−
PRATP-PPi ternary complex or PRATP from the
PaATPPRT−PRATP binary complex (Scheme 3). This
provides fundamental insight into the allosteric regulation of
a complex multiprotein enzyme.
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Figure S1. ITC curves for PaHisGS titration with PRPP in two independent experiments. 

Controls lacking PaHisGS have been subtracted from the data, and the solid lines represent data 

fitting to a single-site binding model. 

 

 

Figure S2. ITC curves for PaHisGS (two graphs on the left) and buffer (two graphs on the 

right) titration with ATP in two independent experiments. No signal is detected beyond the 

heat of dilution when experimental and control sets are compared. 
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Figure S3. PaHisGS inhibition by AMP. (A) Dose-response curve for AMP concentration. 

Line represents data fitting to eq 4. (B) and (C) Double-reciprocals of substrate saturation 

curves in the presence of AMP. Lines are the reciprocals of data fitting to eq 5.  
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Figure S4. 31P-NMR spectra of PaHisGS reaction with either (A) ADP or (C) ATP as substrate.  

(B) and (D) are controls for (A) and (B), respectively, in the absence of PaHisGS. Insets in A 

– D are close-ups of the spectra between 4.0 and 3.0 ppm, showing the peak at ca. 3.3 ppm in 

A and C corresponding to the phosphorus in the N1-5-phospho--D-ribose moiety of PRATP 

and PRADP, respectively, which is missing in insets in B and D. 
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Figure S5. Analysis of PaHisGS-catalysed reaction with Mn2+ replacing Mg2+. (A) 

Chromatogram of the control reaction lacking PaHisGS, showing a peak with absorbance at 

260 nm (blue), corresponding to ATP, and mass spectra of the peak showing the expected m/z 

for ATP (blue). (B) Chromatogram of the reaction, showing peaks with absorbance at 260 nm 

(blue) and at both 260 nm and 290 nm (pink), corresponding to ATP and PRATP, respectively, 

and mass spectra of the peak absorbing at 260 nm showing the expected m/z for ATP (blue), 

and of the peak absorbing at both 260 nm and 290 nm showing the expected m/z for PRATP 

(pink).  
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Figure S6. DSF-based thermal denaturation of PaHisGS in the presence of 22% glycerol (v/v), 

and in 10 mM KH2PO4, 10 mM KF pH 8.0, which was the buffer used for circular dichroism 

(CD) thermal denaturation studies of PaHisGS,1 indicating that the protein is more thermolabile 

in that buffer. Data were fitted to eq 8. 
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Figure S7. Determination of KD for equilibrium dissociation of PaHisZ from the PaATPPRT 

holoenzyme in 0% glycerol (green), 18% glycerol (pink), and 27% glycerol (cyan) (v/v). Lines 

are data fitting to eq 1.  
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Table S1. PaATPPRT and PaHisGS steady-state parameters from initial velocity patterns.  

Parameter PaATPPRTa PaHisGS
b 

kcat (s-1) 1.5 ± 0.1 0.25 ± 0.02 

KiPRPP (mM) 0.4 ± 0.1 0.04 ± 0.03 

KPRPP (mM) 0.7 ± 0.1 0.6 ± 0.1 

KATP (mM) 1.4 ± 0.2 2.3 ± 0.3 

kcat/KPRPP (M-1 s-1) 2142 ± 337 416 ± 77 

kcat/KATP
 
 (M-1 s-1) 1071 ± 168 108 ± 16 

aValues represent mean  fitting error of duplicate measurements. bValues represent mean  

fitting error of quadruplicate measurements. 

 

Table S2. PaHisGS Tm’s by DSF in the presence and absence of ligands.a 

Ligand Tm (°C) 

Enzyme (no ligand) 60.0 ± 0.1 

PRPP 66.0 ± 0.1 

ATP 59.0 ± 0.1 

PRATP 65.0 ± 0.1 

PPi 59.0 ± 0.1 

Enzyme (no ligand) in 22% glycerol (v/v) 61.0 ± 0.1 

Enzyme (no ligand) in 10 mM K2HPO4, 

10 mM KF, pH 8.0b 

39.0 ± 0.2 

aValues represent mean  fitting error of triplicate measurements. bBuffer used in a previous 

circular dichroism-based thermal denaturation.1   
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Table S3. Steady-state kinetic constants for PaHisGS
a with either ATP or ADP. 

Parameter ATP ADP 

kcat (s-1) 0.15 ± 0.01 0.14 ± 0.01 

KM
A(X)P (mM), X = T or D 0.96 ± 0.09 3.2 ± 0.3 

KM
PRPP (mM) 0.39 ± 0.07 0.91 ± 0.08 

kcat/KM 
A(X)P (M-1 s-1), X = T or D 156 ± 20 43 ± 5 

kcat/KM
PRPP 

 (M-1 s-1) 384 ± 70 153 ± 6 

aValues represent mean  fitting error of duplicate measurements. 

 

Table S4. Effect of Mn2+ on PaATPPRT and PaHisGS steady-state kinetic parameters.a 

Parameter PaHisGS  

Mg2+ 

PaHisGS 

Mn2+ 

PaATPPRT 

Mg2+ 

PaATPPRT 

Mn2+ 

kcat (s-1) 0.15 ± 0.01 0.39 ± 0.05 2.7 ± 0.1 2.1 ± 0.1 

KM
PRPP (mM) 0.33 ± 0.03 0.6 ± 0.2 0.43 ± 0.06 0.28 ± 0.06 

KM
ATP (mM) 1.4 ± 0.2 0.30 ± 0.05 0.72 ± 0.09 0.19 ± 0.03 

kcat/KM
PRPP

 (M-1 s-1) 450 ± 50 700 ± 200 6000 ± 900 7500 ± 2000 

kcat/KM
ATP 

 (M-1 s-1) 110 ± 20 1300  ± 300 3800 ± 500 11100± 2000 

aValues represent mean  fitting error of duplicate measurements.  
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Table S5. NBO charge distribution of key atoms at the transition state of PaHisGS. 

Atom Transition state with 

Mg2+ NBO charge 

Transition state with 

Mn2+ NBO charge 

ADP N1 0.563 0.562 

ADP N6 0.783 0.783 

ADP C6 0.455 0.453 

5-phosphoribosyl C1 0.410 0.399 

5-phosphoribosyl O4 0.459 0.459 

PPi Os bonded to metal ion 1 1.208 (average of 2 

O atoms) 

1.053 (average of 2 

O atoms) 

PPi Os bonded to metal ion 2 1.162 (average of 2 

charges) 

1.026 (average of 2 

charges) 

Metal ion 1 (bonded to PPi) 1.437 0.610 

Metal ion 2 (bonded to PPi and ADP) 1.439 0.688 

 

 

Table S6. Solvent viscosity effects on PaHisGS steady-state kinetic parameters.a 

Parameter 0% glycerol (v/v) 18% glycerol (v/v) 27% glycerol (v/v) 

kcat (s-1) 0.15 ± 0.02 0.28 ± 0.05 0.40 ± 0.02 

KM
PRPP (mM) 0.36 ± 0.04 0.35 ± 0.02 0.41 ± 0.08 

KM
ATP (mM) 1.2 ± 0.1 1.9 ± 0.2 1.9 ± 0.2 

kcat/KM
PRPP

 (M-1 s-1) 416 ± 70 800 ± 150 976 ± 197 

kcat/KM
ATP 

 (M-1 s-1) 125 ± 19 147  ± 30 210 ± 24 

aValues represent mean  fitting error of duplicate measurements. 
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Table S7. Solvent viscosity effects on PaATPPRT steady-state kinetic parameters.a 

Parameter 0% glycerol (v/v) 18% glycerol (v/v) 27% glycerol (v/v) 

kcat (s-1) 2.6 ± 0.1 1.8 ± 0.1 1.03 ± 0.03 

KM
PRPP (mM) 0.29 ± 0.04 0.18 ± 0.03 0.10 ± 0.01 

KM
ATP (mM) 0.62 ± 0.05 0.8 ± 0.1 0.35 ± 0.03 

kcat/KM
PRPP

 (M-1 s-1) 9000 ± 1000 10000 ± 2000 10300 ± 1000 

kcat/KM
ATP 

 (M-1 s-1) 4200 ± 400 2300 ± 300  2900 ± 300 

aValues represent mean  fitting error of duplicate measurements. 
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Coordinates of DFT-calculated structures 

freeTS.log – Transition structure with Mg. No 

bonds fixed 

 

C-N = 2.27 Å 

C-O = 2.36 Å 

 

Free Energy         =  -6563.285823 

Zero-point Energy   =  -6563.129757 

Potential Energy    =  -6564.43503489 

Nimag               =  1 (-213.6872 cm-1) 

    

B3LYP/6-31G* Lanl2DZ Mg 

 

Charge =  0 Multiplicity = 1 

C   6.00173  2.41014 -3.48936 

N   5.38563  2.48673 -2.16756 

C   6.04446  2.27531 -1.03983 

N   7.34263  1.84189 -1.09453 

N   5.49807  2.55615  0.15676 

C  -3.42882  5.88323 -1.52591 

N  -2.07112  5.45683 -1.25600 

C  -1.75014  4.56423 -0.31899 

N  -0.46749  4.21778 -0.14928 

N  -2.69914  4.05555  0.49640 

C  -7.72998 -6.29125 -2.67671 

C  -6.97081 -5.00119 -2.37462 

O  -7.68214 -3.99594 -2.04788 

O  -5.71840 -5.01367 -2.48884 

C  -2.68316 -4.74773 -1.67193 

N  -3.73706 -3.79056 -1.25803 

C   1.85167  6.39827 -4.04333 

C   0.74281  5.91937 -3.11015 

O  -0.24287  6.65724 -2.90882 

O   0.90075  4.75810 -2.57520 

O   9.56895 -2.76848 -2.35734 

O   6.77660 -0.76212  1.06195 

O  -8.24201  0.06620 -4.38478 

O   5.16032 -3.85934  3.05156 

O  -8.52193 -3.01436  0.30732 

O   8.04709 -4.78102 -1.28557 

O   6.39400 -3.55804  0.71943 

O   2.68261  2.89820 -2.09953 

O  -3.38992  3.60041  4.96396 

O  -1.71523  1.48930  5.26448 

O  -4.11871 -3.83444  1.45269 

O   0.25632 -4.07255  3.62100 

O   2.54971 -3.44330  2.43630 

O  -2.29354  1.86574  2.29591 

P  -3.60212  1.11901  2.54510 

O  -4.43716  1.49992  3.73812 

O  -3.24775 -0.49011  2.66747 

P  -1.84733 -1.28411  2.42085 

O  -1.37410 -1.14148  0.98350 

O  -0.87101 -0.39911  3.42053 

O  -2.01000 -2.67952  2.97812 

O  -4.45148  1.21764  1.17564 

C  -5.87845  0.97356  1.22789 

C  -6.35182  0.31430 -0.04874 

C  -5.61835 -0.97722 -0.43762 

O  -5.97648 -2.10488  0.31892 

C  -5.90827 -1.03333 -1.95825 

O  -7.24065 -1.42190 -2.21191 

C  -5.79294  0.45340 -2.32764 

O  -6.18081  1.19348 -1.17334 

N  -4.43696  0.89421 -2.72426 

C  -3.18745  0.31765 -2.63254 

C  -2.28328  1.34785 -2.92048 



S13 

 

N  -2.93822  2.52980 -3.19032 

C  -4.20328  2.21487 -3.06345 

N  -2.84020 -0.96188 -2.35426 

C  -1.52767 -1.12777 -2.33041 

N  -0.55233 -0.22357 -2.53064 

C  -0.89766  1.06569 -2.82633 

N   0.04052  2.00242 -2.99123 

O   7.37272 -2.23004 -3.72734 

P   6.44806 -1.86461 -2.48081 

O   7.24088 -0.97747 -1.49940 

O   5.73189 -3.06321 -1.87461 

O   5.33495 -0.90131 -3.21688 

C   3.95678 -1.24700 -3.20185 

C   3.33739 -1.01370 -1.81439 

O   2.24548 -0.01828 -1.91281 

C   2.72718 -2.20951 -1.06292 

O   3.45328 -2.42304  0.14631 

C   1.26299 -1.78359 -0.74202 

O   0.94469 -2.04360  0.59364 

C   1.25100 -0.32047 -1.14806 

O   2.43374  0.26422  0.80300 

P   2.11966  1.67642  1.40827 

O   2.76431  2.81307  0.63806 

O   0.63350  1.86470  1.76016 

O   2.93039  1.56518  2.88266 

P   2.20367  0.74352  4.08156 

O   1.77861 -0.64569  3.52587 

O   1.06547  1.54040  4.66380 

O   3.40645  0.54861  5.12631 

Mg -0.59689  1.79403  3.42999 

H   5.39896  3.01198 -4.17304 

H   6.03219  1.37866 -3.85506 

H   4.36398  2.70486 -2.13400 

H   7.78437  1.76839 -0.18658 

H   7.47916  0.98231 -1.63850 

H   4.49481  2.79835  0.25563 

H   5.86041  2.03559  0.94505 

H  -4.05557  5.05610 -1.88540 

H  -3.38404  6.63749 -2.31346 

H  -1.31797  5.87020 -1.85423 

H  -0.20017  3.50508  0.52569 

H   0.18868  4.46957 -0.90135 

H  -3.66330  4.12638  0.20883 

H  -2.47905  3.24510  1.08055 

H  -7.04422 -7.12178 -2.85628 

H  -8.36042 -6.14151 -3.56064 

H  -2.55449 -4.70385 -2.75509 

H  -1.74388 -4.51187 -1.16546 

H  -3.84509 -3.79286 -0.20452 

H  -4.65961 -4.10621 -1.70793 

H  -3.52581 -2.82937 -1.56733 

H   2.02028  5.65867 -4.83433 

H   2.78933  6.49378 -3.48277 

H   9.29456 -2.04387 -1.76777 

H   6.89025 -0.80842  0.05029 

H  -8.99798  0.51097 -3.97245 

H  -7.99961 -0.61951 -3.72625 

H   5.71807 -4.35353  3.67097 

H   5.58889 -3.93263  2.14687 

H  -8.46337 -3.72649  0.96333 

H  -8.42808 -3.47493 -0.56437 

H   7.26063 -4.55191 -1.81855 

H   7.75696 -4.50830 -0.39264 

H   5.94768 -3.44410 -0.16612 

H   6.65654 -2.63318  0.92560 

H   2.56979  2.87802 -1.11792 

H   2.20009  3.72709 -2.38389 

H  -3.99493  4.07706  5.55102 

H  -3.93796  2.94296  4.44235 

H  -2.42271  2.15537  5.41942 
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H  -2.14300  0.61916  5.28836 

H  -4.81059 -3.14205  1.40688 

H  -3.41751 -3.49505  2.05230 

H  -0.58235 -3.65776  3.28646 

H   0.27173 -3.83162  4.55992 

H   3.31718 -3.82704  2.91161 

H   1.68912 -3.74159  2.86754 

H  -6.12769  0.31839  2.06743 

H  -6.38210  1.93382  1.37641 

H  -7.42228  0.09213  0.07222 

H  -4.54454 -0.83056 -0.28375 

H  -6.94886 -2.31771  0.24974 

H  -5.20119 -1.65552 -2.51236 

H  -7.30309 -2.42663 -2.19202 

H  -6.46522  0.70458 -3.15219 

H  -5.03332  2.89515 -3.20059 

H  -1.18839 -2.13708 -2.11355 

H  -0.21171  2.98820 -3.04520 

H   3.47030 -0.58318 -3.92097 

H   3.81628 -2.28327 -3.52265 

H   4.06675 -0.52398 -1.16877 

H   2.76744 -3.11908 -1.66432 

H   3.21541 -3.30374  0.50207 

H   0.58541 -2.31901 -1.41295 

H  -0.02599 -1.71102  0.77204 

H   0.62901  0.45593 -0.73723 

H   7.01693  2.81473 -3.45489 

H  -3.90017  6.33468 -0.64270 

H  -8.40064 -6.53522 -1.84549 

H  -3.00570 -5.75179 -1.39397 

Mg  2.59711 -1.42550  1.87403 

O   4.55375 -1.21690  2.73801 

H   4.87573 -2.10587  3.03161 

H   5.25742 -0.88558  2.13225 

H   1.03202  1.84794 -2.80948 

H   4.09073  0.00093  4.69294 

O  -0.80895  3.81986  3.92837 

H  -0.21698  4.03435  4.66765 

H  -1.72870  3.98926  4.24244 

H   0.07363 -0.72255  3.49416 

H   7.66897 -0.63622  1.42080 

H   9.18954 -3.57939 -1.92622 

H   8.29984 -2.46213 -3.40320 

H   1.59715  7.36192 -4.48860 

 

  

 

freeTSMn.log - Transition structure with Mn. No 

bonds fixed 

C-N = 2.27 Å 

C-O = 2.38 Å 

 

B3LYP/6-31G* Lanl2DZ Mn 

Free Energy         =  -6769.088921 

Zero-point Energy   =  -6768.934608 

Potential Energy    =  -6770.24007644 

Nimag               =  1 (-198.4577 cm-1) 

    

Charge =  0 Multiplicity = 1 

C   5.99020  2.37355 -3.66551 

N   5.36582  2.45176 -2.34818 

C   6.01600  2.23946 -1.21699 

N   7.32247  1.82812 -1.26093 

N   5.45508  2.49620 -0.02053 

C  -3.33160  6.05514 -1.58227 

N  -1.98219  5.60355 -1.31096 

C  -1.67710  4.71176 -0.36792 

N  -0.40986  4.30569 -0.22633 

N  -2.62432  4.26361  0.48713 

C  -7.75572 -6.37769 -2.58434 

C  -6.98426 -5.08731 -2.31799 
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O  -7.68187 -4.07399 -1.98758 

O  -5.73475 -5.10744 -2.46167 

C  -2.69174 -4.79291 -1.68841 

N  -3.75179 -3.83520 -1.29194 

C   1.88377  6.26538 -4.25521 

C   0.79075  5.87052 -3.26561 

O  -0.14903  6.66237 -3.05124 

O   0.91320  4.71911 -2.70066 

O   9.48104 -2.81673 -2.35636 

O   6.61463 -0.62691  0.99142 

O  -8.29575 -0.06384 -4.41399 

O   5.09580 -3.71763  3.07516 

O  -8.52565 -3.05818  0.34885 

O   7.94087 -4.77773 -1.22198 

O   6.29482 -3.45859  0.72152 

O   2.65699  2.81318 -2.28784 

O  -3.16684  3.81626  4.60178 

O  -1.68419  1.60445  5.00826 

O  -4.11639 -3.84922  1.42009 

O   0.36117 -3.56220  3.91294 

O   2.49837 -3.46939  2.35714 

O  -2.26198  1.91438  2.07909 

P  -3.58279  1.20543  2.40386 

O  -4.37292  1.68303  3.59377 

O  -3.25479 -0.39684  2.62212 

P  -1.89194 -1.24804  2.33937 

O  -1.45817 -1.14446  0.88793 

O  -0.84574 -0.37646  3.29079 

O  -2.06558 -2.61560  2.95188 

O  -4.46519  1.24311  1.05535 

C  -5.88975  0.98722  1.16794 

C  -6.40354  0.28226 -0.06844 

C  -5.65351 -1.00347 -0.45289 

O  -5.99073 -2.12506  0.32190 

C  -5.95626 -1.08353 -1.96976 

O  -7.28414 -1.49604 -2.20701 

C  -5.87112  0.39978 -2.35367 

O  -6.31803  1.13620 -1.22242 

N  -4.50880  0.87341 -2.70029 

C  -3.26173  0.28529 -2.69652 

C  -2.36100  1.33246 -2.93173 

N  -3.01567  2.53538 -3.08092 

C  -4.27807  2.21597 -2.93748 

N  -2.91250 -1.01327 -2.52712 

C  -1.60055 -1.18464 -2.55657 

N  -0.62649 -0.26956 -2.71249 

C  -0.97605  1.03782 -2.90932 

N  -0.03683  1.97778 -3.04288 

O   7.30089 -2.28122 -3.75215 

P   6.36935 -1.89449 -2.51690 

O   7.15803 -0.99536 -1.54435 

O   5.64605 -3.08246 -1.89734 

O   5.26041 -0.93953 -3.27109 

C   3.88794 -1.30968 -3.28667 

C   3.23480 -1.08344 -1.91362 

O   2.15005 -0.08590 -2.03059 

C   2.60286 -2.27937 -1.17950 

O   3.32681 -2.50416  0.03290 

C   1.14833 -1.83784 -0.84925 

O   0.86712 -2.05681  0.50979 

C   1.13759 -0.38565 -1.28640 

O   2.34937  0.19197  0.68141 

P   2.05618  1.61994  1.27467 

O   2.69328  2.72867  0.46443 

O   0.56323  1.83652  1.60877 

O   2.85518  1.54086  2.73683 

P   2.15265  0.69243  3.93319 

O   1.67989 -0.67854  3.36186 

O   1.03356  1.49754  4.55180 

O   3.37842  0.45850  4.93440 
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Mn -0.60599  1.67512  3.24436 

H   5.39687  2.97942 -4.35386 

H   6.01553  1.34133 -4.03015 

H   4.33884  2.64540 -2.32126 

H   7.75613  1.77130 -0.34768 

H   7.46790  0.95873 -1.78563 

H   4.45478  2.73952  0.06740 

H   5.79797  1.93956  0.75271 

H  -3.98173  5.23200 -1.90836 

H  -3.27601  6.78155 -2.39493 

H  -1.22707  5.96776 -1.93786 

H  -0.16250  3.59942  0.46239 

H   0.23593  4.50242 -1.00314 

H  -3.58990  4.39252  0.22482 

H  -2.43303  3.41586  1.02811 

H  -8.40598 -6.23721 -3.45535 

H  -8.40770 -6.60731 -1.73440 

H  -2.58122 -4.78714 -2.77448 

H  -1.74779 -4.52716 -1.20582 

H  -3.84998 -3.81304 -0.23750 

H  -4.67640 -4.17386 -1.72539 

H  -3.55309 -2.88176 -1.62948 

H   1.97617  5.50071 -5.03498 

H   2.84882  6.31935 -3.73720 

H   9.21423 -2.07650 -1.78296 

H   6.75672 -0.73160 -0.01144 

H  -9.04883  0.39344 -4.01015 

H  -8.05148 -0.73197 -3.73845 

H   5.66890 -4.17256  3.71016 

H   5.51518 -3.81519  2.16952 

H  -8.45816 -3.75650  1.01872 

H  -8.43372 -3.53546 -0.51408 

H   7.15637 -4.56076 -1.76341 

H   7.65756 -4.45678 -0.34292 

H   5.84924 -3.38410 -0.16815 

H   6.53312 -2.52314  0.90143 

H   2.53034  2.77449 -1.30988 

H   2.18001  3.65186 -2.55677 

H  -3.68515  4.30438  5.25880 

H  -3.79248  3.18616  4.14070 

H  -2.36247  2.32070  5.06633 

H  -2.14758  0.75570  5.10039 

H  -4.81937 -3.16781  1.37362 

H  -3.42294 -3.49742  2.02153 

H  -0.54250 -3.38454  3.54752 

H   0.53327 -2.80362  4.49361 

H   3.27384 -3.74123  2.89452 

H   1.65934 -3.60159  2.90293 

H  -6.09854  0.35507  2.03578 

H  -6.39661  1.94688  1.30599 

H  -7.46052  0.03687  0.10901 

H  -4.57961 -0.84339 -0.31125 

H  -6.96134 -2.35046  0.26470 

H  -5.24282 -1.69903 -2.52249 

H  -7.32951 -2.50064 -2.17087 

H  -6.52358  0.62785 -3.20029 

H  -5.10720  2.90883 -2.98539 

H  -1.25758 -2.20965 -2.43735 

H  -0.27898  2.96684 -3.06220 

H   3.40595 -0.65666 -4.01856 

H   3.77254 -2.34927 -3.60675 

H   3.95061 -0.60198 -1.24721 

H   2.63612 -3.18663 -1.78504 

H   3.10372 -3.39228  0.38189 

H   0.43849 -2.39171 -1.46906 

H  -0.08996 -1.70356  0.70339 

H   0.51829  0.39676 -0.88065 

H   7.00796  2.77029 -3.62256 

H  -3.78291  6.54903 -0.71126 

H  -7.07786 -7.21368 -2.76833 
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H  -2.99640 -5.79013 -1.36878 

Mn  2.50790 -1.49507  1.67823 

O   4.38417 -1.11935  2.71543 

H   4.72597 -2.00794  2.99279 

H   5.05939 -0.78146  2.08310 

H   0.96204  1.80148 -2.93983 

H   4.02973 -0.08566  4.43750 

O  -0.56395  3.71850  3.50270 

H   0.08762  3.88559  4.20560 

H  -1.44480  3.99934  3.84428 

H   0.12181 -0.69305  3.29779 

H   7.50135 -0.51061  1.36793 

H   9.09300 -3.61323 -1.90576 

H   8.22226 -2.52032 -3.41609 

H   1.66443  7.23194 -4.71264 

 

 

pocketrafcutcut14.log 

 

fixed bonds at 

C-N = 2.9 

C-O = 1.4 

 

B3LYP/6-31G* Lanl2DZ Mg 

 

Zero-point correction=                           1.305334 

(Hartree/Particle) 

 Thermal correction to Energy=                    

1.417149 

 Thermal correction to Enthalpy=                  

1.418094 

 Thermal correction to Gibbs Free Energy=         

1.149400 

 Sum of electronic and zero-point Energies=          -

6563.173805 

 Sum of electronic and thermal Energies=             -

6563.061989 

 Sum of electronic and thermal Enthalpies=           -

6563.061045 

 Sum of electronic and thermal Free Energies=        

-6563.329739 

 

                     E (Thermal)             CV                S 

                      KCal/Mol        Cal/Mol-Kelvin    

Cal/Mol-Kelvin 

 Total                  889.275            406.194            

565.513 

 

C,0,-6.0980201217,5.1078923051,-1.6956588565 

 N,0,-5.4904213768,3.8149741672,-1.9568600753 

 C,0,-6.0434830118,2.6555622119,-1.6054424761 

 N,0,-7.2627432202,2.6080797228,-1.012364787 

 N,0,-5.4157768765,1.5053703652,-1.8787131615 

 C,0,3.9262370916,4.2366170308,-3.7770063974 

 N,0,2.5418712012,3.9203098956,-3.4898191004 

 C,0,2.0909508088,2.6794302063,-3.3128875372 

 N,0,0.7936694952,2.480906713,-3.0502903007 

 N,0,2.9194017828,1.6213931674,-3.4556069857 

 C,0,7.5772068091,-1.0565153302,6.8900674852 

 C,0,6.8632403843,-0.6136002522,5.6136576744 

 O,0,7.6140782556,-0.3600174184,4.6148385684 

 O,0,5.6113786555,-0.5132606515,5.6424133604 

 C,0,2.5648360782,-1.0253843118,5.0166423266 

 N,0,3.6047127313,-0.923670143,3.9637904029 

 C,0,-1.3805134623,6.9529756033,-3.0668490735 

 C,0,-0.330977395,5.8518289908,-2.9340983323 

 O,0,0.814021306,6.0493347745,-3.3816820434 

 O,0,-0.7241619663,4.7625272219,-2.3565843274 

 O,0,-7.3498676839,1.3730777929,5.6479954578 

 O,0,-6.4308071901,-1.1969001815,-0.9982514579 

 O,0,8.2080144211,3.7027768621,2.2923021782 

 O,0,-5.5623135195,-4.6635791122,1.6579732987 

 O,0,8.4237630506,-1.9142082015,2.5794129476 

 O,0,-6.1975356483,-1.0720239921,5.511705245 
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 O,0,-7.1248419845,-2.9309833653,3.0490567547 

 O,0,-3.1143159796,3.8874154673,-3.2681735391 

 O,0,3.446044046,-3.2557886177,-5.4538893422 

 O,0,5.614484081,-1.5694040971,-5.1242587338 

 O,0,3.9510256477,-3.2854912282,2.5853046517 

 O,0,-0.3853847145,-5.4878531083,1.7266319236 

 O,0,-2.7452052778,-4.3344619789,1.5793418407 

 O,0,2.3291276504,-1.1536394449,-2.7101056211 

 P,0,3.5801203079,-1.7668885419,-2.0760044139 

 O,0,4.429763735,-2.7134248171,-2.8819020548 

 O,0,3.1132170887,-2.545988767,-0.7025927713 

 P,0,1.6360359835,-2.773437769,-0.0634542827 

 O,0,1.0445273244,-1.480330481,0.453004996 

 O,0,0.8091054542,-3.1983484626,-1.4595852136 

 O,0,1.7159049451,-3.9647638736,0.8581883072 

 O,0,4.4345755425,-0.5159718519,-1.5371071037 

 C,0,5.8597031768,-0.6436840733,-1.3201601083 

 C,0,6.2726037349,0.1539856117,-0.1045536611 

 C,0,5.5364890396,-0.2000116964,1.1935911504 

 O,0,5.885435382,-1.4380793045,1.7596060487 

 C,0,5.8147704126,1.0723073314,2.0314283365 

 O,0,7.1490951586,1.1026558701,2.4918806654 

 C,0,5.6740827667,2.1630965486,0.9549106079 

 O,0,6.0040605463,1.5499405902,-0.2978565852 

 N,0,4.338992357,2.7678251784,0.8540634236 

 C,0,3.0814904073,2.3322788668,1.232169261 

 C,0,2.1836178712,3.2221850454,0.6208263623 

 N,0,2.853999796,4.1856847218,-0.1089668641 

 C,0,4.1143365604,3.8783115538,0.0563621332 

 N,0,2.7331920216,1.3127237196,2.0448834875 

 C,0,1.4102134652,1.2176501094,2.1817061936 

 N,0,0.4447607096,1.9633907102,1.6384367933 

 C,0,0.8022626519,2.9971642671,0.8343061113 

 N,0,-0.1819898898,3.7415657964,0.2926746172 

 O,0,-8.0662454466,1.1036129072,3.1278158951 

 P,0,-6.8814849079,0.6884440445,2.1627186469 

 O,0,-7.4653405641,0.3825817042,0.7919186925 

 O,0,-6.0437748485,-0.4612185476,2.7841289699 

 O,0,-5.9570797849,2.0234385919,2.0565404533 

 C,0,-4.5261763453,2.1111870166,2.163518174 

 C,0,-3.7880274688,1.0661902762,1.3182296531 

 O,0,-2.6731225813,1.6676983171,0.6264364657 

 C,0,-3.1885445774,-0.1429809948,2.082057248 

 O,0,-3.8594435276,-1.3535071464,1.7123688597 

 C,0,-1.7327619603,-0.2090542757,1.5924987309 

 O,0,-1.3343439633,-1.5542337475,1.4089690009 

 C,0,-1.7879970364,0.6168669156,0.295230448 

 O,0,-2.3363703861,-0.2305619728,-0.674899324 

 P,0,-2.075596858,-0.0994387403,-2.3014659604 

 O,0,-2.7534920758,1.1014126612,-2.8728653317 

 O,0,-0.5976452827,-0.341624107,-2.5968434484 

 O,0,-2.925534097,-1.4516415599,-2.6968970536 

 P,0,-2.2761296307,-2.9584862707,-2.5992841877 

 O,0,-1.8613562887,-3.190630231,-1.1322750753 

 O,0,-1.1320690516,-3.0803208759,-3.5733293991 

 O,0,-3.5295350877,-3.8738330371,-2.960474078 

 Mg,0,0.5500105362,-1.9082989677,-

3.1559438116 

 H,0,-5.4319244143,5.8720989037,-2.0995775759 

 H,0,-6.2218443189,5.2983715276,-0.620646525 

 H,0,-4.560249139,3.811556915,-2.4456109441 

 H,0,-7.4557000776,1.7997756796,-0.4066617822 

 H,0,-7.6315694922,3.4795265038,-0.659433776 

 H,0,-4.4747647641,1.4849699553,-2.2836290162 

 H,0,-5.8385206889,0.6074838438,-1.6511495659 

 H,0,4.5960113773,3.9487356215,-2.9546434337 

 H,0,3.9974204442,5.3177896295,-3.9069696009 

 H,0,1.8696535046,4.7137152952,-3.3816090228 

 H,0,0.4358031243,1.5441120577,-2.8981570405 

 H,0,0.1882496581,3.2964832103,-2.8496284181 

 H,0,3.9137231012,1.7796079791,-3.3892598943 
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 H,0,2.6206109377,0.6965836228,-3.1456383079 

 H,0,6.8627939265,-1.3003726801,7.6790357891 

 H,0,8.2422313057,-0.2553729899,7.2316833693 

 H,0,2.4491913391,-0.0573657466,5.5070023071 

 H,0,1.6164415689,-1.3414897654,4.5765763829 

 H,0,3.6938666742,-1.833637122,3.4370825525 

 H,0,4.5338668387,-0.7084629937,4.4440624401 

 H,0,3.3943266488,-0.1712632587,3.2835766395 

 H,0,-1.7558905282,7.2297300124,-2.0744560073 

 H,0,-2.2316157404,6.5756050352,-3.6459612181 

 H,0,-8.1246566201,1.4474423428,6.2254856432 

 H,0,-6.86980754,-0.6935355469,-0.2430400631 

 H,0,8.9424345064,3.5274620682,1.6847241513 

 H,0,7.9230388272,2.8024331817,2.5591032021 

 H,0,-6.0515503186,-5.4922452789,1.5402631787 

 H,0,-6.1395298361,-4.078953305,2.2264962201 

 H,0,8.3303791203,-2.8338578269,2.8734427878 

 H,0,8.3305195222,-1.3823726577,3.4104140532 

 H,0,-5.8946858945,-0.8225851527,4.6120623253 

 H,0,-6.7716180548,-1.8368833604,5.3416566674 

 H,0,-6.7283980334,-2.0252431814,2.9519942484 

 H,0,-8.0184540975,-2.8444787036,2.6826244018 

 H,0,-2.8599571476,2.9622063005,-3.4433165675 

 H,0,-2.3103450006,4.2686876005,-2.8198374967 

 H,0,4.121866338,-2.5747703652,-5.68342255 

 H,0,3.6881272903,-3.4302422485,-4.5186221471 

 H,0,6.4220932333,-2.0422856307,-5.3786635862 

 H,0,5.3951932423,-1.9098521615,-4.2272926351 

 H,0,4.6477371127,-2.8938794457,2.0187884473 

 H,0,3.2452522209,-3.6147778827,1.9894443201 

 H,0,0.3723314735,-4.874897727,1.5321258012 

 H,0,-0.2710296005,-6.2034241365,1.0828289218 

 H,0,-3.5311823054,-4.7809736372,1.9387804815 

 H,0,-1.8880366817,-4.8468071109,1.7197218588 

 H,0,6.134505727,-1.6901102234,-1.1597457203 

 H,0,6.3671618647,-0.2810008265,-2.2202350267 

 H,0,7.3526457476,0.000130303,0.0414542214 

 H,0,4.4656632505,-0.2509358575,0.9781754025 

 H,0,6.853113836,-1.4924315167,1.9928962368 

 H,0,5.1097009871,1.2153346482,2.8537451656 

 H,0,7.2216183104,0.5667924087,3.341600915 

 H,0,6.3775297628,2.9786030466,1.1425231253 

 H,0,4.9502135424,4.4222026428,-0.364001218 

 H,0,1.0648672641,0.4039459365,2.8169092241 

 H,0,-0.041051236,4.3027618809,-0.5492567 

 H,0,-4.2733321686,3.1070488638,1.7925521878 

 H,0,-4.2386762669,2.0524949788,3.2190107418 

 H,0,-4.4838186387,0.6873008635,0.5624924556 

 H,0,-3.2528971974,-0.0280923503,3.1671621268 

 H,0,-4.8012588502,-1.2050741257,2.0087369883 

 H,0,-1.0802184792,0.3147130118,2.2886109634 

 H,0,-0.3685092969,-1.560717581,1.0642128624 

 H,0,-0.8413471224,1.0421010626,-0.0203912815 

 H,0,-7.072163369,5.2106165818,-2.1910654732 

 H,0,4.2705540418,3.7541655048,-4.7010957385 

 H,0,8.209613962,-1.9269235281,6.6815630052 

 H,0,2.8936799874,-1.7599203947,5.7526288002 

 Mg,0,-2.8349384747,-2.6506623147,0.506072891 

 O,0,-4.6831017771,-3.1764832997,-0.4388181413 

 H,0,-5.1269321101,-3.789473452,0.207414137 

 H,0,-5.3269150455,-2.435981259,-0.6329003176 

 H,0,-1.1282570899,3.4178088012,0.4557949894 

 H,0,-4.1304730546,-3.8715768738,-2.1768904158 

 O,0,1.0624888235,-2.3289919199,-5.0545166764 

 H,0,0.4362837473,-2.9210538199,-5.4989720975 

 H,0,2.0082399852,-2.633316326,-5.2909542393 

 H,0,-0.124573806,-3.4515274151,-1.230922372 

 H,0,-7.145993498,-1.4782036755,-1.5903531652 

 H,0,-6.9810569822,0.4620018795,5.7951420347 

 H,0,-7.7935870998,1.2928724835,4.0837161254 



S20 

 

 H,0,-0.9616687006,7.8331811846,-3.5581400043 

 

 

pocketrafcutcut17.log 

 

fixed bonds at 

C-N = 2.65 

C-O = 1.70 

 

B3LYP/6-31G* Lanl2DZ Mg 

 

Zero-point correction= 1.306527 (Hartree/Particle) 

 Thermal correction to Energy=1.418292 

 Thermal correction to Enthalpy=1.419236 

 Thermal correction to Gibbs Free Energy= 

1.152773 

 Sum of electronic and zero-point Energies=  -

6563.141265 

 Sum of electronic and thermal Energies= -

6563.029500 

 Sum of electronic and thermal Enthalpies=-

6563.028556 

 Sum of electronic and thermal Free Energies= -

6563.295019 

 

                     E (Thermal)             CV                S 

                      KCal/Mol        Cal/Mol-Kelvin    

Cal/Mol-Kelvin 

 Total                  889.992            407.893            

560.820 

 

C,0,-6.0534120239,4.3388881671,-1.4237117835 

 N,0,-5.2651018425,3.4460750444,-2.267387414 

 C,0,-5.6100189184,2.2104479585,-2.6127000589 

 N,0,-6.654587393,1.5880657084,-2.0304986226 

 N,0,-4.9527263742,1.5995360687,-3.6325167849 

 C,0,3.056080565,3.0695001063,-4.9204207208 

 N,0,1.8050328777,2.5924279322,-4.3592329119 

 C,0,1.6139740455,1.3852937801,-3.8463462141 

 N,0,0.3714487258,1.0132459512,-3.4898050434 

 N,0,2.6272920074,0.5025405859,-3.7155688463 

 C,0,8.420420419,0.7476702584,6.0938427344 

 C,0,7.583464168,0.8016335018,4.817166829 

 O,0,8.2256393803,0.6834101898,3.7227305279 

 O,0,6.344128513,0.9794139025,4.9315814214 

 C,0,3.2388301307,0.3903622094,4.8354506604 

 N,0,4.1621104147,0.1258018302,3.7053223564 

 C,0,-1.2365375193,6.3515654785,-4.1788404966 

 C,0,-0.1586691154,5.2805885635,-4.3415462882 

 O,0,0.7838147073,5.4442580162,-5.116584616 

 O,0,-0.3192104574,4.2075228365,-3.6044838928 

 O,0,-9.733370943,1.9928908353,3.0792943959 

 O,0,-6.7210865836,-1.3594109708,0.7537397582 

 O,0,8.5707614972,3.8364672504,0.2348052159 

 O,0,-5.1740601583,-3.5822300745,3.5252959278 

 O,0,8.8055460128,-1.4353484652,2.1768116833 

 O,0,-8.2237247636,0.6574701315,4.8676807307 

 O,0,-6.6112176951,-1.3457952961,3.5074626726 

 O,0,-2.6483982345,3.1105204249,-3.117971978 

 O,0,2.9086191749,-4.3134508623,-4.6778919341 

 O,0,1.2850350522,-5.0197950505,-2.6389916447 

 O,0,4.3824840006,-2.5458987554,3.105936698 

 O,0,-0.1841899363,-4.4924302884,3.3692000624 

 O,0,-2.4779780161,-3.1586383273,3.2040789491 

 O,0,2.085010092,-2.061300738,-2.3961660718 

 P,0,3.4099424632,-2.5119898562,-1.7796821893 

 O,0,4.1449701766,-3.6529378645,-2.4311713761 

 O,0,3.1337170254,-2.9107797106,-0.2026509129 

 P,0,1.782000727,-2.8381847365,0.7063343456 

 O,0,1.3071180418,-1.4125504883,0.9048381967 

 O,0,0.7442043829,-3.6198342634,-0.3285360718 

 O,0,2.0136548455,-3.6937979078,1.9299309477 

 O,0,4.3134549558,-1.1830418003,-1.6831740873 
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 C,0,5.7553313619,-1.2839743041,-1.6286468659 

 C,0,6.3161210422,-0.1723424349,-0.7719410402 

 C,0,5.773690308,-0.1046378062,0.6606324155 

 O,0,6.2004461081,-1.1363825033,1.5126960258 

 C,0,6.1656765724,1.3438526107,1.0429887837 

 O,0,7.5475678445,1.4466204241,1.3127624018 

 C,0,5.8954638766,2.0842332221,-0.2812526992 

 O,0,5.989586961,1.1091789045,-1.3304364503 

 N,0,4.5891077491,2.7469798049,-0.3723653778 

 C,0,3.3649271021,2.4569680704,0.2019452576 

 C,0,2.4249738046,3.1975320032,-0.5284791111 

 N,0,3.0383456101,3.9410059296,-1.5183966942 

 C,0,4.3061940536,3.6443565498,-1.3906711898 

 N,0,3.080000498,1.6772181626,1.265766392 

 C,0,1.7733735028,1.6415755454,1.5180441442 

 N,0,0.7599258758,2.2411814366,0.8789135189 

 C,0,1.0616796591,3.0528216296,-0.171164902 

 N,0,0.0569927898,3.6680581292,-0.8201972061 

 O,0,-7.5543663047,3.2073380037,2.2038004213 

 P,0,-6.4532982081,2.0846043724,1.9659876043 

 O,0,-6.8194301933,1.2147214751,0.7472017653 

 O,0,-6.0572930337,1.3142037834,3.2191318091 

 O,0,-5.2014738956,3.055449299,1.5182717663 

 C,0,-3.915596834,2.8103709174,2.0763518733 

 C,0,-3.3081003948,1.497100744,1.5645718607 

 O,0,-2.2843934597,1.7654233381,0.551361042 

 C,0,-2.6185789354,0.5911730591,2.6049525793 

 O,0,-3.3665269033,-0.6345210219,2.7135637005 

 C,0,-1.2196024743,0.3056570926,2.0054612963 

 O,0,-0.8765716719,-1.050502132,2.1704184723 

 C,0,-1.4073867151,0.7459845559,0.5590372887 

 O,0,-2.2237785355,-0.6165305888,-0.046814852 

 P,0,-2.1179680207,-0.8785620136,-1.6658447061 

 O,0,-2.7337931624,0.2480118297,-2.4323871663 

 O,0,-0.7095207205,-1.3431569699,-2.0290700906 

 O,0,-3.0964010769,-2.213131736,-1.6969094692 

 P,0,-2.4577396428,-3.6762743568,-1.2879744063 

 O,0,-1.8616999051,-3.5135722493,0.1343377121 

 O,0,-1.4717977548,-4.131086124,-2.3288810586 

 O,0,-3.77244076,-4.5772044364,-1.2174282618 

 Mg,0,0.3459649932,-3.0983404747,-

2.4381713608 

 H,0,-5.8778945153,5.3663478441,-1.7531436965 

 H,0,-5.784776257,4.2427930965,-0.3683007072 

 H,0,-4.2994125272,3.6936608854,-2.5251524621 

 H,0,-6.8994008241,0.6902648631,-2.42595013 

 H,0,-6.7954384228,1.6725450203,-1.0100792432 

 H,0,-4.1447159463,2.1350597445,-3.9614247769 

 H,0,-4.665895471,0.6435988068,-3.4337617273 

 H,0,3.8323966328,3.1894025361,-4.15502571 

 H,0,2.838288573,4.047937303,-5.350785768 

 H,0,1.046224466,3.2867969311,-4.2024393631 

 H,0,0.176238771,0.1269534723,-3.0279190202 

 H,0,-0.4114739717,1.5954361147,-3.7508948485 

 H,0,3.5527458548,0.8729122139,-3.5429927286 

 H,0,2.4315357259,-0.3861939622,-3.2503690075 

 H,0,7.7877653718,0.7734499862,6.9835266371 

 H,0,9.1096342721,1.5996418689,6.1115925368 

 H,0,3.162658236,1.4670484159,4.997627249 

 H,0,2.2538376151,-0.0304629098,4.6203123917 

 H,0,4.2002966053,-0.9072273328,3.48406235 

 H,0,5.136489882,0.454469047,3.9970920349 

 H,0,3.8770606776,0.6323462378,2.8485875195 

 H,0,-1.264881813,6.6986949734,-3.1391584094 

 H,0,-2.2241424142,5.9330221917,-4.4077294325 

 H,0,-10.0354079776,1.3482892622,2.4218148741 

 H,0,-6.7106738001,-0.3353346344,0.7396396951 

 H,0,9.2562521667,3.4876142876,-0.3548036226 

 H,0,8.3344552276,3.0600649052,0.7866323858 

 H,0,-5.7626339744,-4.2869133619,3.8365640779 

 H,0,-5.6642259696,-2.7160575056,3.6861145906 
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 H,0,8.7436271593,-2.2275716534,2.7330237806 

 H,0,8.8055666106,-0.6835410931,2.8216631084 

 H,0,-7.4228091593,1.1394008169,4.5654148424 

 H,0,-8.016788263,-0.2485586703,4.5678304913 

 H,0,-6.1832080033,-0.4480094399,3.4711871449 

 H,0,-6.8922852649,-1.4582811337,2.5695634289 

 H,0,-2.4332454843,2.2754932833,-2.6604280546 

 H,0,-1.7836072126,3.5938253471,-3.3124805865 

 H,0,3.4582188769,-4.7828052924,-5.3228078769 

 H,0,3.519227078,-3.9845125015,-3.9519932746 

 H,0,1.9578864075,-5.0540909989,-3.3583041857 

 H,0,1.7416478466,-5.2624915002,-1.8177159617 

 H,0,5.0153791888,-2.3714094434,2.3782038583 

 H,0,3.6212741269,-3.0308084781,2.7199301574 

 H,0,0.6334254021,-4.1074783576,2.9547807872 

 H,0,-0.223543459,-5.3903001216,3.0067360568 

 H,0,-3.267861911,-3.6299592316,3.5385891614 

 H,0,-1.6354694453,-3.6899196911,3.3537723362 

 H,0,6.0610236843,-2.2436465239,-1.2025154074 

 H,0,6.1377384019,-1.2183143348,-2.6522899802 

 H,0,7.4091252793,-0.2987545264,-0.7379589056 

 H,0,4.6832908027,-0.1730529795,0.6135840271 

 H,0,7.1891805621,-1.14679671,1.6437005146 

 H,0,5.5735842806,1.751306185,1.8668179381 

 H,0,7.7157695339,1.1925076744,2.2733227983 

 H,0,6.6499507893,2.8592844445,-0.4421844898 

 H,0,5.1067253942,4.0476669361,-1.9978667 

 H,0,1.4911612923,1.0122547648,2.3586361703 

 H,0,0.1709574651,4.0528223399,-1.7647960651 

 H,0,-3.2810263175,3.6478683152,1.774751689 

 H,0,-3.9870143005,2.789952955,3.1675497743 

 H,0,-4.0874428497,0.9129913878,1.0714837511 

 H,0,-2.5639120812,1.0541311255,3.5921385027 

 H,0,-3.0858249493,-1.0977464516,3.5269864973 

 H,0,-0.48702332,0.9718123055,2.4581493607 

 H,0,0.0368494851,-1.2127958223,1.7176965893 

 H,0,-0.5721178179,0.854834924,-0.1114178069 

 H,0,-7.1148015533,4.1082581321,-1.5441073258 

 H,0,3.4168892792,2.3889679683,-5.7000238161 

 H,0,9.035592414,-0.1589457246,6.1013608698 

 H,0,3.6513412314,-0.075633913,5.7310923155 

 Mg,0,-2.5579863807,-

2.1457537383,1.4063370025 

 O,0,-4.5279105805,-2.8977282839,0.9890955206 

 H,0,-4.8482929184,-3.3154264151,1.8329565572 

 H,0,-5.2579888856,-2.2618886114,0.7466095102 

 H,0,-0.8870982365,3.448992613,-0.5298483005 

 H,0,-4.3023194824,-4.2375103844,-0.4583741359 

 O,0,0.3984570706,-3.1187010531,-4.5361024287 

 H,0,-0.2261543217,-3.7694741408,-4.8950362996 

 H,0,1.2999229896,-3.4121831824,-4.8137866145 

 H,0,-0.1818369604,-3.6890276992,0.0398155421 

 H,0,-7.444665771,-1.6311562642,0.1688896818 

 H,0,-9.3172793985,1.452526814,3.8095628536 

 H,0,-8.4394096409,2.815104294,2.4922802448 

 H,0,-1.0393873758,7.1986481165,-4.8387041889 

 

twofixCO19.log 

 

fixed bonds at 

C-N = 2.48 

C-O = 1.90 

 

B3LYP/6-31G* Lanl2DZ Mg 

 

Free Energy         =  -6563.284078 

Zero-point Energy   =  -6563.127692 

Potential Energy    =  -6564.43315859 

Nimag               =  1 (-314.5498 cm-1) 

    

Charge =  0 Multiplicity = 1 
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C   6.16481  2.89172 -3.22129 

N   5.49938  2.77765 -1.92809 

C   6.10020  2.32089 -0.84159 

N   7.39449  1.87714 -0.92324 

N   5.50542  2.35943  0.36296 

C  -3.44630  5.91450 -1.08506 

N  -2.08166  5.49236 -0.84456 

C  -1.74582  4.54431  0.03042 

N  -0.45556  4.21739  0.18597 

N  -2.68745  3.95771  0.80027 

C  -7.74214 -5.99506 -3.19131 

C  -6.97425 -4.73641 -2.79356 

O  -7.67965 -3.75059 -2.40155 

O  -5.72079 -4.75290 -2.89524 

C  -2.69427 -4.57796 -1.97844 

N  -3.76019 -3.65636 -1.51643 

C   1.81290  6.69264 -3.57601 

C   0.72830  6.13265 -2.65981 

O  -0.27512  6.83152 -2.40980 

O   0.92244  4.94850 -2.19174 

O   9.46596 -2.77915 -2.78724 

O   6.77718 -0.78170  1.05183 

O  -8.18316  0.49438 -4.40955 

O   5.16861 -4.13024  2.71799 

O  -8.56064 -2.94853  0.00494 

O   7.81168 -4.74380 -1.82742 

O   6.35911 -3.57819  0.40417 

O   2.78351  3.12024 -1.90313 

O  -3.39168  3.10907  5.28560 

O  -1.69958  1.00173  5.39239 

O  -4.20294 -3.91341  1.17455 

O   0.23142 -4.38829  3.26959 

O   2.54652 -3.70245  2.13557 

O  -2.29272  1.65813  2.46335 

P  -3.60337  0.89183  2.62805 

O  -4.44243  1.14969  3.85100 

O  -3.25671 -0.72148  2.57882 

P  -1.85723 -1.50768  2.29870 

O  -1.36022 -1.27115  0.88290 

O  -0.88921 -0.70392  3.37285 

O  -2.03977 -2.93681  2.75516 

O  -4.44285  1.14128  1.27163 

C  -5.87459  0.92480  1.28175 

C  -6.33578  0.38072 -0.05243 

C  -5.62038 -0.89011 -0.53046 

O  -6.00637 -2.06741  0.13063 

C  -5.88781 -0.82254 -2.05521 

O  -7.22000 -1.17485 -2.35780 

C  -5.74749  0.68710 -2.30813 

O  -6.11509  1.34368 -1.09680 

N  -4.38829  1.13185 -2.68257 

C  -3.14533  0.54527 -2.57421 

C  -2.22676  1.57621 -2.80580 

N  -2.86759  2.77014 -3.05996 

C  -4.13759  2.46042 -2.97648 

N  -2.81606 -0.74426 -2.32651 

C  -1.50743 -0.92156 -2.26385 

N  -0.51823 -0.01908 -2.40955 

C  -0.84548  1.28188 -2.68188 

N   0.10142  2.21738 -2.79438 

O   7.27291 -1.80509 -3.89576 

P   6.44944 -1.58544 -2.54728 

O   7.36224 -0.94867 -1.48448 

O   5.66075 -2.81780 -2.11676 

O   5.40239 -0.40953 -3.01629 

C   4.00706 -0.65330 -3.15740 

C   3.31452 -0.66582 -1.78760 

O   2.15791  0.24418 -1.81748 

C   2.77049 -1.99770 -1.23840 

O   3.49389 -2.35703 -0.05785 
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C   1.27966 -1.71051 -0.89132 

O   0.94724 -2.19869  0.37823 

C   1.18864 -0.20135 -1.06576 

O   2.29214  0.10460  0.80065 

P   2.07518  1.48965  1.51843 

O   2.76375  2.64002  0.81408 

O   0.60907  1.71767  1.91831 

O   2.91684  1.22251  2.94915 

P   2.20029  0.32621  4.10416 

O   1.74716 -1.01147  3.45322 

O   1.08376  1.09380  4.76154 

O   3.42471  0.04055  5.09913 

Mg -0.60094  1.48014  3.58624 

H   5.58671  3.58535 -3.83513 

H   6.21390  1.92252 -3.72975 

H   4.47562  2.98514 -1.90087 

H   7.77027  1.58631 -0.02915 

H   7.54801  1.13760 -1.61283 

H   4.51149  2.62468  0.48023 

H   5.83329  1.68639  1.04469 

H  -4.06251  5.10147 -1.49167 

H  -3.41495  6.71488 -1.82642 

H  -1.33463  5.95939 -1.41076 

H  -0.18186  3.45348  0.79949 

H   0.19691  4.53093 -0.54636 

H  -3.65131  4.02225  0.50991 

H  -2.45353  3.11862  1.33662 

H  -7.06208 -6.80484 -3.46345 

H  -8.39967 -5.76785 -4.03790 

H  -2.52617 -4.43579 -3.04769 

H  -1.77361 -4.39463 -1.41892 

H  -3.89967 -3.74900 -0.47087 

H  -4.66992 -3.92597 -2.01897 

H  -3.53724 -2.67279 -1.73256 

H   1.98402  6.00767 -4.41430 

H   2.75721  6.77321 -3.02447 

H   9.33582 -2.12736 -2.07583 

H   6.94913 -0.80635  0.04440 

H  -8.94624  0.90302 -3.97365 

H  -7.95221 -0.24595 -3.80839 

H   5.74268 -4.66908  3.28285 

H   5.58386 -4.11315  1.80584 

H  -8.51477 -3.70945  0.60477 

H  -8.45474 -3.34114 -0.89799 

H   7.01632 -4.35176 -2.24246 

H   7.64734 -4.55295 -0.88440 

H   5.92076 -3.35471 -0.46519 

H   6.65067 -2.69274  0.70789 

H   2.62730  2.96694 -0.94149 

H   2.26433  3.95045 -2.10559 

H  -4.00400  3.53285  5.90475 

H  -3.93438  2.50317  4.69841 

H  -2.41406  1.64135  5.61391 

H  -2.11341  0.12608  5.34014 

H  -4.87063 -3.19657  1.17605 

H  -3.49250 -3.64223  1.79738 

H  -0.60761 -3.94982  2.96931 

H   0.25051 -4.21373  4.22297 

H   3.31061 -4.12099  2.58362 

H   1.68548 -4.03231  2.53782 

H  -6.15336  0.21307  2.06383 

H  -6.36045  1.88199  1.49596 

H  -7.41360  0.17574  0.02755 

H  -4.54735 -0.77293 -0.35116 

H  -6.97884 -2.26360  0.02485 

H  -5.17942 -1.40875 -2.64602 

H  -7.29129 -2.17759 -2.41738 

H  -6.41903  1.01183 -3.10737 

H  -4.95904  3.15014 -3.11847 

H  -1.18401 -1.93612 -2.05303 
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H  -0.14556  3.20558 -2.81765 

H   3.61156  0.18653 -3.73358 

H   3.82612 -1.58025 -3.71019 

H   3.98273 -0.22772 -1.04615 

H   2.87721 -2.80071 -1.96839 

H   3.37356 -3.31239  0.09711 

H   0.65551 -2.17394 -1.65926 

H  -0.01259 -1.88360  0.59983 

H   0.53107  0.47334 -0.54938 

H   7.17698  3.28503 -3.09219 

H  -3.92145  6.30481 -0.17512 

H  -8.38671 -6.31517 -2.36500 

H  -3.02944 -5.60130 -1.80539 

Mg  2.55877 -1.66385  1.74486 

O   4.52552 -1.48208  2.64596 

H   4.85387 -2.39274  2.85639 

H   5.22974 -1.08945  2.07902 

H   1.08955  2.04419 -2.61608 

H   4.09039 -0.47552  4.59950 

O  -0.81549  3.44693  4.27630 

H  -0.22553  3.60397  5.03125 

H  -1.73720  3.57762  4.60391 

H   0.05128 -1.04404  3.42444 

H   7.65401 -0.74396  1.46596 

H   9.03147 -3.59943 -2.43362 

H   8.18054 -2.18757 -3.67491 

H   1.53127  7.67612 -3.95689 

 

218COCNfixed.log 

 

Fixed bonds at 

C-N = 2.18 

C-O = 2.18 

 

B3LYP/6-31G* Lanl2DZ Mg 

 

Free Energy         =  -6563.284078 

Zero-point Energy   =  -6563.127692 

Potential Energy    =  -6564.43315859 

Nimag               =  1 (-314.5498 cm-1) 

    

Charge =  0 Multiplicity = 1 

C   6.16481  2.89172 -3.22129 

N   5.49938  2.77765 -1.92809 

C   6.10020  2.32089 -0.84159 

N   7.39449  1.87714 -0.92324 

N   5.50542  2.35943  0.36296 

C  -3.44630  5.91450 -1.08506 

N  -2.08166  5.49236 -0.84456 

C  -1.74582  4.54431  0.03042 

N  -0.45556  4.21739  0.18597 

N  -2.68745  3.95771  0.80027 

C  -7.74214 -5.99506 -3.19131 

C  -6.97425 -4.73641 -2.79356 

O  -7.67965 -3.75059 -2.40155 

O  -5.72079 -4.75290 -2.89524 

C  -2.69427 -4.57796 -1.97844 

N  -3.76019 -3.65636 -1.51643 

C   1.81290  6.69264 -3.57601 

C   0.72830  6.13265 -2.65981 

O  -0.27512  6.83152 -2.40980 

O   0.92244  4.94850 -2.19174 

O   9.46596 -2.77915 -2.78724 

O   6.77718 -0.78170  1.05183 

O  -8.18316  0.49438 -4.40955 

O   5.16861 -4.13024  2.71799 

O  -8.56064 -2.94853  0.00494 

O   7.81168 -4.74380 -1.82742 

O   6.35911 -3.57819  0.40417 

O   2.78351  3.12024 -1.90313 
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O  -3.39168  3.10907  5.28560 

O  -1.69958  1.00173  5.39239 

O  -4.20294 -3.91341  1.17455 

O   0.23142 -4.38829  3.26959 

O   2.54652 -3.70245  2.13557 

O  -2.29272  1.65813  2.46335 

P  -3.60337  0.89183  2.62805 

O  -4.44243  1.14969  3.85100 

O  -3.25671 -0.72148  2.57882 

P  -1.85723 -1.50768  2.29870 

O  -1.36022 -1.27115  0.88290 

O  -0.88921 -0.70392  3.37285 

O  -2.03977 -2.93681  2.75516 

O  -4.44285  1.14128  1.27163 

C  -5.87459  0.92480  1.28175 

C  -6.33578  0.38072 -0.05243 

C  -5.62038 -0.89011 -0.53046 

O  -6.00637 -2.06741  0.13063 

C  -5.88781 -0.82254 -2.05521 

O  -7.22000 -1.17485 -2.35780 

C  -5.74749  0.68710 -2.30813 

O  -6.11509  1.34368 -1.09680 

N  -4.38829  1.13185 -2.68257 

C  -3.14533  0.54527 -2.57421 

C  -2.22676  1.57621 -2.80580 

N  -2.86759  2.77014 -3.05996 

C  -4.13759  2.46042 -2.97648 

N  -2.81606 -0.74426 -2.32651 

C  -1.50743 -0.92156 -2.26385 

N  -0.51823 -0.01908 -2.40955 

C  -0.84548  1.28188 -2.68188 

N   0.10142  2.21738 -2.79438 

O   7.27291 -1.80509 -3.89576 

P   6.44944 -1.58544 -2.54728 

O   7.36224 -0.94867 -1.48448 

O   5.66075 -2.81780 -2.11676 

O   5.40239 -0.40953 -3.01629 

C   4.00706 -0.65330 -3.15740 

C   3.31452 -0.66582 -1.78760 

O   2.15791  0.24418 -1.81748 

C   2.77049 -1.99770 -1.23840 

O   3.49389 -2.35703 -0.05785 

C   1.27966 -1.71051 -0.89132 

O   0.94724 -2.19869  0.37823 

C   1.18864 -0.20135 -1.06576 

O   2.29214  0.10460  0.80065 

P   2.07518  1.48965  1.51843 

O   2.76375  2.64002  0.81408 

O   0.60907  1.71767  1.91831 

O   2.91684  1.22251  2.94915 

P   2.20029  0.32621  4.10416 

O   1.74716 -1.01147  3.45322 

O   1.08376  1.09380  4.76154 

O   3.42471  0.04055  5.09913 

Mg -0.60094  1.48014  3.58624 

H   5.58671  3.58535 -3.83513 

H   6.21390  1.92252 -3.72975 

H   4.47562  2.98514 -1.90087 

H   7.77027  1.58631 -0.02915 

H   7.54801  1.13760 -1.61283 

H   4.51149  2.62468  0.48023 

H   5.83329  1.68639  1.04469 

H  -4.06251  5.10147 -1.49167 

H  -3.41495  6.71488 -1.82642 

H  -1.33463  5.95939 -1.41076 

H  -0.18186  3.45348  0.79949 

H   0.19691  4.53093 -0.54636 

H  -3.65131  4.02225  0.50991 

H  -2.45353  3.11862  1.33662 

H  -7.06208 -6.80484 -3.46345 
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H  -8.39967 -5.76785 -4.03790 

H  -2.52617 -4.43579 -3.04769 

H  -1.77361 -4.39463 -1.41892 

H  -3.89967 -3.74900 -0.47087 

H  -4.66992 -3.92597 -2.01897 

H  -3.53724 -2.67279 -1.73256 

H   1.98402  6.00767 -4.41430 

H   2.75721  6.77321 -3.02447 

H   9.33582 -2.12736 -2.07583 

H   6.94913 -0.80635  0.04440 

H  -8.94624  0.90302 -3.97365 

H  -7.95221 -0.24595 -3.80839 

H   5.74268 -4.66908  3.28285 

H   5.58386 -4.11315  1.80584 

H  -8.51477 -3.70945  0.60477 

H  -8.45474 -3.34114 -0.89799 

H   7.01632 -4.35176 -2.24246 

H   7.64734 -4.55295 -0.88440 

H   5.92076 -3.35471 -0.46519 

H   6.65067 -2.69274  0.70789 

H   2.62730  2.96694 -0.94149 

H   2.26433  3.95045 -2.10559 

H  -4.00400  3.53285  5.90475 

H  -3.93438  2.50317  4.69841 

H  -2.41406  1.64135  5.61391 

H  -2.11341  0.12608  5.34014 

H  -4.87063 -3.19657  1.17605 

H  -3.49250 -3.64223  1.79738 

H  -0.60761 -3.94982  2.96931 

H   0.25051 -4.21373  4.22297 

H   3.31061 -4.12099  2.58362 

H   1.68548 -4.03231  2.53782 

H  -6.15336  0.21307  2.06383 

H  -6.36045  1.88199  1.49596 

H  -7.41360  0.17574  0.02755 

H  -4.54735 -0.77293 -0.35116 

H  -6.97884 -2.26360  0.02485 

H  -5.17942 -1.40875 -2.64602 

H  -7.29129 -2.17759 -2.41738 

H  -6.41903  1.01183 -3.10737 

H  -4.95904  3.15014 -3.11847 

H  -1.18401 -1.93612 -2.05303 

H  -0.14556  3.20558 -2.81765 

H   3.61156  0.18653 -3.73358 

H   3.82612 -1.58025 -3.71019 

H   3.98273 -0.22772 -1.04615 

H   2.87721 -2.80071 -1.96839 

H   3.37356 -3.31239  0.09711 

H   0.65551 -2.17394 -1.65926 

H  -0.01259 -1.88360  0.59983 

H   0.53107  0.47334 -0.54938 

H   7.17698  3.28503 -3.09219 

H  -3.92145  6.30481 -0.17512 

H  -8.38671 -6.31517 -2.36500 

H  -3.02944 -5.60130 -1.80539 

Mg  2.55877 -1.66385  1.74486 

O   4.52552 -1.48208  2.64596 

H   4.85387 -2.39274  2.85639 

H   5.22974 -1.08945  2.07902 

H   1.08955  2.04419 -2.61608 

H   4.09039 -0.47552  4.59950 

O  -0.81549  3.44693  4.27630 

H  -0.22553  3.60397  5.03125 

H  -1.73720  3.57762  4.60391 

H   0.05128 -1.04404  3.42444 

H   7.65401 -0.74396  1.46596 

H   9.03147 -3.59943 -2.43362 

H   8.18054 -2.18757 -3.67491 

H   1.53127  7.67612 -3.95689 
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twofixCO24.log 

 

fixed bonds at 

C-N = 2.00 

C-O = 2.40 

 

B3LYP/6-31G* Lanl2DZ Mg 

 

Zero-point correction=  1.305798 (Hartree/Particle) 

 Thermal correction to Energy= 1.418694 

 Thermal correction to Enthalpy= 1.419638 

 Thermal correction to Gibbs Free 

Energy=1.150443 

 Sum of electronic and zero-point Energies=-

6563.133223 

 Sum of electronic and thermal Energies=  -

6563.020328 

 Sum of electronic and thermal Enthalpies= -

6563.019383 

 Sum of electronic and thermal Free Energies= -

6563.288578 

 

                     E (Thermal)             CV                S 

                      KCal/Mol        Cal/Mol-Kelvin    

Cal/Mol-Kelvin 

 Total                  890.244            410.368            

566.569 

 

C,0,6.1442185595,2.9043828187,-3.1743615118 

 N,0,5.4954688199,2.7886345749,-1.8729297386 

 C,0,6.1113921351,2.3344467173,-0.7925908652 

 N,0,7.4036361167,1.8887395254,-0.8934973178 

 N,0,5.5344414251,2.3802895754,0.419283942 

 C,0,-3.4683565739,5.8480008608,-1.0477911975 

 N,0,-2.0979554097,5.429580428,-0.8342057808 

 C,0,-1.7396129897,4.5062491298,0.0591880495 

 N,0,-0.4466871358,4.1835627235,0.1944918962 

 N,0,-2.6640539611,3.9380925468,0.8623537807 

 C,0,-7.8580367574,-5.9386967007,-3.0973283452 

 C,0,-7.0688743041,-4.6883848509,-2.7159380688 

 O,0,-7.758178602,-3.6820934859,-2.3474312781 

 O,0,-5.8151380182,-4.7307642433,-2.8074055707 

 C,0,-2.7834573325,-4.6260874354,-1.9179023552 

 N,0,-3.8235825471,-3.6812983372,-1.4436449267 

 C,0,1.7667698589,6.6580986692,-3.5936986983 

 C,0,0.6804933255,6.0857289798,-2.6873428441 

 O,0,-0.3344805402,6.7699783805,-2.4476216773 

 O,0,0.8878275907,4.9048475189,-2.213736835 

 O,0,9.4842225935,-2.7145327589,-2.8263760752 

 O,0,6.8350157289,-0.7877841045,1.0453372581 

 O,0,-8.1113008343,0.5315870523,-4.4370903811 

 O,0,5.2225501368,-4.1298179192,2.6838279422 

 O,0,-8.5980511152,-2.8217485758,0.0553588379 

 O,0,7.8599988413,-4.7093565939,-1.8699323636 

 O,0,6.4003644558,-3.5725929162,0.3650268528 

 O,0,2.7701176711,3.1118970652,-1.8022251267 

 O,0,-3.354719044,3.074780717,5.3287595844 

 O,0,-1.6614035581,0.96494705,5.4119279251 

 O,0,-4.2353710468,-3.8868352187,1.2510084707 

 O,0,0.3006193954,-4.3543918217,3.2695522098 

 O,0,2.6071522794,-3.6710703705,2.1019509661 

 O,0,-2.2473218632,1.6412562112,2.5013479066 

 P,0,-3.5605200269,0.8774817493,2.6549969553 

 O,0,-4.4155507976,1.1394009944,3.8654901596 

 O,0,-3.2153405322,-0.735149284,2.6114133921 

 P,0,-1.8179598245,-1.5238560712,2.3181277934 

 O,0,-1.332720876,-1.2811894718,0.8987936666 

 O,0,-0.8392538315,-0.7311374769,3.3859115159 

 O,0,-2.0096987655,-2.9550948904,2.7646718898 

 O,0,-4.3857076098,1.1289129056,1.2875926631 

 C,0,-5.8223713919,0.9566282206,1.289532262 

 C,0,-6.2918537953,0.4247926525,-0.0466828379 

 C,0,-5.6088370979,-0.8646939626,-0.5199470347 
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 O,0,-6.014213914,-2.0310748194,0.1482090178 

 C,0,-5.8793449107,-0.79850772,-2.0448009079 

 O,0,-7.2180891792,-1.1243506645,-2.345064911 

 C,0,-5.7106431252,0.7079089931,-2.3067994848 

 O,0,-6.0345799841,1.3790445865,-1.0921522818 

 N,0,-4.3494591641,1.1217364206,-2.7150266592 

 C,0,-3.1149331375,0.5345582764,-2.5555906043 

 C,0,-2.1837505329,1.5459098948,-2.8161102151 

 N,0,-2.8082805853,2.7292442101,-3.1407748557 

 C,0,-4.0827052827,2.4338980067,-3.0668465576 

 N,0,-2.8060309065,-0.7450514332,-2.2302411232 

 C,0,-1.5106319177,-0.9344453665,-2.1050896362 

 N,0,-0.5157182159,-0.036534644,-2.2865171655 

 C,0,-0.8069438277,1.2628713433,-2.6235370079 

 N,0,0.1444919328,2.1855967809,-2.7295077356 

 O,0,7.274349218,-1.7521138893,-3.9204335284 

 P,0,6.4606113648,-1.5572251162,-2.5605431672 

 O,0,7.3813222098,-0.9295697547,-1.4986300086 

 O,0,5.6874357512,-2.8037567838,-2.1453844415 

 O,0,5.4047080467,-0.378583333,-2.9976626586 

 C,0,4.0130426896,-0.6254354585,-3.1709962506 

 C,0,3.2879992525,-0.6400840142,-1.8180524356 

 O,0,2.099436964,0.2118529516,-1.9002716571 

 C,0,2.7868400377,-1.9877745488,-1.2672957065 

 O,0,3.5228282946,-2.3284172289,-0.0911801489 

 C,0,1.283497334,-1.7525059659,-0.9229936565 

 O,0,0.990325639,-2.1806850483,0.3798485126 

 C,0,1.1087674557,-0.2550466472,-1.1564261348 

 O,0,2.401444468,0.1625400962,0.822110562 

 P,0,2.1427093201,1.5104905651,1.5659349154 

 O,0,2.8116728553,2.7055588082,0.910791457 

 O,0,0.6643303818,1.7068993268,1.9558215096 

 O,0,2.9624371009,1.2455431306,3.0198759603 

 P,0,2.2416035872,0.3118175671,4.134107994 

 O,0,1.7954110747,-1.0100872878,3.4435039256 

 O,0,1.1134052175,1.0508571006,4.8068626146 

 O,0,3.4535936749,-0.0036159849,5.1374977848 

 Mg,0,-0.5475558134,1.4585477161,3.6148559983 

 H,0,5.5563641749,3.5962424062,-3.7811486163 

 H,0,6.1911962236,1.9353099082,-3.6833217527 

 H,0,4.47127136,2.9851756155,-1.8330628531 

 H,0,7.7923312476,1.597938572,-0.00495365 

 H,0,7.5461844315,1.1492370979,-1.5862566711 

 H,0,4.5407072834,2.6478517194,0.5508464271 

 H,0,5.8708311957,1.7096731132,1.0990335158 

 H,0,-4.0982580563,5.0254106956,-1.4132380909 

 H,0,-3.4565819627,6.6268992669,-1.8121785228 

 H,0,-1.3659838235,5.8926104843,-1.4224177776 

 H,0,-0.153802644,3.439485922,0.8243498551 

 H,0,0.1937304605,4.496315507,-0.5477232083 

 H,0,-3.6336279615,3.9964277052,0.5901743426 

 H,0,-2.419025675,3.1067242593,1.4066608967 

 H,0,-7.1918629531,-6.7652855332,-3.3525111669 

 H,0,-8.5074041895,-5.7132349975,-3.9506224141 

 H,0,-2.623887827,-4.4875953335,-2.9888978407 

 H,0,-1.8525495678,-4.4649937153,-1.3686090598 

 H,0,-3.9536324,-3.7656161398,-0.3949683893 

 H,0,-4.7453881678,-3.9293215445,-1.9362516635 

 H,0,-3.5824154265,-2.7041973927,-1.6621285541 

 H,0,1.9683074002,5.9660454065,-4.4191888336 

 H,0,2.6991954409,6.767773026,-3.0270057548 

 H,0,9.3364041616,-2.0669238701,-2.1143270566 

 H,0,6.9871704576,-0.7996812149,0.035296345 

 H,0,-8.894834079,0.9442376929,-4.04326167 

 H,0,-7.9118406804,-0.2060674146,-3.8213721789 

 H,0,5.7956710531,-4.6771697321,3.2412723841 

 H,0,5.6315764735,-4.1105838029,1.7689697852 

 H,0,-8.5852317226,-3.5748096792,0.6666309411 

 H,0,-8.5100599152,-3.2310115279,-0.8420210204 

 H,0,7.0627612776,-4.3320986252,-2.294313262 
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 H,0,7.6835188788,-4.5131908436,-0.9298155951 

 H,0,5.9555934968,-3.3435780511,-0.5002339161 

 H,0,6.6928257163,-2.6892510386,0.6745479955 

 H,0,2.6415652975,2.998811733,-0.8286985554 

 H,0,2.2544368331,3.9341004503,-2.0346069843 

 H,0,-3.9619584434,3.4840062224,5.962517931 

 H,0,-3.9017037831,2.4822546231,4.7332543779 

 H,0,-2.3861551233,1.592632166,5.6325747915 

 H,0,-2.0562057072,0.0806200927,5.3619651036 

 H,0,-4.8843397194,-3.1538823961,1.2528674929 

 H,0,-3.5052566201,-3.6243996188,1.8557091442 

 H,0,-0.5528655219,-3.943389556,2.9726691775 

 H,0,0.3390847422,-4.1389847525,4.2140327088 

 H,0,3.3682774785,-4.0945760959,2.5504195079 

 H,0,1.7467838555,-3.9960093888,2.5064868411 

 H,0,-6.1277354973,0.2546031442,2.0704242406 

 H,0,-6.2821564159,1.9276769279,1.4996018776 

 H,0,-7.3757354908,0.2517456602,0.0260431539 

 H,0,-4.5333253937,-0.7673746736,-0.3450428669 

 H,0,-6.9938110091,-2.1991627687,0.0604265279 

 H,0,-5.1833007146,-1.4012999415,-2.6349467085 

 H,0,-7.3171093001,-2.1265861012,-2.3833779694 

 H,0,-6.3879887089,1.0421035535,-3.0974494256 

 H,0,-4.8950865148,3.1225600002,-3.2578467262 

 H,0,-1.1957023778,-1.9258824469,-1.805715524 

 H,0,-0.0983609301,3.1752782401,-2.7989455453 

 H,0,3.6289259364,0.2152726831,-3.7537155909 

 H,0,3.8470776032,-1.5507974419,-3.731367129 

 H,0,3.9227604961,-0.1699404838,-1.0663187429 

 H,0,2.9174626963,-2.7860328641,-1.9990409858 

 H,0,3.404318453,-3.2813510261,0.0807513469 

 H,0,0.679885953,-2.2989242022,-1.6546413669 

 H,0,0.0355814765,-1.8724299613,0.6128627424 

 H,0,0.6257396429,0.391168789,-0.4418428099 

 H,0,7.1564158951,3.3016587496,-3.0575784686 

 H,0,-3.9178274898,6.2647174352,-0.1365328251 

 H,0,-8.512318298,-6.2331997342,-2.2690738097 

 H,0,-3.1400823191,-5.6414926095,-1.7416008445 

 Mg,0,2.6237485971,-1.6178781067,1.7217401642 

 O,0,4.5842476926,-1.4761938353,2.6334263698 

 H,0,4.9093965146,-2.3892815459,2.8352611095 

 H,0,5.2913214062,-1.0794299532,2.0731821799 

 H,0,1.1263821099,2.0244088679,-2.4966252543 

 H,0,4.1297655441,-0.4968593993,4.6297340035 

 O,0,-0.7691197987,3.4185397843,4.3266083204 

 H,0,-0.175328972,3.5598277386,5.0818229296 

 H,0,-1.6888214284,3.5430829293,4.6610141283 

 H,0,0.1098090604,-1.0564660755,3.4163287267 

 H,0,7.7198200831,-0.7616164274,1.4429429787 

 H,0,9.0634165361,-3.5434555108,-2.4763494019 

 H,0,8.1852397719,-2.1318026877,-3.7104288428 

 H,0,1.4697357353,7.6301221504,-3.9918801095 

 

Pocketrafcutcut26.log 

 

Fixed bonds at 

C-N = 1.73 

C-O = 2.60 

 

B3LYP/6-31G* Lanl2DZ Mg 

 

Zero-point correction=1.306299 (Hartree/Particle) 

 Thermal correction to Energy=  1.419023 

 Thermal correction to Enthalpy=  1.419968 

 Thermal correction to Gibbs Free 

Energy=1.150528 

 Sum of electronic and zero-point Energies=-

6563.155811 

 Sum of electronic and thermal Energies=  -

6563.043087 

 Sum of electronic and thermal Enthalpies=-

6563.042142 
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 Sum of electronic and thermal Free Energies=-

6563.311581 

 

                     E (Thermal)             CV                S 

                      KCal/Mol        Cal/Mol-Kelvin    

Cal/Mol-Kelvin 

 Total                  890.451            409.957            

567.082 

 

C                     6.13      2.93358  -3.15529  

 N                     5.48111   2.8025   -1.85538  

 C                     6.09652   2.33429  -0.78075  

 N                     7.38825   1.88838  -0.88717  

 N                     5.51962   2.36581   0.43161  

 C                    -3.4792    5.86172  -0.99237  

 N                    -2.10928   5.43912  -0.78399  

 C                    -1.75199   4.5044    0.09792  

 N                    -0.45944   4.17859   0.2292  

 N                    -2.67709   3.92743   0.89401  

 C                    -7.88239  -5.89371  -3.18737  

 C                    -7.0918   -4.64911  -2.79057  

 O                    -7.77995  -3.64666  -2.40965  

 O                    -5.83811  -4.69179  -2.88257  

 C                    -2.80631  -4.6016   -1.99188  

 N                    -3.84535  -3.66155  -1.50597  

 C                     1.75686   6.69721  -3.52814  

 C                     0.66993   6.11493  -2.62892  

 O                    -0.34426   6.79733  -2.38074  

 O                     0.8759    4.92805  -2.16994  

 O                     9.46355  -2.69303  -2.87682  

 O                     6.81655  -0.81125   1.01844  

 O                    -8.12823   0.59293  -4.44706  

 O                     5.20025  -4.17142   2.61553  

 O                    -8.61884  -2.81511   0.00361  

 O                     7.83704  -4.69766  -1.94509  

 O                     6.37871  -3.58693   0.30377  

 O                     2.75614   3.12799  -1.78065  

 O                    -3.36875   3.00977   5.34941  

 O                    -1.67785   0.89713   5.40648  

 O                    -4.25738  -3.8999    1.18594  

 O                     0.27807  -4.39757   3.19849  

 O                     2.58538  -3.70252   2.0394  

 O                    -2.26299   1.61003   2.50449  

 P                    -3.57707   0.84592   2.6487  

 O                    -4.4318    1.09384   3.86235  

 O                    -3.23374  -0.76644   2.58518  

 P                    -1.83726  -1.55307   2.28215  

 O                    -1.35174  -1.29343   0.86592  

 O                    -0.85765  -0.77473   3.35964  

 O                    -2.03064  -2.98949   2.71098  

 O                    -4.40196   1.11518   1.28452  

 C                    -5.83882   0.94453   1.28435  

 C                    -6.30891   0.42979  -0.05833  

 C                    -5.62738  -0.85453  -0.54751  

 O                    -6.03409  -2.02861   0.10619  

 C                    -5.89781  -0.76919  -2.07142  

 O                    -7.23692  -1.08976  -2.37567  

 C                    -5.72738   0.74016  -2.31479  

 O                    -6.05054   1.3966   -1.09193  

 N                    -4.36572   1.15743  -2.71788  

 C                    -3.13187   0.56691  -2.56573  

 C                    -2.19952   1.58034  -2.81375  

 N                    -2.8227    2.76831  -3.12375  

 C                    -4.09746   2.47354  -3.05346  

 N                    -2.82443  -0.71697  -2.25623  

 C                    -1.52925  -0.90938  -2.13345  

 N                    -0.53331  -0.01044  -2.30377  

 C                    -0.82304   1.29336  -2.6247  

 N                     0.12945   2.21624  -2.71928  

 O                     7.09314  -1.76358  -4.20681  

 P                     6.27963  -1.58458  -2.84461  
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 O                     7.20106  -0.97116  -1.77503  

 O                     5.50502  -2.83526  -2.44488  

 O                     5.22508  -0.39942  -3.26711  

 C                     3.83313  -0.64251  -3.44347  

 C                     3.10807  -0.67305  -2.0908  

 O                     1.92048   0.1812   -2.16246  

 C                     2.60536  -2.02687  -1.55673  

 O                     3.34096  -2.38287  -0.38493  

 C                     1.10229  -1.79415  -1.20953  

 O                     0.80863  -2.23806   0.08793  

 C                     0.92928  -0.29372  -1.42443  

 O                     2.38408   0.14685   0.80704  

 P                     2.12689   1.4858    1.56747  

 O                     2.79722   2.68811   0.92714  

 O                     0.64873   1.67907   1.95977  

 O                     2.94631   1.20196   3.01801  

 P                     2.2244    0.25536   4.12063  

 O                     1.7767   -1.05739   3.41375  

 O                     1.09705   0.98733   4.80248  

 O                     3.43603  -0.07384   5.12003  

 Mg                   -0.56344   1.41162   3.61563  

 H                     5.54294   3.63356  -3.75347  

 H                     6.17586   1.97082  -3.67619  

 H                     4.45714   2.99971  -1.81307  

 H                     7.77661   1.58618  -0.00229  

 H                     7.52995   1.15734  -1.58902  

 H                     4.52619   2.63287   0.56648  

 H                     5.85524   1.68646   1.10302  

 H                    -4.11004   5.04443  -1.36795  

 H                    -3.46653   6.64999  -1.74708  

 H                    -1.37677   5.90854  -1.36645  

 H                    -0.16741   3.42645   0.84981  

 H                     0.18134   4.49975  -0.5091  

 H                    -3.64659   3.99023   0.62259  

 H                    -2.43301   3.08911   1.428  

 H                    -7.21717  -6.71784  -3.45276  

 H                    -8.5315   -5.65697  -4.03781  

 H                    -2.64658  -4.45006  -3.06109  

 H                    -1.87522  -4.44837  -1.44065  

 H                    -3.9755   -3.75867  -0.45841  

 H                    -4.76744  -3.90241  -2.00159  

 H                    -3.60307  -2.6821   -1.71236  

 H                     1.9576    6.01518  -4.36213  

 H                     2.68941   6.79881  -2.96015  

 H                     9.31648  -2.05411  -2.15682  

 H                     6.9687   -0.81083   0.00833  

 H                    -8.91129   1.00158  -4.04815  

 H                    -7.92962  -0.15251  -3.84051  

 H                     5.77275  -4.72628   3.16615  

 H                     5.6093   -4.14135   1.70097  

 H                    -8.60688  -3.57569   0.60552  

 H                    -8.53131  -3.21335  -0.89877  

 H                     7.04024  -4.31427  -2.36476  

 H                     7.66078  -4.51293  -1.00261  

 H                     5.9342   -3.34673  -0.55859  

 H                     6.67218  -2.70782   0.62418  

 H                     2.62745   3.00303  -0.80859  

 H                     2.2414    3.9536   -2.00284  

 H                    -3.97552   3.41183   5.98819  

 H                    -3.91641   2.42528   4.74664  

 H                    -2.40188   1.52287   5.63487  

 H                    -2.07367   0.01394   5.34559  

 H                    -4.90551  -3.16628   1.19687  

 H                    -3.52697  -3.6458    1.79383  

 H                    -0.57495  -3.98195   2.90672  

 H                     0.31678  -4.1939    4.14556  

 H                     3.34602  -4.13241   2.48259  

 H                     1.72464  -4.03145   2.4399  

 H                    -6.14499   0.23326   2.05651  

 H                    -6.29749   1.91344   1.50641  
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 H                    -7.39299   0.2571    0.01226  

 H                    -4.55175  -0.76061  -0.37143  

 H                    -7.01388  -2.19448   0.01635  

 H                    -5.20246  -1.36544  -2.66898  

 H                    -7.33709  -2.09133  -2.42637  

 H                    -6.40434   1.08487  -3.10123  

 H                    -4.90905   3.16544  -3.23593  

 H                    -1.21546  -1.90481  -1.84635  

 H                    -0.11227   3.20698  -2.77647  

 H                     3.44998   0.20577  -4.01574  

 H                     3.6661   -1.56069  -4.01523  

 H                     3.74337  -0.21296  -1.33332  

 H                     2.73507  -2.81617  -2.29829  

 H                     3.22135  -3.33772  -0.22478  

 H                     0.49805  -2.33079  -1.94787  

 H                    -0.14576  -1.93162   0.32475  

 H                     0.44699   0.34417  -0.70191  

 H                     7.14265   3.32822  -3.03362  

 H                    -3.92819   6.26766  -0.07603  

 H                    -8.53701  -6.19767  -2.36281  

 H                    -3.1641   -5.61869  -1.82814  

 Mg                    2.60434  -1.64481   1.68459  

 O                     4.565    -1.51665   2.59793  

 H                     4.8891   -2.43253   2.78846  

 H                     5.27252  -1.1138    2.04263  

 H                     1.11115   2.05106  -2.48842  

 H                     4.11164  -0.56154   4.6062  

 O                    -0.78275   3.36292   4.35155  

 H                    -0.1888    3.49418   5.10845  

 H                    -1.70231   3.48438   4.68749  

 H                     0.09104  -1.1015    3.38602  

 H                     7.70139  -0.79101   1.41633  

 H                     9.0418   -3.52574  -2.53706  

 H                     8.0036   -2.14688  -4.00153  

 H                     1.46094   7.67442  -3.91428 

 

nofixNCbound.log 

 

no fixed bonds 

C-N = 1.47 

C-O = 3.10 

 

B3LYP/6-31G* Lanl2DZ Mg 

Free Energy         =  -6563.344432 

Zero-point Energy   =  -6563.193803 

Potential Energy    =  -6564.50414103 

Nimag               =  1 (16.7727 cm-1) 

    

Charge =  0 Multiplicity = 1 

C   5.92561  2.78147 -3.03668 

N   5.12774  2.89318 -1.81948 

C   5.63054  2.76311 -0.59971 

N   6.93395  2.37558 -0.45898 

N   4.91620  3.09238  0.48807 

C  -3.88624  5.91118 -1.69768 

N  -2.52712  5.55746 -1.34414 

C  -2.21606  4.69252 -0.37564 

N  -0.93831  4.36033 -0.17026 

N  -3.17782  4.20810  0.44362 

C  -3.51186 -4.55552 -4.59369 

C  -3.35295 -4.59334 -3.07811 

O  -4.41366 -4.65218 -2.37984 

O  -2.18063 -4.55063 -2.60010 

C  -1.07278 -5.03108  0.65595 

N  -2.14907 -4.20573  0.05356 

C   1.36160  6.20487 -4.29579 

C   0.28047  5.80261 -3.29588 

O  -0.72356  6.53088 -3.16415 

O   0.48488  4.71561 -2.63482 

O   9.62376 -2.04393 -1.73232 
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O   6.69691 -0.44637  1.53432 

O  -7.54708 -1.83398 -4.67263 

O   4.79757 -3.48210  3.10715 

O  -6.09513 -5.28379 -0.27294 

O   9.32731 -3.78272  0.38102 

O   6.73429 -3.23778  1.25744 

O   2.38435  2.96790 -2.09734 

O  -4.12163  3.34060  4.82264 

O  -2.32285  1.32671  5.00140 

O  -4.30120 -4.27078  1.79057 

O   0.17706 -3.16537  4.15465 

O   2.13967 -3.05863  2.32062 

O  -2.86804  1.84245  2.04423 

P  -4.11822  0.99097  2.24716 

O  -5.03641  1.31033  3.39673 

O  -3.63641 -0.58065  2.41619 

P  -2.20561 -1.34026  2.20093 

O  -1.81527 -1.38022  0.72699 

O  -1.23008 -0.31328  3.02178 

O  -2.28107 -2.65941  2.93698 

O  -4.93166  0.99944  0.84323 

C  -6.33235  0.62060  0.83341 

C  -6.62788 -0.40515 -0.25180 

C  -5.65502 -1.59847 -0.28698 

O  -6.11836 -2.68030  0.49025 

C  -5.45846 -1.88489 -1.79343 

O  -6.38236 -2.84057 -2.28401 

C  -5.72000 -0.50022 -2.42240 

O  -6.58787  0.20145 -1.56625 

N  -4.46542  0.30881 -2.55217 

C  -3.16389 -0.08422 -2.69777 

C  -2.40690  1.08678 -2.67409 

N  -3.21203  2.19465 -2.55603 

C  -4.42206  1.68717 -2.47484 

N  -2.67605 -1.33833 -2.84861 

C  -1.38731 -1.42153 -2.75434 

N  -0.53351 -0.34784 -2.54548 

C  -0.99724  0.96511 -2.63496 

N  -0.16357  1.98353 -2.63470 

O   7.32152 -2.11201 -2.96954 

P   6.42900 -1.39834 -1.86459 

O   7.26889 -0.41370 -1.03529 

O   5.63736 -2.42727 -1.04441 

O   5.38917 -0.48960 -2.72318 

C   4.16790 -0.98030 -3.30213 

C   3.01089 -0.78020 -2.32207 

O   1.78927 -0.51436 -3.03829 

C   2.64459 -1.97014 -1.39620 

O   3.29469 -1.89534 -0.14054 

C   1.09874 -1.86525 -1.23475 

O   0.73515 -1.82956  0.12977 

C   0.81532 -0.55125 -2.00694 

O   1.96114  0.66116  0.61177 

P   1.57221  2.00082  1.27325 

O   2.16272  3.22151  0.57549 

O   0.07900  2.13761  1.64131 

O   2.37282  1.89339  2.76875 

P   1.68409  0.93219  3.87312 

O   1.33512 -0.42859  3.19458 

O   0.48965  1.60146  4.50779 

O   2.88726  0.67940  4.90571 

Mg -1.17304  1.84037  3.23332 

H   5.36884  3.26373 -3.84294 

H   6.10465  1.73573 -3.30516 

H   4.10019  3.00808 -1.93580 

H   7.25321  2.32851  0.49998 

H   7.19848  1.53741 -0.98923 

H   3.89375  3.28355  0.43988 

H   5.19640  2.67783  1.36688 

H  -4.46067  5.04362 -2.05269 
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H  -3.83471  6.63541 -2.51271 

H  -1.77429  5.90247 -1.98253 

H  -0.67228  3.66264  0.52610 

H  -0.25773  4.60460 -0.89819 

H  -4.13346  4.28781  0.13125 

H  -2.98301  3.36691  0.99342 

H  -2.54683 -4.64854 -5.09650 

H  -3.97773 -3.60652 -4.88413 

H  -0.11148 -4.75252  0.22109 

H  -1.04559 -4.85567  1.73201 

H  -3.05646 -4.36589  0.55519 

H  -2.24670 -4.39157 -1.00257 

H  -1.95916 -3.19809  0.19661 

H   1.53824  5.38893 -5.00596 

H   2.30494  6.38425 -3.76623 

H   9.29511 -1.21151 -1.34555 

H   6.89381 -0.39371  0.54048 

H  -8.43805 -1.54621 -4.42253 

H  -7.24391 -2.34908 -3.89611 

H   5.14670 -3.87166  3.92302 

H   5.50464 -3.59092  2.41032 

H  -5.59682 -5.44430  0.54701 

H  -5.41126 -5.26933 -0.97696 

H   9.37202 -4.69537  0.05835 

H   8.41950 -3.68523  0.75370 

H   6.32541 -3.14693  0.35090 

H   6.84519 -2.28727  1.50096 

H   2.21721  3.01979 -1.11641 

H   1.87230  3.75629 -2.44035 

H  -4.76898  3.72187  5.43375 

H  -4.61455  2.69929  4.22954 

H  -3.07375  1.93416  5.19207 

H  -2.68663  0.42799  4.98864 

H  -4.94450 -3.58920  1.47707 

H  -3.73652 -3.80919  2.44808 

H  -0.74064 -3.09714  3.79334 

H   0.33908 -2.29868  4.56177 

H   2.95634 -3.47921  2.65460 

H   1.41616 -3.19019  2.99724 

H  -6.62006  0.20772  1.80394 

H  -6.91652  1.53005  0.65989 

H  -7.64792 -0.77505 -0.09088 

H  -4.69065 -1.27518  0.11523 

H  -6.34758 -3.47133 -0.06808 

H  -4.45074 -2.23669 -1.99257 

H  -5.82418 -3.63691 -2.49565 

H  -6.18216 -0.58072 -3.40998 

H  -5.33133  2.25306 -2.34017 

H  -0.94006 -2.40432 -2.83751 

H  -0.50122  2.95000 -2.64635 

H   3.98664 -0.36806 -4.18895 

H   4.27404 -2.02420 -3.61500 

H   3.24459  0.08410 -1.68869 

H   2.90489 -2.92086 -1.87254 

H   4.26616 -2.07170 -0.33782 

H   0.63977 -2.73229 -1.71743 

H  -0.22641 -1.58196  0.27119 

H   0.98970  0.25443 -1.28511 

H   6.88251  3.29535 -2.90798 

H  -4.41947  6.37866 -0.85939 

H  -4.18223 -5.35736 -4.91929 

H  -1.27668 -6.08399  0.45251 

Mg  2.26951 -1.14011  1.50224 

O   4.14299 -0.87018  2.63111 

H   4.40914 -1.76865  2.95603 

H   4.95747 -0.51614  2.20648 

H   0.86233  1.92631 -2.58268 

H   3.56473  0.16487  4.41565 

O  -1.54915  3.80132  3.86724 

H  -0.97103  4.00826  4.61963 
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H  -2.47815  3.88885  4.18707 

H  -0.24129 -0.54005  3.04142 

H   7.49175 -0.12635  1.98857 

H   9.58580 -2.68927 -0.97983 

H   8.27373 -2.21071 -2.63078 

H   1.07452  7.10800 -4.83757 

 

NofixOCbound.log 

 

No fixed bonds 

C-N = 3.66 

C-O = 1.45 

 

B3LYP/6-31G* Lanl2DZ Mg 

 

Free Energy         =  -6563.350699 

Zero-point Energy   =  -6563.189679 

Potential Energy    =  -6564.49496868 

Nimag               =  1 (2.0078 cm-1) 

    

Charge =  0 Multiplicity = 1 

C   5.22471  3.99882 -4.08345 

N   4.79859  3.77394 -2.71351 

C   5.40546  2.93221 -1.87784 

N   6.53000  2.26825 -2.24350 

N   4.93214  2.76422 -0.63858 

C  -4.25312  5.99444 -1.82849 

N  -2.92387  5.42127 -1.77225 

C  -2.48382  4.66573 -0.76292 

N  -1.26679  4.12147 -0.83706 

N  -3.22229  4.48669  0.35252 

C  -4.92332 -7.60684 -2.41873 

C  -4.05251 -6.46371 -1.91037 

O  -4.63703 -5.48883 -1.32166 

O  -2.81079 -6.52913 -2.08885 

C  -0.24919 -4.76148 -0.61296 

N  -1.66546 -4.43112 -0.90133 

C   0.47335  5.06407 -5.45287 

C  -0.29432  4.99244 -4.13369 

O  -1.32116  5.68314 -3.99885 

O   0.19672  4.19837 -3.23847 

O   7.28564 -5.03476 -2.23316 

O   6.02597  0.79661  1.38117 

O  -6.83791 -2.44040 -4.57923 

O   5.10038 -2.79225  3.98215 

O  -6.66516 -5.04435  0.37613 

O   5.66112 -5.33622 -0.10117 

O   6.77940 -3.71084  2.07514 

O   2.49615  5.02628 -2.01186 

O  -4.33498  4.07277  4.54508 

O  -5.70118  4.39131  2.10544 

O  -2.93934 -4.13188  1.50897 

O   0.11935 -3.13570  4.75075 

O   2.34690 -2.76267  3.38151 

O  -2.76160  2.13862  1.99804 

P  -4.02170  1.28824  2.18393 

O  -5.11836  1.83940  3.06247 

O  -3.55358 -0.16777  2.79188 

P  -2.07509 -0.84661  2.67591 

O  -1.56336 -0.79852  1.25173 

O  -1.23934  0.29479  3.57420 

O  -2.06181 -2.15316  3.42478 

O  -4.58585  0.94339  0.71599 

C  -5.91027  0.35973  0.61029 

C  -5.93673 -0.74980 -0.42167 

C  -4.86784 -1.84120 -0.23984 

O  -5.21405 -2.79715  0.73283 

C  -4.68571 -2.34088 -1.68733 

O  -5.74626 -3.20096 -2.06740 

C  -4.82378 -1.03029 -2.46946 
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O  -5.74877 -0.23029 -1.75221 

N  -3.55269 -0.27333 -2.57909 

C  -2.28938 -0.69283 -2.95660 

C  -1.58050  0.48775 -3.22533 

N  -2.36380  1.60397 -3.01923 

C  -3.51890  1.10981 -2.65080 

N  -1.78269 -1.94308 -3.04150 

C  -0.51341 -1.93551 -3.46655 

N   0.28186 -0.89476 -3.75177 

C  -0.23394  0.35561 -3.63507 

N   0.55014  1.41410 -3.91587 

O   7.57456 -2.45545 -1.90744 

P   6.34586 -1.70168 -1.26478 

O   6.72000 -0.26641 -0.92426 

O   5.77803 -2.51003 -0.06324 

O   5.20351 -1.76038 -2.42865 

C   4.20226 -0.75300 -2.63868 

C   3.47785 -0.41230 -1.34201 

O   2.47282  0.58495 -1.58972 

C   2.75853 -1.59050 -0.64853 

O   3.35438 -1.85091  0.62624 

C   1.32403 -1.06153 -0.41180 

O   0.87678 -1.45316  0.87040 

C   1.51208  0.46120 -0.58558 

O   2.01325  0.93290  0.68404 

P   1.68022  2.46609  1.21695 

O   2.35842  3.49519  0.37542 

O   0.18038  2.57112  1.48089 

O   2.46320  2.30481  2.64911 

P   1.76076  1.55740  3.93340 

O   1.41359  0.11756  3.50300 

O   0.56435  2.34763  4.39579 

O   2.97308  1.53625  4.97094 

Mg -1.06848  2.33275  3.04751 

H   4.51950  4.69694 -4.53762 

H   5.21784  3.07561 -4.67958 

H   3.92053  4.26124 -2.39812 

H   6.74020  1.37537 -1.78187 

H   6.83371  2.34463 -3.20250 

H   4.01469  3.12712 -0.36096 

H   5.39565  2.14610  0.02386 

H  -5.03732  5.23042 -1.73522 

H  -4.36577  6.47744 -2.80079 

H  -2.29562  5.52983 -2.59800 

H  -0.91415  3.56443 -0.06688 

H  -0.74616  4.13368 -1.73420 

H  -4.17334  4.82280  0.42379 

H  -3.01577  3.68174  0.94399 

H  -4.31435 -8.41130 -2.83561 

H  -5.60719 -7.23119 -3.18872 

H   0.28170 -4.95760 -1.54718 

H   0.22491 -3.93930 -0.07138 

H  -2.17681 -4.23835  0.00606 

H  -2.16116 -5.26432 -1.38787 

H  -1.74712 -3.61376 -1.52390 

H   0.51890  4.06786 -5.90837 

H   1.50526  5.38604 -5.26672 

H   8.12802 -5.50434 -2.14000 

H   6.34716  0.27304  0.58511 

H  -7.58939 -1.91826 -4.26013 

H  -6.51212 -2.87845 -3.76614 

H   5.48736 -2.93509  4.85944 

H   5.72983 -3.20613  3.32580 

H  -6.36123 -5.40782  1.22288 

H  -6.02419 -5.41377 -0.28454 

H   5.38315 -4.40526 -0.22780 

H   6.13906 -5.28038  0.74649 

H   6.54191 -3.15813  1.27543 

H   7.72944 -3.57832  2.21721 

H   2.28819  4.76545 -1.09456 
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H   1.71076  4.71095 -2.53075 

H  -4.73116  4.55633  3.78727 

H  -4.62503  3.15345  4.34619 

H  -6.63524  4.64382  2.16542 

H  -5.67601  3.42909  2.32792 

H  -3.81710 -3.74051  1.28475 

H  -2.58777 -3.54565  2.21060 

H  -0.68448 -2.87955  4.22790 

H   0.03726 -2.62869  5.57245 

H   3.17651 -3.09392  3.77603 

H   1.54866 -2.97081  3.95782 

H  -6.22577 -0.05836  1.57053 

H  -6.60302  1.16015  0.33159 

H  -6.93212 -1.21364 -0.37237 

H  -3.93286 -1.37987  0.09106 

H  -5.88134 -3.46162  0.40620 

H  -3.72362 -2.81942 -1.86234 

H  -5.41561 -4.12720 -1.92940 

H  -5.22221 -1.20160 -3.47316 

H  -4.39716  1.68468 -2.40164 

H  -0.05280 -2.91576 -3.58798 

H   0.27525  2.37746 -3.68725 

H   4.66118  0.14964 -3.05573 

H   3.50186 -1.16561 -3.36998 

H   4.20028  0.00298 -0.63476 

H   2.77149 -2.50600 -1.24566 

H   4.30993 -2.11677  0.46095 

H   0.65229 -1.42253 -1.19154 

H  -0.11284 -1.20736  1.00120 

H   0.62192  1.01683 -0.87929 

H   6.22499  4.44831 -4.13437 

H  -4.40971  6.75423 -1.05048 

H  -5.54273 -7.99539 -1.60265 

H  -0.22564 -5.66045  0.00542 

Mg  2.38609 -1.09093  2.26121 

O   4.23088 -0.37134  3.08668 

H   4.69014 -1.16080  3.47611 

H   4.87775  0.06605  2.46621 

H   1.53645  1.22369 -4.01638 

H   3.65318  0.92912  4.59882 

O  -1.78351  3.83438  4.16305 

H  -1.28560  4.05912  4.96305 

H  -2.77801  3.99428  4.32867 

H  -0.29755  0.00886  3.72135 

H   6.81887  1.17690  1.79046 

H   6.71973 -5.32351 -1.46544 

H   7.45005 -3.45019 -2.08025 

H  -0.00437  5.75994 -6.14521 
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Abstract. ATP phosphoribosyltransferase catalyses the first step of histidine biosynthesis and 

is controlled via a complex allosteric mechanism where the regulatory protein HisZ enhances 

catalysis by the catalytic protein HisGS while mediating allosteric inhibition by histidine. 

Activation by HisZ was proposed to position HisGS Arg56 to stabilise departure of the 

pyrophosphate leaving group. Here we report active-site mutants of HisGS with impaired 

reaction chemistry which can be allosterically restored by HisZ despite the HisZ:HisGS 

interface lying ~20-Å away from the active site. MD simulations indicate HisZ binding 

constrains the dynamics of HisGS to favour a preorganised active site where both Arg56 and 

Arg32 are poised to stabilise leaving-group departure in WT-HisGS. In the Arg56Ala-HisGS 

mutant, HisZ modulates Arg32 dynamics so that it can partially compensate for the absence 

of Arg56. These results illustrate how remote protein:protein interactions translate into 

catalytic resilience by restoring damaged electrostatic preorganisation at the active site.   
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Introduction 

 Robust reaction rate enhancement and allosteric regulation are hallmarks of enzyme 

catalysis, and both aspects may be at least in part underpinned by protein conformational 

flexibility.1-3 The catalytic prowess of enzymes can be significantly ascribed to substrate 

binding to an electrostatically preorganised active site, which minimises the reorganisation 

energy required for optimum stabilisation of the charge redistribution as the reaction 

progresses from the reactant state to the transition state.4 Yet several lines of evidence also 

suggest a contribution from protein dynamics,5-8 from nonstatistical, femtosecond-timescale 

vibrations coupled directly to transition-state barrier crossing,6,8 to slower, thermally 

equilibrated motions reshaping the enzyme conformational ensemble towards populations 

where active-site preorganisation is optimised.5 Nonetheless, this topic is still controversial 

possibly due to the inherent flexibility of proteins which makes it difficult to isolate motions 

that may have evolved to facilitate reaction.7,9,10    

Allosteric modulation of enzymes, i.e. the alteration of reaction rate and/or substrate 

affinity upon ligand binding to, mutation of, or post-translational modification at a site 

remote from the active site, is a fundamental regulatory mechanism of biochemical 

reactions.11,12 It finds applications in drug discovery to facilitate drug-target selectivity as 

allosteric sites tend to be less conserved than active sites across homologous proteins,13,14 and 

in enzyme engineering and synthetic biology, where allosteric control may need to be 

introduced or, more often, eliminated.15,16 While enzymes subject to allosteric regulation by 

ligand binding can be broadly classified as K-type, those where substrate affinity is altered, 

and V-type, those where the steady-state catalytic rate constant (kcat) is altered, the specific 

kinetic steps affected can vary depending on the enzyme.13,17-19 For instance, in 

Mycobacterium tuberculosis -isopropylmalate synthase, the rate-limiting step changes from 

product release to chemistry upon allosteric inhibition by leucine.17 The role of protein 
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dynamics in allostery has been much less controversial when discussed in terms of 

conformational changes to promote physical events such as substrate binding and product 

release, or the interconversion rate among conformations.11,20 However, in systems where 

allosteric regulation affects the rate of the chemical step itself,17-19 the intersection at which 

local and remote protein motions, active-site electrostatic preorganisation, and ultimately 

catalysis meet remains challenging to pinpoint, despite recent advances toward this goal with 

Kemp eliminase.5,21  

ATP phosphoribosyltransferase (ATPPRT) (EC 2.4.2.17) catalyses the Mg2+-

dependent formation of N1-(5-phospho-β-D-ribosyl)-ATP (PRATP) and inorganic 

pyrophosphate (PPi) from ATP and 5-phospho-α-D-ribosyl-1-pyrophosphate (PRPP) (Fig. 

1a), the first and flux-controlling step of histidine biosynthesis, and is allosterically inhibited 

by histidine in a negative feedback control loop.22,23 ATPPRT is the focus of synthetic 

biology efforts to enable the production of histidine in bacteria16,24 and a promising drug 

target against some pathogenic bacteria.25-27 Short-form ATPPRTs form an intricate allosteric 

system comprising catalytic (HisGS) and regulatory (HisZ) subunits assembled as a hetero-

octamer with a tetrameric core of HisZ sandwiched by two dimers of HisGS.28-33 HisGS on its 

own is catalytically active and insensitive to inhibition by histidine.28,34 Binding of HisZ, 

which has no catalytic power of its own, to form the ATPPRT holoenzyme, allosterically 

activates catalysis by HisGS.26,28,31,34 However, HisZ also harbours the pocket where histidine 

binds and allosterically inhibits ATPPRT. Thus, the regulatory protein plays a dual role, as 

allosteric activator of catalysis in the absence of histidine and mediator of allosteric inhibition 

in the presence of histidine. 19,31,33   
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Fig. 1 The effect of active-site mutations on PaHisGS. a The reversible, Mg2+-dependent 

reaction catalysed by ATPPRT. b Stick model of the active site of PaATPPRT (PDB ID 

6FU2).29 Oxygen is shown in red, nitrogen in blue, phosphorus in orange, sulphur in yellow, 

and carbon in either cyan (substrates), grey (in one of the PaHisGS subunits) or magenta (in 

the other PaHisGS subunit). Polar interactions are depicted as dashed lines, and the Mg2+ as 

sphere. c Representative traces of PRATP formation time course catalysed by 5 M PaHisGS 

variants. Black lines are linear regressions of the data. d Substrate saturation curves for WT 

and mutant PaHisGS. Data are mean  standard error of two independent measurements. 

Lines are best fit of the data to equation (1).     

In Psychrobacter arcticus ATPPRT (PaATPPRT), structural and functional data 

indicate allosteric activation of catalysis triggered by HisZ (PaHisZ) binding specifically 

perturbs the chemical step of the reaction taking place at the HisGS (PaHisGS) active site 

located ~23 Å from the nearest PaHisGS:PaHisZ interface.18,29 First, crystal structures of the 

Michaelis complexes of the activated, hetero-octameric holoenzyme (henceforth referred to 
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as PaATPPRT) and of the nonactivated, dimeric enzyme (henceforth referred to as PaHisGS) 

showed Arg56 of one of the catalytic subunits reaching across the dimer interface to form a 

salt-bridge with the pyrophosphate moiety of PRPP in the active site of the other subunit 

(Fig. 1b) in the PaATPPRT but not in the PaHisGS structure. Therefore, allosteric activation 

was proposed to lead to more efficient leaving group departure at the transition state by 

stabilisation of the negative charge build-up on the pyrophosphate upon nucleophilic attack of 

ATP N1 on PRPP C1.29 Second, no burst in product formation was observed for the reaction 

catalysed by PaHisGS, and the multiple-turnover pre-steady-state rate-constant was in 

agreement with kcat, suggesting chemistry is rate-limiting in the nonactivated enzyme 

reaction. In contrast, a burst was observed in the reaction catalysed by PaATPPRT, 

producing a rate-constant (kburst) much higher than kcat, supporting a mechanism where 

allosteric activation speeds up the chemical step, making product release rate-limiting.18 

Finally, replacement of Mg2+ by Mn2+, which more efficiently offsets the negative charge at 

the transition state, led to an ~3-fold enhancement of PaHisGS kcat, as would be predicted, 

qualitatively, for a rate-limiting chemical step, but had no effect on PaATPPRT kcat, where 

chemistry was already much faster than subsequent steps.18 

As expected, an R56A-PaHisGS mutant had a reduced reaction rate in the 

nonactivated enzyme as measured at a fixed concentration of substrates, since R56 was 

posited to be important for leaving group departure in PaHisGS as well, only less efficiently. 

Intriguingly, upon PaHisZ binding to R56A-PaHisGS, part of the activity was recovered.29 

Here we employed site-directed mutagenesis, differential scanning fluorimetry (DSF), 

enzyme kinetics, 31P-NMR spectroscopy, protein crystallography, and molecular dynamics 

(MD) simulations to dissect this phenomenon, reveal that other single- and double-mutations 

at the PaHisGS active site display similar behaviour, and demonstrate how modulation of 

PaHisGS dynamics by PaHisZ propagates to the active site to affect the chemical step.  
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Results 

C115A-, D179A-, and D179N-PaHisGS are catalytically active. To assess the 

importance of active-site residues in catalysis, we introduced single and double mutations 

into the PaHisGS amino acid sequence by site-directed mutagenesis of the PaHisGS-coding 

sequence and expressed and purified the mutant proteins (Supplementary Fig. 1). 

Electrospray ionisation/time-of-flight-mass spectrometry (ESI/TOF-MS) confirmed the 

molecular mass of WT-, C115A-, C115S-, D179A-, R32A-, R56A-, and R56A/K57A-

PaHisGS variants were in agreement with the predicted value (Supplementary Fig. 2). The 

introduction of the D179N mutation was confirmed by MS/MS analysis of tryptic fragments 

(Supplementary Fig. 2). In an initial activity screen, reactions were monitored for just under 

1 min by the continuous and direct UV/VIS absorbance-based assay for ATPPRT activity18,35 

at fixed PRPP and ATP concentrations sufficient to saturate WT-PaHisGS, and PRATP 

formation was readily detected with C115A-, D179A-, D179N-, and WT-PaHisGS (Fig. 1c), 

and linear regression of the data yielded apparent rate constants shown in Supplementary 

Table 1.  

Substrate saturation curves for WT-, C115A-, D179A-, and D179N-PaHisGS obeyed 

Michaelis-Menten kinetics (Fig. 1d), and data fit to equation (1) produced the apparent 

steady-state kinetic parameters in Supplementary Table 2. The Michaelis constant for ATP 

(KATP) increased less than 2-fold for C115A-PaHisGS, and the Michaelis constant for PRPP 

(KPRPP) actually decreased between 2- and 3-fold for D179A- and D179N-PaHisGS, 

suggesting C115 and D179 make negligible contributions to substrate binding. The kcat for the 

mutants were reduced only ~4-fold in comparison with the WT-PaHisGS, pointing to these 

residues’ modest importance in catalysis. Over the course of the ATPPRT-catalysed reaction, 

the 6-NH2 group must donate a proton to yield the 6-NH group of PRATP, and in the case of 

PaATPPRT, this proton abstraction happens on the enzyme.18 Based on their respective 
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positions in the active site (Fig. 1b),29 both C115 and D179 were candidates to act as general 

base for this proton abstraction, but the small catalytic effect of their replacements for 

residues that cannot participate in acid-base catalysis does not support such role, leaving the 

identity of the general base still elusive. 

C115S-, R32A-, R56A-, and R56A/K57A-PaHisGS are catalytically 

compromised. No PRATP formation could be detected above the background noise of the 

assay during the initial activity screen when either C115S-, R32A-, R56A-, or R56A/K57A-

PaHisGS was used as catalyst (Fig. 1c), indicating these mutants have impaired catalytic 

activity. DSF-based thermal denaturation assays showed these mutants display similar 

thermal unfolding profiles to the WT protein (Fig. 2a), and data fit to equation (2) yielded 

melting temperatures (Tm) shown in Supplementary Table 3. Moreover, as described 

previously18 and repeated here for WT-PaHisGS, the presence of PRPP increased the Tm of 

the mutants (Fig. 2a; Supplementary Table 3), indicating the catalytically impaired 

PaHisGS variants can bind PRPP, in agreement with the ordered kinetic mechanism proposed 

for this enzyme.18,29 Analytical size-exclusion chromatography produced similar elution 

profiles for WT-, C115S-, R32A-, R56A-, and R56A/K57A-PaHisGS (Supplementary Fig. 

3). An activity screen with longer reaction times and twice as much enzyme as in the initial 

screen, to allow more product to accumulate, demonstrated the catalytic ability of C115S-, 

R32A-, R56A-, and R56A/K57A-PaHisGS is significantly diminished but not abolished (Fig. 

2b).  



9 
 

 

Fig. 2 Allosteric rescue of catalytically impaired PaHisGS mutants by PaHisZ. a DSF-

based thermal denaturation of C115S-, R32A-, R56A-, or R56A/K57A-PaHisGS. Traces are 

averages of three independent measurements. Lines of best fit to equation (2) are in black. b 

PRATP formation time course catalysed by 10 M PaHisGS variants. Traces are averages of 

two independent measurements. Black lines are linear regressions of the data. c Dependence 

of rate of reaction catalysed by PaHisGS variants on the concentration of PaHisZ. Data are 

mean  standard error of two independent measurements. Lines are best fit of the data to 

equation (3). d Close-up of the 4.0 – 3.0 ppm region of the 31P-NMR spectra of the reaction 

catalysed by PaHisGS mutants in the presence and absence of PaHisZ. The peak at ~3.30 

ppm corresponds to the phosphorus in the N1-5-phospho-β-D-ribose moiety of PRATP.28,29 e 
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Substrate saturation curves for WT and mutant PaATPPRT. Data are mean  standard error 

of two independent measurements. Lines are best fit of the data to equation (1). f Effect of 1 

mM histidine on mutant PaATPPRT-catalysed reaction. Two independent measurements 

were carried out, and all data points are shown. 

Even though C115 is only modestly important for catalysis, its replacement by serine 

led to a 117-fold reduction in activity (Table 1), perhaps due to the introduction of a 

detrimental interaction. The activities of R32A- and R56A-PaHisGS decreased 25- and 42-

fold, respectively, in comparison with the WT-PaHisGS (Table 1). This demonstrates the 

importance of these residues in PaHisGS catalysis, possibly because R56 and R32 may 

contribute to leaving group departure at the transition state.18,29 K57 is adjacent to R56 in the 

PaHisGS primary sequence, but in all PaHisGS and PaATPPRT crystal structures, it points 

away from the active site.19,28,29 We hypothesised that in the absence of the R56 guanidinium 

group, the K57 -NH3
+ group could move towards the active site and assist in leaving group 

departure. However, the R56A/K57A-PaHisGS double mutant displayed a 254-fold decrease 

in activity (Table 1), which is only ~6-fold more catalytically impaired than the R56A-

PaHisGS, indicating just a modest catalytic importance for K57. R32, R56, K57, and C115 

are highly conserved in HisGS across species, and D179 is also conserved but sometimes 

replaced with a glutamate residue.29 Nevertheless, out of these five residues in PaHisGS, only 

the arginine residues seem to be significantly important for catalysis.  
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Table 1 Apparent rate constants (mean  fitting error) for PaHisGS mutants from reactions 

monitored for 840 s. 

PaHisGS v/ET (s-1) Catalytic impairmenta 

C115S 0.0005  0.0001 117-fold 

R32A 0.0023  0.0001 25-fold 

R56A 0.0014  0.0001 42-fold 

R56A/K57A 0.00023  0.00005 254-fold 

aRatio of v/ET reported for WT-PaHisGS (Supplementary Table 1) to v/ET reported here.     

PaHisZ allosterically rescues C115S-, R32A-, R56A-, and R56A/K57A-PaHisGS 

catalysis. To assess the extent to which these mutations were also detrimental to PaATPPRT 

catalysis, and how much of the R56A-PaHisGS activity could be recovered in the presence of 

PaHisZ,29 the effect of PaHisZ on the reaction catalysed by the impaired PaHisGS mutants 

was determined. The regulatory protein surprisingly led to activation of all catalytically 

impaired PaHisGS mutants (Fig. 2c), and data fit to equation (3) resulted in the apparent 

equilibrium dissociation constants (KD) for PaHisZ displayed in Table 2. No activity was 

detected when the PaHisGS mutant-catalysed reactions were carried out in the presence of 

bovine serum albumin (BSA) (Supplementary Fig. 4), ruling out that allosteric rescue was 

due to nonspecific protein binding. To gather orthogonal evidence for the allosteric rescue, 

the reaction catalysed by each PaHisGS mutant was analysed by 31P-NMR spectroscopy in 

the presence and absence of PaHisZ (Supplementary Fig. 5) under conditions where product 

can be detected with WT-PaHisGS.18 The characteristic chemical shift at ~3.30 ppm (Fig. 2d) 

previously assigned to the phosphorus in the N1-5-phospho-β-D-ribose moiety of PRATP,28,29 

was only detected here when PaHisZ was present in the reaction, confirming the rescue of the 

catalytically compromised mutants by the regulatory protein. 
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Table 2. Steady-state kinetic parameters (mean  fitting error) for PaATPPRT variants (all 

mutations are in PaHisGS). 

PaATPPRT PaHisZ 

KD (M) 

kcat (s-1) KPRPP (mM) KATP (mM) Activation by 

PaHisZa 

WT 0.44  0.05 1.72  0.07 0.44  0.05 0.76  0.07 29-fold 

C115S 1.7  0.4 0.93  0.05 0.6  0.1 2.8  0.2 1,860-fold 

R32A 0.49  0.06 0.48  0.04 0.41  0.06 1.5  0.3 208-fold 

R56A 4.0  0.6 0.35  0.05 0.37  0.04 0.9  0.1 250-fold 

R56A/K57A 5  2 0.12  0.01 0.4  0.1 1.5  0.3 521-fold 

aRatio of kcat reported here to v/ET from Supplementary Table 1 (WT) and Table 1 

(mutants). 

 Substrate saturation curves for WT-, C115S-, R32A-, R56A-, and R56A/K57A-

PaATPPRT obeyed Michaelis-Menten kinetics (Fig. 2e), and data fit to equation (1) 

produced the apparent steady-state kinetic parameters shown in Table 2, with the 

concentrations of each PaATPPRT variant calculated from the KD for PaHisZ using equation 

(4). PaHisZ allosterically restored most of the catalytic activity of the impaired PaHisGS 

mutants. In comparison with the WT-PaATPPRT, KPRPP was unaltered by the mutations, and 

KATP increased by a maximum of 4-fold. The kcat decreased by less than 2-fold for C115S-

PaATPPRT as compared with WT-PaATPPRT, and by less than 4-fold and 6-fold for R32A- 

and R56A-PaATPPRT. Only R56A/K57A-PaATPPRT kcat was reduced by more than one 

order of magnitude (~14-fold) in comparison with WT-PaATPPRT, which is still a small 

effect in comparison with the 254-fold catalytic impairment of R56A/K57A-PaHisGS. 

Due to the long TEVP-cleavage time and low yield of the PaHisZ recovered along 

with the extensive use of the regulatory protein in this work, a His-tagged PaHisZ was 
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purified and employed from this point onwards. The steady-state kinetic parameters 

(Supplementary Fig. 6) are very similar whether nor not the His-tagged PaHisZ was used. 

Histidine binds to PaHisZ and allosterically inhibits PaATPPRT catalysis, and the 

suppression of the burst in product formation in the presence of histidine suggests that 

allosteric inhibition directly affects the chemical step of the reaction.19 Histidine also inhibits 

the reaction catalysed by the rescued PaATPPRT mutants (Fig. 2f; Supplementary Fig. 7), 

indicating the allosteric pathway responsible for inhibition is intact in these mutants. 

 Allosteric activation of WT- and R56A-PaHisGS by an orthologous HisZ. PaHisZ 

and PaHisGS share 43% and 69% sequence identity with their orthologues from the 

pathogenic bacterium Acinetobacter baumannii, AbHisZ and AbHisGS, respectively, but 

PaHisZ has been shown to be a potent allosteric inhibitor of AbHisGS.26 We thus 

hypothesised that AbHisZ could inhibit WT-PaHisGS. However, addition of AbHisZ 

activated catalysis by WT-PaHisGS (Fig. 3a), and data fit to equation (3) yielded a KD for 

AbHisZ of 9  1 M. Moreover, AbHisZ also rescued catalysis by R56A-PaHisGS (Fig. 3a), 

but their interaction involved positive co-operativity as evidenced by the sigmoidal 

dependence of the reaction rate on the regulatory protein. The R56A-PaHisGS mutant was 

chosen due to its significant catalytic impairment and the proposed role in catalysis for R56. 

The data were fit to equation (5), yielding a concentration of AbHisZ at the inflection point 

(K0.5) and a Hill coefficient (h) of 8.1  0.4 M and 1.68  0.08, respectively. Nonetheless, 

this fit is intended only to highlight the sigmoidal behaviour of the data, since the experiment 

could not be carried out under pseudo-first-order conditions, i. e. [R56A-PaHisGS] ~ 

[AbHisZ] in the experiment, thus equation (5) does not hold. 
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Fig. 3 Allosteric activation of PaHisGS variants by AbHisZ. a Dependence of rate of 

reaction catalysed by PaHisGS variants on the concentration of AbHisZ. Data are mean  

standard error of two independent measurements. Best fit of the data to equation (3) is shown 

as a solid line. Best fit of the data to equation (5) is shown as a dashed line. b Substrate 

saturation curves for WT-PaHisGS/AbHisZ and R56A-PaHisGS/AbHisZ. Data are mean  

standard error of two independent measurements. Lines are best fit of the data to equation (1). 

WT-PaHisGS/AbHisZ concentration was calculated from the KD for AbHisZ with equation 

(4), while R56A-PaHisGS/AbHisZ concentration was assumed to be the same as R56A-

PaHisGS in the presence of 26 M AbHisZ. c The crystal structure of PaATPPRT28 viewed 

from above the PaHisGS dimer. PaHisGS (orange) and PaHisZ (blue) are in surface 

rendering. The C atoms of specific PaHisZ residues at the interface with PaHisGS are 
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shown as spheres, with pink depicting identical residues to AbHisZ, blue depicting residues 

with similar properties to those in AbHisZ, and green, those not conserved in AbHisZ.     

 Substrate saturation curves for WT-PaHisGS/AbHisZ and R56A-PaHisGS/AbHisZ 

hybrid complexes obeyed Michaelis-Menten kinetics (Fig. 3b), and data fit to equation (1) 

produced the following apparent kcat, KPRPP, and KATP: 1.49  0.02 s-1, 0.27  0.01 mM, and 

0.9  0.1 mM for WT-PaHisGS/AbHisZ; 0.22  0.02 s-1, 0.27  0.02 mM, and 1.2  0.3 mM 

for R56A-PaHisGS/AbHisZ. These values are in good agreement with those for WT- and 

R56A-PaATPPRT (Table 2), indicating AbHisZ recapitulates the catalytic activation of 

PaHisGS to a similar extent the native PaHisZ does. Furthermore, AbHisZ is capable of 

efficiently relaying the histidine inhibition allosteric signal to WT- and R56A-PaHisGS 

(Supplementary Fig. 8). We mapped the PaHisZ residues at the interface between the 

PaHisGS dimer and the PaHisZ tetramer in the PaATPPRT hetero-octamer28 (Fig. 3a), and 

found that 25 of those are strictly conserved in AbHisZ. It is possible that these residues have 

an important role in transmitting the allosteric signal for both activation and inhibition.         

 Crystal structures of R56A-PaHisGS and R56A-PaATPPRT. In an attempt to gain 

insight into the effect of the R56A mutation at the atomic level, we solved the crystal 

structures of both R56A-PaHisGS and R56A-PaATPPRT bound to PRPP:ATP. Refinement 

statistics are summarised in Supplementary Table 4, and the electron-density maps for 

PRPP:ATP in both structures are shown in Supplementary Fig. 9. Even WT-PaHisGS and 

WT-PaATPPRT are known to form the Michaelis complex in crystallo, likely due to a highly 

unfavourable on-enzyme equilibrium for the forward reaction.18,29 The active site interactions 

are very similar between the two structures, except the electron density for Mg2+ in R56A-

PaATPPRT was not well defined, so the metal was not modelled in, and the hydrogen bond 

between E163 and the PRPP 3ʹ-OH is absent in the R56A-PaHisGS (Fig. 4). The structures 

are also very similar to those of the respective WT enzymes.29 Therefore, any structural or 
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conformational differences that may lead to allosteric rescue of R56A-PaHisGS catalysis are 

not captured in the static view of the crystal structure.  

    

Fig. 4 Crystal structures of R56A-PaHisGS and R56A-PaATPPRT bound to PRPP:ATP. 

a Stick model of the active site of R56A-PaHisGS. b Stick model of the active site of R56A-

PaATPPRT. In both panels, oxygen is shown in red, nitrogen in blue, phosphorus in orange, 

sulphur in yellow, and carbon in either magenta (substrates) or grey (protein). The A56 side 

chain is contributed by the adjacent PaHisGS subunits. Polar interactions are depicted as 

dashed lines, and the Mg2+ as sphere. 

PaHisZ binding alters PaHisGS dynamics. MD simulations were performed on the 

WT-PaHisGS:PRPP:ATP complex both in the presence and absence of the regulatory protein 

PaHisZ in order to gain insight into the role of PaHisZ in the allosteric modulation of 

PaHisGS. We then constructed dynamic cross-correlation matrices (DCCM) for the Cα-atoms 

during simulations of each system (Supplementary Fig. 10) to analyze the occurrence of 

correlated motions in the inactivated and activated dimers. These plots show a clear shift in 

the PaHisGS dimer conformational ensemble upon allosteric activation, with losses of both 

correlated and anti-correlated motions compared to the nonactivated dimer. It is expected that 
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external structural perturbations (such as ligand binding or, in this case, the binding of 

PaHisZ to PaHisGS) would alter such conformational fluctuations, as has been observed in 

other allosteric systems.36-38 However, it is surprising to observe a loss in correlated motions 

upon allosteric activation, which suggests that binding of PaHisZ restricts PaHisGS motions. 

The curious conformational behavior of the activated dimer was further explored 

using the shortest path map (SPM) approach,39 which enables the identification of pairs of 

residues in both the active site and distal positions40 with the highest contributions to the 

communication pathways in nonactivated and activated PaHisGS. Comparison of the SPM in 

the nonactivated and activated enzymes (Fig. 5a,b) illustrates that PaHisZ binding increases 

intermonomer communication pathways across the two subunits of the PaHisGS dimer, 

which could be expected to in turn facilitate key interactions between R56 and PRPP across 

the dimer. This is in overall agreement with the allosteric activation mechanism gleaned from 

the crystal structures of PaHisGS and PaATPPRT.29 Furthermore, when also considering 

interactions between the dimer and the regulatory protein (Fig. 5c,d), it can be seen that the 

SPM spans one of the PaHisZ subunits, bridges both monomers of PaHisGS and 

communicates with the regulatory protein mainly through helices 7,8 of PaHisGS and 

4,5,11 of PaHisZ (Supplementary Fig. 11). Interestingly, the calculated SPM (Fig. 6) 

contains G268 of the histidine binding loop of PaHisZ (D256 – I269),19 suggesting a 

perturbation of the allosteric communication pathway upon histidine binding. We also 

analyzed the contribution of each residue to the overall protein dynamics by means of the 

dynamical flexibility indexes (DFI)41 (Supplementary Fig. 12) to reveal PaHisZ binding 

changes the DFI of PaHisGS compared with nonactivated PaHisGS, in particular at the 

helices inferred to be important for communication at the PaHisGS-PaHisZ interface from the 

SPM analysis (Fig. 5), as well as the region containing the R32 and R56. 
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Fig. 5 Effect of PaHisZ binding on PaHisGS dynamic network. a SPM analysis of 

nonactivated PaHisGS dimer. b SPM analysis of activated PaHisGS dimer upon PaHisZ 

binding (only the catalytic subunits are shown). c SPM analysis of PaATPPRT including 

PaHisZ residues. d Side view (90° rotation) of c. PaHisGS monomers are shown in light and 

dark teal, while PaHisZ is shown in pink. The histidine binding loop (D256 – I269) is shown 

in yellow in d. The sizes of the edges (black lines) and vertices (spheres) indicate the strength 

of the network (the larger size the more pathways available, and thus the higher the 

importance for allosteric communication). 
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Insights into the dynamics of allosteric rescue of R56A-PaHisGS. Additional MD 

simulations were performed on both nonactivated and activated R56A-PaHisGS:PRPP:ATP 

complexes to gather knowledge at the atomic level into the allosteric rescue of this variant. 

Given the catalytic importance of R32 and R56 and their hypothesized involvement in 

facilitating leaving group departure, we tracked the distance between the Cζ of each side 

chain and the P of the PPi moiety of PRPP during our simulations (Fig. 6a). It can be 

gleaned from the data that the R56 side chain displays a bimodal distribution of distances in 

WT-PaHisGS (Fig. 6b). These comprise a peak at ~4.4 Å corresponding to a catalytic 

conformation in which this side chain forms a salt-bridge with the PRPP PPi moiety, and 

another at ~7.8 Å, corresponding to a non-catalytic rotamer of this residue. Binding of 

PaHisZ shifts the distance distribution towards the catalytically active rotamer (Fig. 6c). This 

furnishes support for PaHisZ binding constraining the conformational dynamics of PaHisGS, 

fostering a preorganized active site in which the R56 guanidinium group is poised to help 

stabilize the leaving group at the transition state. 

 

Fig. 6 Effect of PaHisZ binding on PaHisGS R56 and R32 rotamers. a Schematic 

rendering of the distances (dashed lines) between Cζ of either R56 or R32 and the P of the 

PPi moiety of PRPP monitored during MD simulations, henceforth referred to as PRPP – R56 
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distance and PRPP – R32 distance, respectively. b Distribution of PRPP – R56 distances in 

WT-PaHisGS.  c Distribution of PRPP – R56 distances in WT-PaATPPRT. d Distribution of 

PRPP – R32 distances in WT-PaHisGS. e Distribution of PRPP – R32 distances in WT-

PaATPPRT. f Distribution of PRPP – R32 distances in R56A-PaHisGS. g Distribution of 

PRPP – R32 distances in R56A-PaATPPRT. 

 Changes in R32 distance distribution upon allosteric activation of WT-PaHisGS are 

more subtle, but follow a similar trend as seen for R56, with a peak at ~5.4 Å in WT-

PaHisGS (Fig. 6d) shifting to one at ~4.2 Å in WT-PaATPPRT (Fig. 6e) to favor interaction 

with the PPi moiety. This effect is exacerbated in the absence of R56, where a broad 

distribution of R32 distances in R56A-PaHisGS (Fig. 6f) changes to a very narrow peak at 

~4.2 Å in WT-PaATPPRT (Fig. 6g). Not only do these simulations reinforce the proposed 

role of R32 in stabilization of the leaving group at the transition state, but also offer a 

dynamics-based hypothesis for the allosteric rescue of R56A-PaHisGS: in the absence of 

R56, PaHisZ binding constrains the conformational ensemble of R56A-PaHisGS mainly to a 

population where a very narrow distribution of R32 rotamers is sampled that is optimized for 

a salt-bridge with the PPi leaving group at the transition state, partially offsetting the loss of 

such interaction with R56. It is also tempting to speculate that allosteric rescue of R32A-

PaHisGS by PaHisZ might involve in turn a similar constraint of R56 dynamics to facilitate 

leaving group departure at the transition state and partially compensate for the loss of R32.       

The R32A and R56A substitutions affect the chemical step. The proposal that 

allosteric rescue of R56A-PaHisGS, and likely R32A-PaHisGS, by PaHisZ is underpinned by 

constrained PaHisGS protein dynamics restoring proper active-site electrostatic 

preorganisation predicts the rescued reaction rates must reflect at least in part the chemical 

step of the reaction. We have previously demonstrated that replacement of Mg2+ by Mn2+ 

increases WT-PaHisGS kcat, and density-functional theory calculations provided a rationale 



21 
 

for this effect based on more efficient stabilisation of the negative charges by Mn2+ via d-

orbital bonding to the oxygens of the departing PPi at the transition state.18 This was 

corroborating evidence that chemistry was the rate-limiting step in PaHisGS catalysis, but not 

in PaATPPRT where Mn2+ had no significant impact on kcat. This observation is reproduced 

here. At saturating concentrations of both substrates, Mn2+ allows product formation to be 

detected at a WT-PaHisGS concentration too low to detect reaction with Mg2+, but does not 

increase the WT-PaATPPRT reaction rate (Fig. 7). In contrast, when R32A-PaATPPRT and 

R56A-PaATPPRT reactions were carried out with Mn2+ instead of Mg2+, the rate of product 

formation increased (Fig. 7a), and the apparent first-order rate constants increased by ~5-fold 

and ~3-fold, respectively, in comparison with those with Mg2+ (Fig. 7b). This indicates the 

rates of the rescued mutants reflect the chemical step of the reaction, i. e. unlike WT-

PaATPPRT,18 chemistry is at least partially rate-limiting for R32A-PaATPPRT and R56A-

PaATPPRT. Surprisingly, the apparent first-order rate constants for R32A-PaHisGS and 

R56A-PaHisGS with Mn2+ were measurable, 0.12  0.01 s-1 and 0.13  0.01 s-1, respectively, 

only ~2.5-fold lower than that for WT-PaHisGS with Mn2+, although still very low in 

comparison with those for R32A-PaATPPRT (~54-fold higher) and R56A-PaATPPRT (~20-

fold lower) (Fig. 7), suggesting the more efficient charge stabilisation ability of Mn2+ can 

partially rescue the activity of these mutants. This observation highlights the importance of 

electrostatic catalysis in this enzymatic reaction.  
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Fig. 7 Effect of Mn2+ on R32A-PaATPPRT and R56A-PaATPPRT reactions. a PRATP 

formation time course catalysed by PaHisGS and PaATPPRT variants at fixed, saturating 

concentration of PRPP and ATP. Traces are averages of two to four independent 

measurements. Black lines are linear regressions of the data. b Apparent first-order rate 

constants for PaHisGS and PaATPPRT variants. All data points are shown. Two independent 

measurements were carried out for PaHisGS variants, and four for PaATPPRT. For the latter, 

where less than four data points are apparent, identical rates for two replicates overlap.  

 R32A/R56A/K57A-PaHisGS cannot be rescued by PaHisZ. The hypothesis that 

R32 and R56 can compensate to a certain extent for the absence of the other in the presence 

of PaHisZ to restore the electrostatic preorganisation of PaHisGS active site predicts that 

removal of both arginine residues would prevent allosteric rescue of catalysis. To test this 

prediction, the R32A/R56A/K57A-PaHisGS triple mutant was produced (Supplementary 

Fig. 1) and ESI/TOF-MS analysis resulted in the expected mass (Supplementary Fig. 2). 

DSF indicated that the additional mutation does not alter the Tm of the protein (Fig. 8a) as 

compared with R56A/K57A-PaHisGS or WT-PaHisGS Tm. Furthermore, PRPP led to an 

increase in Tm, showing the triple mutant can bind this substrate. As expected, PRATP 
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formation could not be detected with R32A/R56A/K57A-PaHisGS as catalyst (Fig. 8b). 

Upon addition of excess PaHisZ, some PRATP formation could be marginally detected 

above the assay background noise (Fig. 8b), demonstrating R32A/R56A/K57A-PaATPPRT 

still retains residual catalytic activity. However, the apparent rate constant is reduced ~777-

fold in comparison with that of WT-PaATPPRT (Supplementary Fig. 6), and ~340-fold  

and ~222-fold in comparison with those of R32A-PaATPPRT and R56A-PaATPPRT, 

respectively (Supplementary Fig. 13), in accordance with the proposed necessity for at least 

one of the two arginine residues to aid in leaving group departure for full catalytic power of 

PaATPPRT.    

     

Fig. 8 Biochemical characterisation of R32A/R56A/K57A-PaHisGS. a DSF-based thermal 

denaturation of R32/R56A/K57A-PaHisGS. Traces are averages of three independent  

measurements. Lines of best fit to equation (2) are in black. b PRATP formation time course 

catalysed by PaHisGS variants. Traces are averages of two to four independent 

measurements. Black lines are linear regressions of the data. 

Discussion 

 Rescue of catalytically impaired enzyme mutants is well established, but not as 

observed for PaATPPRT. Chemical rescue by small molecules that mimic missing residue 
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side chains is a useful tool to probe the function of active-site residues in catalysis,42 and a 

hyper-nucleophilic cholesterol analogue in which an −OOH group replaces the sterol −OH 

group could rescue the base-catalysed endoproteolytic activity of a mutant hedgehog protein 

where the catalytically essential aspartate general base was mutated to an alanine, which 

rendered the reaction highly impaired with the natural substrate.43 A catalytically 

compromised receptor tyrosine kinase carrying mutations in the activation loop tyrosine 

residues that would otherwise be autophosphorylated could be allosterically rescued by the 

juxtamembrane segment via autophosphorylation of this segment’s Y687, but in this case the 

effect of the phospho-Y687 is exerted by direct interaction with arginine residues that 

normally interact with the phosphorylated tyrosine residues in the activation loop.44 In hetero-

tetrameric tryptophan synthase, where catalysis by the β subunit is allosterically activated by 

the  subunit, the catalytically inactive E109A mutant of the β subunit could not be rescued 

by the  subunit, but the activity of the E109A-2β2 complex could be partially restored by 

CsCl, possibly by modulation of the conformational ensemble of the complex.45 In human 

prolyl isomerase CypA, the second-shell S99T mutation, which is highly detrimental to 

catalysis, can be partially counteracted by additional mutations outside the active site which 

rescue the dynamics of interconversion between two essential conformations.7  

PaATPPRT is unique because the rescue of catalytically compromised PaHisGS 

mutants by PaHisZ, and even by the orthologous AbHisZ, is truly allosteric since the 

regulatory subunit binds far from the active site where the mutations exert a detrimental 

effect on transition state stabilisation. The narrowing of the distribution of states sampled by 

the PaHisGS upon PaHisZ binding has a direct impact on the positioning and orientation of 

R32 and R56, which are better poised to facilitate leaving group departure by electrostatic 

stabilisation of the PPi negative charges. This implies allosteric activation of catalysis in 

PaATPPRT involves modulation of the conformational flexibility of the holoenzyme and 
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electrostatic preorganisation of the active site. The catalytic recruitment of R32 and R56 in 

concert with Mg2+ to stabilise PPi is reminiscent of that of arginine residues in adenylate 

kinase to promote phosphate transfer from ADP to AMP, where thermally equilibrated 

protein motions were also proposed to help achieve optimal electrostatic preorganisation.46 

Another important aspect of the allosterically rescued R32A- and R56A-PaATPPRT 

is that kcat is at least partially limited by the chemical step, a drastic change from WT-

PaATPPRT in which kcat is determined by product release.18 Electrostatic preorganisation 

exerts its effect on catalysis at the chemical step, i. e. as the reaction progresses from the 

preorganised Michaelis complex to the transition state. Thus it is paramount that an 

experimentally measured rate constant purporting to reflect any coupling of protein motions 

to the preorganisation of the Michaelis complex be limited by the chemical step.9,47 This is 

what is observed with the allosteric rescue of the catalytically compromised mutants of 

PaHisGS, establishing a direct connection between PaHisZ-modulated rotamers of R32 and 

R56 and electrostatic preorganisation of the active site, which is required for optimal 

catalysis.   

Methods 

Reagents. All commercially available chemicals were used without further 

purification. BaseMuncher endonuclease was purchased from AbCam. Ampicillin, 

dithiothreitol (DTT), isopropyl β-D-1-thiogalactopyranoside (IPTG) and 2-(N-

morpholino)ethanesulfonic acid-sodium dodecyl sulfate (MES-SDS) were purchased from 

Formedium. DH5α chemically competent E. coli, DpnI were purchased from New England 

Biolabs (NEB). QIAprep Spin Miniprep, PCR clean-up and Plasmid Midi kits were from 

Qiagen. Ethylenediaminetetraacetic acid (EDTA)-free Cømplete protease inhibitor cocktail 

was from Roche. ATP, C43(DE3) and BL21(DE3) chemically competent E. coli, D2O, 
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glycerol, histidine, imidazole, lysozyme, PRPP, potassium chloride, tricine, were purchased 

from Sigma-Aldrich. Agarose, dNTPSs, kanamycin, 4-(2-hydroxyethyl)piperazine-1-

ethanesulfonic acid (HEPES), MgCl2, NaCl, PageRuler Plus Prestained protein ladder, 

PageRulerTM Plus Prestained protein ladder, and SYPRO orange protein gel stain were from 

ThermoFisher Scientific. DNA oligonucleotide primers were synthesised by Integrated DNA 

technologies (IDT). 

Site-directed mutagenesis of PaHisGS. Site-directed mutagenesis was carried out 

with overlapping primers according to the method of Liu and Naismith.48 Primer sequences 

are listed in Supplementary Table 5. For the triple mutant R32A/R56A/K57A-PaHisGS, the 

R56A/K57A-PaHisGS expression vector was used as DNA template. For all other mutants, 

WT-PaHisGS expression vector was used. Correct insertion of each mutation was confirmed 

by DNA sequencing performed by either Eurofins Genomics or DNA Sequencing & Services 

at University of Dundee. 

Protein expression and purification. PaHisGS, PaHisZ, Mycobacterium 

tuberculosis pyrophosphatase (MtPPase), and tobacco etch virus protease (TEVP) were 

produced as previously described.28 AbHisZ was produced as previously reported.26 All 

PaHisGS mutants were expressed and purified by the same protocol as PaHisGS.28 His-tagged 

PaHisZ was purified by the same protocol as PaHisZ up to and including the first 

chromatography,28 after which fractions producing a single band at the expected MW in SDS-

PAGE were pooled and dialysed against 2  2L of 20 mM HEPES pH 8.0, concentrated using 

10,000 molecular weight cutoff (MWCO) ultrafiltration membranes (Millipore), aliquoted 

and stored at −80 °C. His-tagged PaHisZ, C115A-, C115S-, D179A-, D179A-, R32A-, 

R56A-, R56A/K57A-, and R32A/R56A/K57A-PaHisG had their intact mass determined by 

ESI/TOF-MS, and D179N-PaHisGS tryptic peptides underwent MS/MS analysis to confirm 

the mutation, all performed by the BSRC Mass-Spectrometry and Proteomics Facility at the 
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University of St Andrews. The concentration of WT-PaHisGS, WT-PaHisZ, MtPPase and 

TEVP was determined as published.28 The concentration of His-tagged PaHisZ and PaHisGS 

mutants was determined spectrophotometrically (NanoDrop) at 280 nm based on the 

theoretical extinction coefficients (280) calculated in the ProtParam tool of Expasy: 280 of 

27,930 M-1 cm-1 for His-tagged PaHisZ; 8,940 M-1 cm-1 for all PaHisGS mutants. 

DSF. DSF measurements (λex = 490 nm, λem = 610 nm) were performed in 96-well 

plates on a Stratagene Mx3005p instrument. Reactions (50 µL) contained 100 mM tricine, 

100 mM KCl, 15 mM MgCl2, 4 mM DTT pH 8.5, 7 µM enzyme, and either 0 mM or 2 mM 

PRPP, with 5X Sypro Orange (Invitrogen) added to each well. Thermal denaturation curves 

were recorded over a temperature range of 25 °C – 93 °C with increments of 1 °C min-1. 

Control curves lacked protein and were subtracted from curves containing protein. All 

measurements were carried out in triplicate. 

Analytical size-exclusion chromatography. Analytical size-exclusion 

chromatography was performed on a Superdex 200 10/300 GL column (GE Healthcare) 

attached to a Bio-Rad NGC FPLC at  4 °C. WT-, C115S-, R32A-, R56A- and R56/K57A-

PaHisGS (1 mg mL-1, pre-incubated with DTT [2 mM]) were loaded onto the column 

(equilibrated with 20 mM HEPES pH 8.0) and eluted with 1 column volume of 20 mM 

HEPES pH 8.0 at 0.225 mL min-1.  

Enzyme activity assay. Unless stated otherwise, all reactions (500 L) were carried 

out in 1-cm path-length quartz cuvettes under initial-rate conditions at 20 °C, and the increase 

in absorbance at 290 nm due to the formation of PRATP (290 = 3,600 M-1 cm-1)35 was 

monitored for 60 s in a Shimadzu UV-2600 spectrophotometer in 100 mM tricine, 100 mM 

KCl, 15 mM MgCl2, 4 mM DTT, pH 8.5, 10 M MtPPase, and various concentrations of 
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PRPP and ATP. Cuvettes were incubated in the spectrophotometer at 20 °C for 3 min before 

reaction was initiated by the addition of PRPP. Control reactions lacked enzyme. 

Activity of PaHisGS mutants in the absence of PaHisZ. Activity of C115A-, 

C115S-, D179A-, D179N-, R32A-, R56A- and R56A/K57A-PaHisG (5 µM) was assayed for 

60 s in the presence of 5.6 mM ATP and 2 mM PRPP. WT-PaHisGS (5 μM) was included in 

as a positive control. Additionally, the activity of C115S-, R32A-, R56A- and R56A/K57A-

PaHisG (10 µM) was assayed for 870 s in the presence of 5.6 mM ATP and 2 mM PRPP.  

Determination of apparent KD for PaHisZ, His-tagged PaHisZ and AbHisZ. 

Initial velocities were measured in 5.6 mM ATP and 2 mM PRPP. For PaHisZ KD, 0.42 µM 

WT-, 0.59 µM C115A-, 1.1 µM R32A-, 1.1 µM R56A- and 1.7 µM R56A/K57A-PaHisGS 

were assayed in the presence of varying concentrations of PaHisZ (0 – 5.1 µM for WT-

PaHisGS; 0 – 15 µM for C115S-PaHisGS; 0 – 8 µM for R32A-PaHisGS; 0 – 15 µM for 

R56A-PaHisGS; and 0 – 11 µM for R56A/K57A-PaHisGS). For His-tagged PaHisZ KD, 0.23 

µM WT-, 0.49 µM R32A-, and 0.79 µM R56A-PaHisGS were assayed in the presence of 

varying concentrations of His-tagged-PaHisZ (0 – 1.6 µM). For AbHisZ KD, 0.19 µM WT- 

and 2.5 µM R56A-PaHisGS were assayed in the presence of varying concentration of AbHisZ 

(0 – 19.7 µM for WT-PaHisGS; 0 – 26.9 µM for R56A-PaHisGS). Alternatively, 1 µM 

C115S-, 1 µM R32A-, 1 µM R56A-, and 1.6 µM R56A/K57A-PaHisGS were assayed in the 

presence of 20 µM BSA.   

WT-, C115A-, D179A- and D179N-PaHisGS saturation kinetics. Initial rates for 

3.4 µM WT-, 10.1 µM C115A-, 9.2 µM D179A- and 10.0 µM D179N-PaHisGS were 

measured at saturating concentrations of one substrate (either 2 mM PRPP or 5.6 mM ATP) 

and varying concentrations of the other, either ATP (0 – 5.6 mM) or PRPP (0 – 2 mM). 
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 C115S-, R32A-, R56A- and R56A/K57A-PaATPPRT saturation kinetics. Initial 

rates for 0.4 µM WT-, 0.5 µM C115S-, 0.9 µM R32A-, 0.9 µM R56A-, and 1.2 µM 

R56A/K57A-PaATPPRT were measured at saturating concentrations of one substrate (either 

2 mM PRPP or 5.6 mM ATP) and varying concentrations of the other, either ATP (0 – 5.6 

mM) or PRPP (0 – 2 mM). Alternatively, initial rates for 0.22 µM WT-PaATPPRT with His-

tagged PaHisZ replacing PaHisZ were measured at saturating concentration of one substrate 

(wither 2 mM PRPP or 2.8 mM ATP) and varying concentrations of the other, either ATP (0 

– 2.8 mM) or PRPP (0 – 2 mM).    

WT- and R56A-PaHisGS/AbHisZ saturation kinetics. Initial rates for 0.26 µM 

WT-, and 2.5 µM R56A-PaHisGS/AbHisZ (the latter was assumed from the concentrations of 

2.5 µM R56A-PaHisGS and 19.7 µM AbHisZ) were measured at saturating concentrations of 

one substrate (either 2 mM PRPP or 2.8 mM ATP for WT- and 5.6 mM for R56A-

PaHisGS/AbHisZ) and varying concentrations of the other, either ATP (0 – 2.8 mM for WT-; 

0 – 5.6 mM for R56A-PaHisGS/AbHisZ) or PRPP (0 – 2 mM). For WT-PaHisGS/AbHisZ, 

background rates of control reactions lacking AbHisZ were subtracted.   

Inhibition by histidine. Initial rates for 0.43 µM C115S-, 0.49 µM R32A-, 0.79 µM 

R56A-, and 2.6 µM R56A/K57A-PaHisGS with either 3.2 µM His-tagged PaHisZ (for 

C115S-, R32A-, and R56A-PaHisGS) or 6.4 µM His-tagged PaHisZ (for R56A/K57A-

PaHisGS) were measured at saturating concentrations of both substrates (2 mM PRPP and 5.6 

mM ATP) in the presence and absence of 1 mM histidine. Initial rates for 0.26 µM WT-, and 

2.5 µM R56A-PaHisGS/AbHisZ (the latter was assumed from the concentrations of 2.5 µM 

R56A-PaHisGS and 19.7 µM AbHisZ) were measured at saturating concentrations of both 

substrates (2 mM PRPP and either 2.8 mM ATP for WT- or 5.6 mM for R56A-

PaHisGS/AbHisZ) in the presence and absence of 1 mM histidine. 
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31P-NMR spectra of the PaHisGS and PaATPPRT reactions. In 500-L reactions, 

either 10 µM R56A-, 10 µM C115S-, 20 µM R32A- or 20 µM R56A/K57A-PaHisGS was 

incubated in the presence or absence of 30 µM PaHisZ in 100 mM tricine, 100 mM KCl, 15 

mM MgCl2, 4 mM DTT, pH 8.5, 20 M MtPPase, 2 mM PRPP and 5.6 mM ATP for 1 hour 

at 20 °C. Proteins were removed by passage through 10,000 MWCO Vivaspin centrifugal 

concentrators, after which 100 µL of D2O were added to each sample. 31P-NMR spectra were 

recorded on either a Bruker AV 400 or Bruker AVII 400 spectrophotometer, and a total of 

128 scans were collected for each sample.  

Activity of R32A/R56A/K57A-PaHisGS. R32A/R56A/K57A-PaHisGS (10 M in 

the absence of His-tagged PaHisZ and 5 M in the presence of 20 M His-tagged PaHisZ) 

was assayed for catalytic activity under initial-rate conditions in the presence of 5.6 mM ATP 

and 2 mM PRPP. R32A- and R56A-PaHisGS (0.5 M and 0.8M, respectively) in the 

presence of 1.6 M His-tagged PaHisZ were assayed as positive controls for allosteric 

rescue. Negative controls contained 50 M His-tagged PaHisZ but lacked PaHisGS. 

WT-, R32A- and R56A-PaATPPRT activities with Mn2+. Initial rates were 

determined for 0.23 M WT-PaHisGS, 0.22 M WT-PaATPPRT, 0.08 M R32A-PaHisGS, 

0.08 M R32A-PaATPPRT, 0.18 M R56A-PaHisGS, and 0.18 M R56A-PaATPPRT in 

100 mM tricine, 100 mM KCl, 15 mM MnCl2, 4 mM DTT, pH 8.5 and 10 M MtPPase at 

saturating concentrations of ATP (1.4 mM for WT enzymes; 5.6 mM for mutant enzymes) 

and PRPP (1 mM for WT enzymes; 2 mM for mutant enzymes). Initial rates were also 

determined for 0.22 M WT-PaATPPRT, 0.16 M R32A-PaATPPRT, and 0.34 M R56A-

PaATPPRT in 100 mM tricine, 100 mM KCl, 15 mM MgCl2, 4 mM DTT, pH 8.5 and 10 M 

MtPPase at saturating concentrations of ATP (5.6 mM) and PRPP (2 mM). 
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Crystallisation, X-ray data collection and data processing. Crystals of R56A-

PaHisGS were grown, soaked in PRPP and ATP and stored as described for WT-PaHisGS,29 

whereas crystals of R56A-PaATPPRT were grown as described for WT-PaATPPRT28 and 

soaked in PRPP and ATP and stored as described for WT-PaATPPRT.29 X-ray diffraction 

data for R56A-PaHisGS were collected in house as previously reported28 and processed with 

iMosflm,49 while data for R56A-PaATPPRT were collected at Diamond Light Source (UK) 

and processed at the automated processing pipeline at Diamond with Xia250 integrated with 

DIALS.51 R56A-PaHisGS and R56A-PaATPPRT structures were solved by molecular 

replacement in MOLREP using WT-PaHisGS:PRPP:ATP (PDB ID: 6FCT) and WT-

PaATPPRT:PRPP:ATP (PDB ID: 6FU2)29 structures, respectively, as search models. 

Structures were refined using cycles of model building with COOT52 and refinement with 

Refmac.53 ATP was modelled at either 70% or 80% occupancy in R56A-PaATPPRT. 

MD simulations. Molecular dynamics simulations were performed on WT-

PaHisGS:PRPP:ATP (PDB ID: 6FCT),29 WT-PaATPPRT:PRPP:ATP (PDB ID: 65FU2),29 

R56A-PaHisGS:PRPP:ATP (PDB ID: 7Z8U), and R56A-PaATPPRT:PRPP:ATP (PDB ID: 

7Z6R). Any missing regions in the structures were reconstructed using Modeller v. 9.23.54 In 

the case of PaHisZ, these were reconstructed using the lowest energy conformation 

prediction combined with visual inspection; in other systems, PaHisGS was used as a 

template (as well as for modeling the position of the binding site magnesium ions). A distal 

extra Mg2+ was deleted from R56A-PaHisGS:PRPP:ATP structure. Finally, the adenine 

moiety of ATP was flipped into a catalytically productive conformation in all the starting 

structures. Protonation states of all titratable residues were determined based on a 

combination of empirical screening using PROPKA v3.1,55 and visual inspection of the local 

environment. The E122, E163 and H103 side chains were predicted to be found in their 

ionized states.  
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Partial charges for the ligand PRPP, were calculated in vacuo at the HF/6-31G* level 

of theory using Gaussian 16 Rev. A.03,56 and fitted using the standard restrained electrostatic 

potential (RESP) protocol as implemented in Antechamber57 (Supplementary Table 6). All 

other force field terms for PRPP were then described using the Amber force field ff14SB58 

together with revised parameters to describe bioorganic phosphates.59 The parameters for 

ATP were taken from the literature.60 We used an octahedral cationic dummy model to 

describe Mg2+, following from previous successful results using this model.61,62 

All MD simulations were performed using the GPU-accelerated version of 

Amber16,63 with the protein and water molecules described using the amber force field 

ff14SB58 and the TIP3P64 water model, respectively. All systems were solvated in an 

octahedral box of water molecules, extended 8 Å from the closest solute molecule in every 

direction. Each system was neutralized by adding Na+ or Cl- counterions to ensure overall 

charge neutrality. Counterions were placed using the “addions” approach as implemented in 

Amber16.63 The dimeric and hetero-octameric forms of the enzyme were simulated for 10  

600 ns and 5  600 ns, respectively, in the NPT ensemble. The solvated systems were first 

minimized using 5,000 steps of steepest descent minimization with 500 kcal mol-1 Å-2 

positional restraints placed on all solute atoms to minimize all hydrogen atoms and solvent 

molecules, followed by 5,000 steps of conjugate gradient minimization, with the restraint 

dropped to 5 kcal mol-1 Å-2. The minimized system was then heated from 0 to 300 K in an 

NVT ensemble over 250 ps of simulation time using the Berendsen thermostat65 with a time 

constant of 1 ps for the coupling while maintaining the 5 kcal mol-1 Å-2 restraint. The restraint 

was then limited to heavy atoms of the substrates for a further 200 ps of NPT equilibration, 

followed by 200 ps of unrestrained equilibration.  After minimization, five distance restraints 

were applied during the simulations to PRPP and ATP (four to PRPP and one to ATP) to 

prevent dissociation of the substrates from the active site throughout the MD simulations (see 
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Supplementary Table 7 for a full list of the restraints applied). Note that no restraints were 

applied between the substrate and any of the regions of interest to ensure full conformational 

freedom of such regions. 

All production-quality simulations were performed using a 2 fs time step, with the 

SHAKE algorithm66 used to constrain all bonds containing hydrogen atoms. Temperature and 

pressure were controlled by the Langevin thermostat with a collision frequency of 1 ps-1,67 

and the Berendsen barostat with a 1 ps coupling constant.65 A cutoff of 8 Å was applied to all 

non-bonded interactions, with the long range electrostatics being evaluated using the particle 

mesh Ewald (PME) approach.68 The root mean square deviations (RMSD) of all backbone 

atoms for each system during the production runs is shown in Supplementary Fig 14. Unless 

stated otherwise, all analysis was performed using CPPTRJ.69 Principal Component Analysis 

was performed in Cartesian coordinate space on the C atoms of the shared dimeric region of 

all the studied systems, by first root-mean-square fitting all the trajectories to the WT-

PaHisGS crystal structure. DCCMs were generated with Bio3D.70 

Kinetics and thermal denaturation data analysis. Kinetic and thermal denaturation 

data were analysed by the nonlinear regression function of SigmaPlot 14.0 (SPSS Inc.). Data 

points with error bars represent mean ± SEM of two to four independent measurements, and 

kinetic and equilibrium constants are given as mean ± fitting error. Alternatively, all data 

points were plotted. Substrate saturation curves at a fixed concentration of the co-substrate 

were fitted to equation (1). Thermal denaturation data were fitted to equation (2). Initial rate 

data at varying concentrations of HisZ were fitted to either equation (3) or (5). The 

concentration of ATPPRT at any concentration of PaHisGS and either PaHisZ or AbHisZ 

was calculated according to equation (4). In equations 1 – 5, kcat is the steady-state turnover 

number, v is the initial rate, ET is total enzyme concentration, KM is the apparent Michaelis 

constant, S is the concentration of the varying substrate, Vmax is the maximal velocity, FU is 
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fraction unfolded, T is the temperature in °C, Tm is the melting temperature, c is the slope of 

the transition region, and LL and UL are folded and unfolded baselines, respectively, h is the 

Hill coefficient, K0.5 is the concentration of AbHisZ at the inflection point, G is the 

concentration of PaHisGS, Z is the concentration of either PaHisZ or AbHisZ, KD
app is the 

apparent equilibrium dissociation constant, and ATPPRT is the concentration of either 

PaATPPRT of PaHisGS/AbHisZ complex. 

𝑣

𝐸𝑇
=

𝑘𝑐𝑎𝑡𝑆

𝐾𝑀+𝑆
 (1) 
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1+𝑒
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 (4)  
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Data availability 

The data supporting the findings of this study are available from the corresponding author 

upon reasonable request. Structure factor amplitudes and coordinates for the crystal structures 

of R56A-PaHisGS:PRPP:ATP and R56A-PaATPPRT:PRPP:ATP were deposited to the 

Protein Data Bank under accession numbers 7Z8U and 7Z6R, respectively. All protein mass 

spectrometry data were deposited to FigShare and under DOIs 

10.6084/m9.figshare.19658367 and 10.6084/m9.figshare.19658229. Parameters used to 

describe the ligands and the magnesium dummy model, input files, starting structures, 

topologies and snapshots from our molecular dynamics simulations are available for 

download from Zenodo (https://zenodo.org) under DOI: 10.5281/zenodo.6565959. 
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Supplementary Fig. 1 SDS-PAGE analysis of purified PaHisGS mutants eluted from the 

HisTrap FF column in the second chromatography. a C115A. b C115S. c D179A. d D179N. e 

R32A. f R56A. g R56A/K57A. h R32A/R56A/K57A. Lanes are as follows: L is the MW 

marker; FT is the flowthrough, which was pooled; E is the elution, which was discarded. The 

MW marker is either the PageRuler Plus Prestained (b, d, e, f, g, h) or the Precision Plus All 

Blue Protein Prestained (a, c). 
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Supplementary Fig. 2 ESI/TFO-MS analysis of PaHisGS mutants. For the C115A, C115S, 

D179A, R32A, R56A, R56A/K57A, and R32A/R56A/R32A mutants, the intact molecular 

mass was determined. For the D179N mutant, peptide mapping of the trypsin-digested protein 

was carried out. 
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Supplementary Fig. 3 Analytical size-exclusion chromatography elution profile of PaHisGS 

mutants. The peaks centred at ~14 mL indicate a dimer, while the peaks at ~9 mL reflect a 

higher oligomeric state.  

 

 

Supplementary Fig. 4 Apparent rate constants for reactions catalysed by PaHisGS mutants in 

the presence of 20 M BSA. Bars indicate mean  standard error. The scale in the y-axis is the 

same as that of Fig. 2c. 
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Supplementary Fig. 5 Analysis by 31P-NMR spectroscopy of the reaction catalysed by 

PaHisGS mutans in the presence and absence of PaHisZ. The chemical shift at ~2.3 ppm 

corresponds to inorganic phosphate, which is produced by hydrolysis of the PPi co-product by 

a pyrophosphatase used in the assay to drive forward the highly unfavourable ATPPRT reaction 

equilibrium.  
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Supplementary Fig. 6 Binding and kinetics of His-tagged PaHisZ a Dependence of rate of 

reaction catalysed by PaHisGS variants on the concentration of His-tagged PaHisZ. Data are 

mean  standard error of two independent measurements. Best fit of the data to equation (3) is 

shown as solid line. The apparent KD is 0.06  0.03 M for WT-PaATPPRT, 0.03  0.02 M 

for R32A-PaATPPRT, and 0.2  0.1 M for R56A-PaATPPRT. b Substrate saturation curves 

for WT-PaATPPRT with His-tagged PaHisZ. Data are mean  SEM of two independent 

measurements. Lines are best fit of the data to equation (1). Steady-state kinetic apparent kcat, 

KPRPP and KATP are 2.33  0.05 s-1, 0.19  0.03 mM, and 0.26  0.02 mM, respectively.       

 

 

Supplementary Fig. 7 Product formation time course of the reaction catalysed by the rescued 

PaATPPR mutants in the presence and absence of 1 mM histidine. Traces are averages of two 

independent measurements, and black lines are linear regressions of the data. 
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Supplementary Fig. 8 Apparent rate constants for PaHisGS:AbHisZ-catalysed reaction in the 

presence and absence of 1 mM histidine. Bars indicate mean  standard error. 

 

 

 

Supplementary Fig. 9 Fobs − Fcalc electron density omit maps at 2.5  for the substrates ATP 

and PRPP in the structures of R56A-PaHisGS and R56A-PaATPPRT. Ligands are depicted as 

sticks with oxygen in red, nitrogen in blue, phosphorus in magenta, and carbon in green. The 

magnesium atom as a sphere. 
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Supplementary Fig. 10  Dynamic cross-correlation matrices of the C-atoms. a Nonactivated 

WT-PaHisGS dimer. b Activated WT-PaHisGS dimer.  

 

 

Supplementary Fig. 11 Secondary structure numbering of PaATPPRT (PDB ID: 6FU2). a 

Cartoon representation of the PaHisGS dimer. b Cartoon representation of the PaHisGS dimer 

in complex with one subunit of PaHisZ tetramer. Substrates are depicted as sticks, and Mg2+ 

as spheres. 
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Supplementary Fig. 12 Dynamical flexibility indices. a DFI of monomeric subunits of 

nonactivated and activated PaHisGS, calculated based on 10  500 ns of MD simulations of 

each system. The higher the DFI score, the more flexible the protein region. b Representative 

structure of PaHisGS onto which the two regions highlighted in yellow and purple in the DFI 

plot are mapped. The region highlighted in yellow encompass R32 and R56, whose side chains 

are depicted in stick models in black. The region highlighted in purple includes the interface 

with PaHisZ.  
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Supplementary Fig. 13 Apparent rate constants for single and triple mutants of PaHisGS.   

 

 

Supplementary Fig. 14 RMSD of all backbone heavy atoms from MD simulations. a WT-

PaHisGS. b R56A-PaHisGS. c W|T-PaATPPRT. d R56A-PaATPPRT. Solid lines show rolling 

averages of the RMSD over the replicas, and the shaded regions show the corresponding 

standard deviations in these values. 
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Supplementary Table 1 Apparent rate constants (mean  fitting error) for PaHisGS variants 

from reactions monitored for 56 s. 

PaHisGS v/ET (s-1) 

WT 0.0586  0.0002 

C115A 0.0134  0.0002 

C115S N. d.* 

D179A 0.0256  0.0001 

D179N 0.0164  0.0002 

R32A N. d.* 

R56A N. d.* 

R56A/K57A N. d.* 

*No product formation detected above background noise. 

 

Supplementary Table 2 Steady-state kinetic parameters (mean  fitting error) for WT-, 

C115A-, D179A-, and D179N-PaHisGS. 

PaHisGS kcat (s-1) KPRPP (mM) KATP (mM) 

WT 0.081  0.003 0.40  0.06 1.2  0.2 

C115A 0.020  0.001 0.42  0.07 2.2  0.3 

D179A 0.030  0.001 0.16  0.01 0.8  0.2 

D179N 0.020  0.002 0.13  0.02 1.7  0.5 
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Supplementary Table 3 DSF-based Tm (mean  fitting error) for PaHisGS mutants in the 

presence and absence of PRPP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

PaHisGS (−PRPP) Tm (°C) (+PRPP) Tm (°C) Tm (°C) 

WT 57.83  0.07 65.4  0.09 +7.8  0.2 

C115S 56.75  0.09 63.53  0.09 +8.8  0.2 

R32A 60.39  0.06 63.81  0.06 +3.4  0.1 

R56A 58.11  0.07 62.59  0.07 +4.5  0.2 

R56A/K57A 56.77  0.07 60.3  0.1 +3.5  0.2 
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Supplementary Table 4 X-Ray diffraction data collection and refinement statistics. 

 R56A-PaHisGS R56A-PaATPPRT 

Data Collection   

PDB ID 7Z8U 7Z6R 

Space group I2 C2 

Cell dimensions   

a,b,c (Å) 70.09, 33.90, 89.27 102.16, 145.53, 93.81 

,, () 90.00, 103.52, 90.00 90.00, 102.48, 90.00 

Resolution (Å) 22.01 – 2.00 (2.05 – 2.00) 56.97 – 2.55 (2.61 – 2.55) 

Rmerge 0.11 (0.36) 0.17 (3.17) 

I/I 7.2 (2.5) 10.9 (0.8) 

Completeness (%) 93.8 (88.2) 99.9 (99.3) 

Redundancy 3.0 (2.6) 6.5 (7.1) 

CC ½ 0.99 (0.84) 0.99 (0.28) 

Refinement   

Resolution (Å) 22.01 – 2.00 56.97 - 2.55 

No. reflections 12411 41555 

Rwork/Rfree (%) 22.1/26.8 23.3/27.6 

No. atoms   

Protein 1573 8431 

Ligand/ion 54 106 

Water 42 16 

B-factors   

Protein 21.04 79.9 

Ligand/ion 40.01 104.8 

Water 20.24 58.3 

r.m.s. deviations   

Bond lengths (Å) 0.008 0.005 

Bond angles () 1.623 1.374 

Ramachandran   

Favoured (%) 97 96 

Allowed (%) 3 4 

Outliers (%) 0 0 

Numbers in brackets are from the highest resolution shell. 
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Supplementary Table 5 Primers used for site-directed mutagenesis of PaHisGS. 

 

 

 

 

 

 

PaHisGs Mutation Forward Primer Reverse Primer 

C115A 5′ - 

TTGCGCAGGCTAAACTGATGA

CCGCCGGTGTCAAAGACG - 3´ 

5′ - 

ATCAGTTTAGCCTGCGC

AATCTTCAGATCCAACA

GTTCATAAACGTGGTTC 

- 3´ 

C115S 5′ - 

TTGCGCAGTCTAAACTGATGA

CCGCCGGTGTCAAAGACG - 3´ 

5′ - 

ATCAGTTTAGACTGCGC

AATCTTCAGATCCAACA

GTTCATAAACGTGGTTC

G - 3´ 

D179A 5′ - 

TCGTGGCCACCGGTAATACGC

TGCGTG - 3′ 

5′ - 

ACCGGTGGCCACGACG

TCAACAATCAGGTCACC

CAGGC -3′ 

D179N 5′ - 

GTCGTGAACACCGGTAATACG

CTGCGTGCGAACGG - 3′ 

5′ - 

CCGGTGTTCACGACGTC

AACAATCAGGTCACCC

AGGC -3′ 

R32A 5′ - 

AAGGGTGCCATCCTGGAAGAG

ACTATGCCGCTGTTGCG-3′ 

5′ - 

CAGGATGGCACCCTTGC

TCAGTGCCAGGGTCAG

ACC-3′ 

R56A 5′-

GCGCTAAGCTGATCTTCCCGA

CCAGCAACCCTAATGTG-3′ 

5′-

GGAAGATCAGCTTAGC

GCTCGCTTCCGGATCTT

CCAGC-3′. 

R56A/K57A 5ʹ-

GCGCTGCGCTGATCTTCCCGAC

CAGCAACCCTAATGTG-3’ 

5ʹ-

GAAGATCAGCGCAGCG

CTCGCTTCCGGATCTTC

CAGC-3’ 
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Supplementary Table 6 Non-standard force field parameters used to describe the substrate 

PRPP in the conventional MD simulations. 

 

Atom Name Atom type Charge Atom Name Atom type Charge 

H1 HO 0.434144 O3 OH -0.723957 

H2 HO 0.471932 O4 OS -0.605498 

H3 H1 -0.011850 O5 OS -0.445750 

H4 H1 -0.011850 P P 1.288976 

H5 H1 0.094980 O1P O3 -0.983784 

H6 H1 -0.004183 O2P O3 -0.983784 

H7 H1 -0.028089 O3P O3 -0.983784 

H8 H2 0.010573 PA P 1.195239 

C1 CT 0.496695 O1A O2 -0.872464 

C2 CT 0.074132 O2A O2 -0.872464 

C3 CT 0.095379 O3A OS -0.540575 

C4 CT 0.399838 PB P 1.234914 

C5 CT 0.111590 O1B O3 -0.970435 

O1 OS -0.292571 O2B O3 -0.970435 

O2 OH -0.636483 O3B O3 -0.970435 
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Supplementary Table 7 Non-standard force field parameters used to describe the substrates 

in the conventional MD simulations. 

Restraint Index Atom ID Distances (Å) Restraints (kcal mol-1 

Å-2) 

r1 r2 r3 r4 rk2 rk3 

Distance 1 PRP@P 

Asp179@N 

0.0 3.0 4.2 4.5 0.0 10.0 

Distance 2 PRP@P 

Thr180@N 

0.0 3.0 4.2 4.5 0.0 10.0 

Distance 3 PRP@P 

Thr183@N 

0.0 3.0 4.2 4.5 0.0 10.0 

Distance 4 PRP@O3 

Asp176@OD2 

0.0 2.5 3.0 3.5 0.0 10.0 

Distance 5 ATP@O3* 

Asp94@CG 

0.0 3.0 3.7 4.5 0.0 10.0 

 


