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Abstract. ATP phosphoribosyltransferase (ATPPRT) catalyses the first step of histidine 

biosynthesis in bacteria, namely the condensation of ATP and 5-phospho--D-ribosyl-1-

pyrophosphate (PRPP) to generate N1-(5-phospho--D-ribosyl)-ATP (PRATP) and 

pyrophosphate. Catalytic (HisGS) and regulatory (HisZ) subunits assemble in a hetero-octamer 

where HisZ activates HisGS and mediates allosteric inhibition by histidine. In Acinetobacter 

baumannnii, HisGS is necessary for the bacterium to persist in the lung during pneumonia. 

Inhibition of ATPPRT is thus a promising strategy for specific antibiotic development. Here 

A. baumannii ATPPRT is shown to follow a rapid equilibrium random kinetic mechanism, 

unlike any other ATPPRT. Histidine noncompetitively inhibits ATPPRT. Binding kinetics 

indicates histidine binds to free ATPPRT and to ATPPRT:PRPP and ATPPRT:ATP binary 

complexes with similar affinity following a two-step binding mechanism, but with distinct 

kinetic partition of the initial enzyme:inhibitor complex. The dipeptide histidine-proline 

inhibits ATPPRT competitively and likely uncompetitively, respectively, against PRPP and 

ATP. Rapid kinetics analysis shows His-Pro binds to the ATPPRT:ATP complex via a two-

step binding mechanism. A related HisZ that shares 43% sequence identity with A. baumannii 

HisZ is a tight-binding allosteric inhibitor of A. baumannii HisGS. These findings lay the 

foundation for inhibitor design against A. baumannii ATPPRT. 
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The dissemination of drug-resistant bacteria poses an alarming threat to global public 

health. The World Health Organisation recently published a list of 12 bacteria against which 

the development of novel drugs is of utmost priority, atop of which carbapenem-resistant 

Acinetobacter baumannii was placed.1 A. baumannii is a Gram-negative bacterium responsible 

for ~2% of hospital-acquired infections in the United States2 and between ~1% and ~30% in 

Europe, depending on the country.3 Globally, ~44% of A. baumannii isolates are multidrug 

resistant, rising to 70% in the Middle East and Latin America.4 One of most common 

manifestations of A. baumannii infection is ventilator-associated pneumonia.5 Owing to the 

clinical and economic impact of infections by multidrug-resistant A. baumannii,6 novel 

antibiotics are urgently needed to combat such infections, especially pneumonia,7-8 and the 

characterisation of promising molecular targets and is a paramount step to underpin rational 

drug development.9  

L-histidine metabolism offers an attractive opportunity for the development of novel 

antibiotics to treat pneumonia caused by A. baumannii. For instance, histidine catabolism is 

necessary for biofilm formation in A. baumannii, and urocanase-defective strains cannot form 

biofilms.10 Histidine ammonia-lyase is an essential enzyme in A. baumannii for histidine-

mediated zinc scavenging and mobilisation in host-imposed zinc starvation during 

pneumonia,11 and for persistence of the bacterium in the lung during pneumonia.8 While 

histidine is detected in the extracellular space in the lungs of mice, its concentration is lower 

than 2 µM independent of infection with A. baumannii.8 Hence it is not surprising that high-

throughput transposon library analysis demonstrated that six enzymes of the histidine 

biosynthetic pathway are necessary for A. baumannii persistence in the lung during 

pneumonia.12 In agreement, individual knockout of the gene encoding the HisF subunit of the 

histidine biosynthetic enzyme imidazole glycerol phosphate synthase in A. baumannii 
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drastically increased host survival in mouse models of pneumonia.7 The histidine biosynthesis 

pathway is absent in mammals, which bodes well for drug discovery vis-à-vis target specificity. 

ATP phosphoribosyltransferase (ATPPRT) (EC 2.4.2.17) is one of the six histidine 

biosynthetic enzymes necessary for maintenance of A. baumannii bacterial load during 

pneumonia.12 ATPPRT catalyses the first and flux-controlling step of histidine biosynthesis, 

the Mg2+-dependent and reversible condensation of ATP and 5-phospho--D-ribosyl-1-

pyrophosphate (PRPP) to generate N1-(5-phospho--D-ribosyl)-ATP (PRATP) and 

pyrophosphate (PPi). The reaction equilibrium is drastically displaced towards the reactants,13 

and enzyme activity is subjected to negative feedback control via allosteric inhibition by 

histidine (Scheme 1).14-15 

 

Scheme 1. ATPPRT-catalysed reaction is allosterically inhibited by L-histidine. 

 The hisG gene encodes two forms of ATPPRT, depending on the species. The long 

form of the protein, HisGL, encompasses two N-terminal catalytic domains and a C-terminal 

allosteric domain, the latter mediating inhibition by histidine, arranged in a homohexamer.16-17 

The short form of the protein, HisGS, comprises the two catalytic domains but lacks the C-

terminal histidine-binding domain.18 HisGS on its own is dimeric, displays low catalytic 

activity, and is insensitive to inhibition by histidine.19-20 HisGS forms a hetero-octamer of 1:1 

stoichiometry with the regulatory protein HisZ, a paralogue of histidyl-tRNA synthetase with 

no catalytic ability of its own.18, 21-22 HisZ allosterically activates HisGS catalysis and harbours 
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the histidine binding site to mediate allosteric inhibition by the final product of the biosynthetic 

pathway.19-20, 23-24 A. baumannii possesses the short-form ATPPRT, and while the HisGS-

encoding gene is necessary for this pathogen’s persistence in the lung during pneumonia, 

intriguingly the HisZ-encoding gene is essential for A. baumannii growth in rich medium.12 

 In this work, constructs encoding A. baumannii HisGS (AbHisGS) and HisZ (AbHisZ) 

were cloned and expressed, the recombinant proteins were individually purified, and the 

hetero-octameric holoenzyme (AbATPPRT) reconstituted in vitro. Initial velocity patterns in 

the absence and presence of product and dead-end inhibitors suggest a unique kinetic 

mechanism among ATPPRTs. Inhibition by histidine and histidine-proline (His-Pro) dipeptide 

are characterised by steady-state kinetics and fluorescence-based binding kinetics. Finally, 

tight-binding inhibition of AbHisGS by an orthologous HisZ is reported. This may pave the 

way for future drug discovery targeting AbATPPRT. 

RESULTS AND DISCUSSION  

 Purification and biophysical characterisation of AbATPPRT. AbHisGS and AbHisZ 

were purified to homogeneity as estimated by Coomassie Blue-stained SDS-PAGE (Figure 

S1A). Electrospray-ionisation mass spectrometry (ESI-MS) analysis resulted in molecular 

mass of 25137.2 and 42917.6 for AbHisGS and AbHisZ (Figure S1B,C), respectively, exactly 

matching the predicted theoretical values based on the amino acid sequence of each protein, 

which contains a Gly residue at the N-terminus as a result of cleavage with tobacco etch virus 

protease (TEVP).  

 Analytical size-exclusion chromatography (Figure S2) indicated AbATPPRT has a 

mass of ~240000, which is somewhat lower than the expected mass for a hetero-octameric 

quaternary structure of four AbHisGS and four AbHisZ subunits (~271000). This is possibly 

caused by the relatively lower resolution of the technique near that mass range. We used the 
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well-characterised Psychrobacter arcticus HisGS, which is strictly dimeric in crystallo and in 

solution,25 as a control in the size-exclusion chromatography, and obtained a mass of ~47000, 

in good agreement with the predicted mass for the dimer (~50000). Surprisingly, AbHisGS 

analysis yielded a mass of ~30000, which is consistent with a monomeric quaternary structure, 

even though AbHisGS and P. arcticus HisGS share 69% amino acid sequence identity.25  

 Differential scanning fluorescence (DSF)-based thermal denaturation analysis (Figure 

S3A,B) showed both PRPP and ATP can bind to AbHisGS leading to an increase in the protein 

melting temperature (Tm) (Table S1). This is in contrast to results reported for P. arcticus HisGS 

where only PRPP could bind to the protein.26 DSF analysis suggests that histidine cannot bind 

to free AbHisZ (Figure S3C), as the Tm is unchanged upon increasing histidine concentration 

(Table S1).  

Allosteric activation and kinetic mechanism of AbATPPRT. AbHisGS is 

catalytically active and insensitive to the presence of histidine in the absence of AbHisZ (Figure 

1A). This conforms with previous reports of residual catalytic activity by HisGS in the absence 

of HisZ.19-20 AbHisGS substrate saturation curves displayed Michaelis-Menten kinetics when 

either PRPP or ATP concentration was varied (Figure S4), and fit to eq 1 yielded apparent 

steady-state catalytic rate constant (kcat) equal to 0.12 ± 0.05 s-1 and apparent Michaelis constant 

(KM) of 0.6 ± 0.1 mM and 0.63 ± 0.09 mM for PRPP (KM
PRPP) and ATP (KM

ATP), respectively. 

For comparison, Table S2 compiles steady-state kinetic parameters from this work and from 

the literature for several ATPPRTs. Even though the regulatory protein has no catalytic activity 

on its own, the presence of AbHisZ to form AbATPPRT leads to a significant increase in 

reaction rate. In addition, it renders the holoenzyme sensitive to inhibition by histidine (Figure 

1A). Increasing the concentration of AbHisZ saturates AbHisGS (Figure 1B), and data fitting to 

eq 2 resulted in an apparent equilibrium dissociation constant (KD
app) of 40 ± 10 nM, which is 

used to calculate AbATPPRT concentration at any ratio of AbHisZ to AbHisGS via eq 3.  
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Figure 1. Allosteric control and kinetic mechanism of AbATPPRT. (A) Time course of product 

formation and bar-graph representation of the respective rates by AbHisGS and AbATPPRT in 

the presence and absence of histidine. (B) AbHisZ-dependent increase in reaction rate by 

AbHisGS. Line represents best fit to eq 2. (C) Double-reciprocal plots of AbATPPRT substrate 

saturation curves at varying concentrations of one substrate and different fixed concentrations 

of the other. (D) Three-dimensional plot of the initial rate data. Line represents best fit to eq 4.    

HisGL-type ATPPRTs follow a steady-state ordered mechanism where ATP must bind 

to the free enzyme, whereas binding of PRPP to the free enzyme leads to a dead-end binary 

complex.27-28 Conversely, the HisGS-type ATPPRT from P. arcticus follows a steady-state 

ordered mechanism where only PRPP is able to bind to the free enzyme, followed by ATP 

binding to the binary complex.25-26 The indication that both PRPP and ATP can bind to 

AbHisGS raised the possibility that AbATPPRT follows a different kinetic mechanism than 

those previously reported for both forms of ATPPRTs. Since knowledge of the kinetic 

mechanism can aid inhibitor design and the interpretation of inhibition mechanisms,9, 29 the 

kinetic mechanism of AbATPPRT was investigated. Initial velocity patterns for AbATPPRT-
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catalysed formation of PRATP (Figure 1C) intersect on the left of the y-axis, indicating the 

reaction proceeds by a sequential mechanism and ruling out a rapid equilibrium ordered kinetic 

mechanism. Global fit of the data to eq 4 (Figure 1D), which describes both rapid equilibrium 

random and steady-state ordered mechanisms, yielded kcat of 11.4 ± 0.4 s-1, KM
PRPP of 0.15 ± 

0.02, mM KM
ATP of 0.17 ± 0.02 mM, and Kia

 of 0.40 ± 0.01 mM regardless of which substrate 

was defined as substrate A. Remarkably, formation of the AbATPPRT holoenzyme leads to a 

95-fold activation of catalysis relative to AbHisGS. For comparison, formation of the 

holoenzyme results in 4-fold activation of P. arcticus HisGS
20 and 10-fold activation of L. lactis 

HisGS.19 

The order of substrate binding to an enzyme can be gleaned from the mode of inhibition 

of that enzyme by reaction products and/or dead-end inhibitors.30 PRATP is a competitive 

inhibitor of AbATPPRT against both PRPP and ATP at low (~KM) and high (~10KM) fixed 

concentrations of the co-substrate (Figure 2A,B), and data fit to eq 5 yielded slope inhibition 

constants (Kis) summarised in Table S3. In all cases, the Kis increases as the concentration of 

the co-substrate increases, which is characteristic of rapid equilibrium random systems.31 

Owing to the necessity to use a pyrophosphatase (PPase) in the activity assay to displace the 

unfavourable equilibrium towards the forward reaction,20 PPi could not be used in product 

inhibition. Instead, the PPi analogue phosphonoacetate (POAc), was employed as a dead-end 

inhibitor. POAc is a very slow substrate that replaces PPi in the reverse reaction of some 

ATPPRTs.32 When POAc was tested as a substrate replacing PPi in the AbATPPRT reverse 

reaction under the same conditions and timeframe of the inhibition studies, the rate constant 

for PRATP consumption was less than 0.1% of that observed with PPi (Figure S5), thus POAc 

was treated as an inhibitor. POAc is a competitive inhibitor of AbATPPRT against ATP at both 

low (~KM) and high (~10KM) fixed concentrations of PRPP (Figure 2C), and a noncompetitive 

inhibitor of the enzyme against PRPP at low (~KM) fixed concentrations of ATP (Figure 2D). 
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Kis and intercept inhibition constant (Kii) values obtained upon data fitting to either eq 5 or eq 

6 are shown in Table S3. However, when the fixed ATP concentration is high (~10KM), POAc 

inhibition of AbATPPRT against PRPP is drastically weakened, and a partial dose-responsive 

curve can only estimate that the half-maximal inhibitory concentration (IC50) is higher than 10 

mM, since at this concentration more than 60% of AbATPPRT activity remains (Figure 2E). 

 

Figure 2. Product and dead-end inhibition of AbATPPRT. (A) Double-reciprocal plots of 

AbATPPRT ATP saturation curves in the presence of PRATP at sub-saturating and saturating 

PRPP. (B) Double-reciprocal plots of AbATPPRT PRPP saturation curves in the presence of 

PRATP at sub-saturating and saturating ATP. (C) Double-reciprocal plots of AbATPPRT ATP 

saturation curves in the presence of POAc at sub-saturating and saturating PRPP. (D) Double-

reciprocal plots of AbATPPRT PRPP saturation curves in the presence of POAc at sub-

saturating ATP. (E) Partial dose-response curve for AbATPPRT against POAc at saturating 

ATP and 0.8 mM PRPP. Lines are reciprocals of the best fit of the data to either eq 5 (A – C) 

or eq 6 (D).  

This pattern of product and dead-end inhibition is uniquely consistent with a rapid-

equilibrium random kinetic mechanism31 for AbATPPRT, with both PRPP and ATP capable to 
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bind to the free enzyme to form productive binary complexes. DSF analysis showed AbHisGS 

Tm increases in the presence of PRATP, but not of PPi (Figure S6A). Importantly, the presence 

of PRATP also increases the Tm of AbATPPRT, while the presence of PPi does not (Figure 

S6B). While the possibility exists that PPi binds to free AbHisGS and free AbATPPRT without 

affecting its Tm, this observation suggests product release from the enzyme is ordered or with 

a strongly preferred order where PRATP departs last, as reported for both HisGL- and HisGS-

type ATPPRTs.26-27 The proposed kinetic mechanism for AbATPPRT with a rapid equilibrium 

random addition of substrates and an ordered dissociation of products is shown in Scheme S1. 

Histidine is a noncompetitive inhibitor of AbATPPRT. Histidine inhibits 

AbATPPRT with an IC50 of 135 ± 3 µM and a Hill coefficient (h) of 1.52 ± 0.05 (Figure 3A). 

This IC50 is ~4-fold higher than those for Mycobaterium tuberculosis ATPPRT (IC50 = 33 µM, 

h = 1.5)33 and P. arcticus ATPPRT (IC50 = 35 µM, h = 1.3).24 Inhibition is mixed-type 

noncompetitive against PRPP and noncompetitive against ATP (Figure 3B), and best fit of the 

data to eq 6 yielded apparent Kis (Kis
app) and Kii

app of 83 ± 16 µM and 245 ± 36 µM, respectively, 

against PRPP, and Kis
app = Kii

app of 282 ± 31 µM against ATP. Except for M. tuberculosis 

ATPPRT, where inhibition is uncompetitive against ATP,33 histidine is a noncompetitive 

inhibitor of other ATPPRTs.15-16, 22, 34 
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Figure 3. Inhibition of AbATPPRT by histidine. (A) Dose-response curve for histidine. The 

line is best fit of the data to eq 7. (B) Double-reciprocal plots of substrate saturation curves in 

the presence of histidine. Lines are reciprocals of the best fit of the data to eq 6. 

 Two-step binding mechanism of histidine to AbATPPRT. To gain detailed 

information on the interaction between AbATPPRT and histidine, the binding kinetics of the 

allosteric inhibitor to the different enzyme complexes was investigated following an overall 

increase in tryptophan fluorescence (all 3 tryptophan residues in AbATPPRT are found in 

AbHisZ) upon histidine binding to either AbATPPRT, AbATPPRT:ATP binary complex, or 

AbATPPRT:PRPP binary complex (Figure 4). Three models were tested to fit the data by 

numerical integration using KinTek Explorer35: one-step binding, two-step binding with 

isomerisation of the enzyme:inhibitor complex, and two-step binding with isomerisation of the 

free enzyme prior to binding (Scheme S2), without any assumptions regarding rate-limiting 

steps. For each data set, only the two-step binding mechanism with isomerisation of the initial 

enzyme:inhibitor complex converged on a solution, and FitSpace confidence contour analysis36 

confirmed the model was well constrained. Table 1 summarises the calculated rate constants. 

Table 1. Rate constants governing histidine binding to AbATPPRT.a 

Enzyme k1 (M-1 s-1) k2 (s-1) k3 (s-1) k4 (s-1) 

AbATPPRT (2.75 ± 0.0009) × 104 

(2.55-9.27) × 104 

10.2 ± 0.1 

(7.7-13.9) 

12.0 ± 0.1 

(9.4-15.9) 

1.87 ± 0.04 

(1.11-2.92) 

AbATPPRT: 

ATP 

(3.88 ± 0.007) × 104 

(3.31-4.37) × 104 

5.2 ± 0.2 

(3.3-6.9) 

5.1 ± 0.2 

(3.3-9.4) 

1.25 ± 0.04 

(0.74-1.98) 

AbATPPRT: 

PRPP 

(5.1 ± 0.002) × 103 

(4.9-6.0) × 103 

1.20 ± 0.07 

(0.50-1.77) 

6.9 ± 0.3 

(5.8-9.1) 

1.75 ± 0.03 

(1.47-2.68) 
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aValues in normal text represent mean ± best fit uncertainty from the numerical integration, 

while values in italics represent FitSpace lower and upper boundaries.  

 While histidine binding to AbATPPRT in its apo form and in binary complexes with 

ATP and PRPP involves the same overall two-step mechanism, kinetic differences exist among 

specific steps. The ratio of forward-to-reverse rate constants for breakdown of the intermediate 

(k3/k2) is ~1 when the intermediate is either AbATPPRT:histidine or 

AbATPPRT:ATP:histidine, and increases to 5.8 for AbATPPRT:PRPP:histidine, thus a rapid 

equilibrium between inhibitor-free enzyme and intermediate is not established. The 

bimolecular rate constant (k1) is approximately one order of magnitude lower when histidine 

binds to AbATPPRT:PRPP in comparison to binding to AbATPPRT and AbATPPRT:ATP, but 

in all cases k3 is significantly higher than k4, leading to accumulation of the isomerised 

complexes as illustrated by simulations of the time-dependent changes in concentration of each 

AbATPPRT species carried out in KinTek Explorer (Figure S7 – S9). Eq 8 was used to calculate 

overall KD of 50 ± 1 M, 26 ± 1 M, and 48 ± 3 M for the dissociation of histidine from 

AbATPPRT:histidine, AbATPPRT:ATP:histidine and AbATPPRT:PRPP:histidine complexes, 

respectively, indicating the presence of either substrate in turn has little influence on the overall 

affinity of the enzyme (or its binary complex with each substrate) for histidine, in spite of 

differences in individual rate constants for elementary steps. It should not be surprising that 

inhibition by histidine involves two steps, since it is known to be allosteric. Nonetheless, the 

results establish a sequential mechanism of ligand-binding,37 and demonstrate that the common 

assumption of a rapid equilibrium between the initial free and bound states followed by a 

slower isomerisation of the bound state, invoked to obtain an analytical solution to the 

differential equation describing the process,38-39 does not hold true for the AbATPPRT:histidine 

interaction.   
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Figure 4. Binding kinetics of histidine to AbATPPRT. (A) Histidine binding to AbATPPRT. 

(B) Histidine binding to AbATPPRT:ATP. (C) Histidine binding to AbATPPRT:PRPP. For 

curves (panels on the left), scatter plots represent data, coloured lines are numerical integration-
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based best fit of the data to a two-step model with isomerisation of the enzyme:inhibitor 

complex, and grey lines are the boundaries produced by FitSpace analysis. The contour plots 

(panels on the right) are FitSpace analysis of the best-fit model relative to the data. The 

constrained FitSpace boundaries are defined by the regions in red. Notice k1 has units of M-1 

s-1 in the contour plots. 

 His-Pro dipeptide is an inhibitor AbATPPRT. As an attempt to identify potential 

allosteric inhibitors of AbATPPRT, 12 commercially available histidine analogues (Chart S1) 

were screened as potential inhibitors of the enzyme. None of the compounds inhibited 

AbATPPRT at a single compound concentration of 2 mM, although 3 compounds seemed to 

enhance enzyme activity (Figure S10A). However, further dose-response curves for these 3 

compounds revealed no effect on AbATPPRT activity (Figure S10B).  

To expand the search for inhibitors of AbATPPRT, 14 readily available dipeptides 

containing a histidine residue either on the N-terminus or C-terminus (Chart S2) were screened 

at a single concentration of 1 mM (except for His-Trp, whose concentration was 0.25 mM) 

against the enzyme. His-Trp and His-Pro decreased AbATPPRT activity by a minimum of 30% 

(Figure S11). Dose-response of His-Trp showed a consistent inhibition trend, but a maximum 

of only 45% inhibition was experimentally achieved since His-Trp concentrations higher than 

0.4 mM interfered with the assay owing to indole absorbance at 290 nm (Figure 5A). His-Pro 

inhibits AbATPPRT with an IC50 of 1.6 ± 0.1 mM and an h of 1.28 ± 0.09 (Figure 5A). Unlike 

histidine, His-Pro inhibits AbATPPRT competitively against PRPP (Figure 5B), and best fit of 

the data to eq 5 yielded a Kis
app of 1.1 ± 0.3 mM. Based on data fit quality, inhibition against 

ATP could be interpreted as either noncompetitive (Figure 5C), yielding Kis
app

 = Kii
app of 5.5 ± 

0.4 mM upon best fit of the data to eq 6, or uncompetitive (Figure 5D), yielding Kii
app of 4.2 ± 

0.4 mM upon best fit of the data to eq 9. Thus, further evidence is needed to distinguish between 

the two models.    



15 
 

 

Figure 5. Inhibition of AbATPPRT by His-Pro. (A) Dose-response curve for His-Pro and His-

Trp. The line is best fit of the data to eq 7. (B) Double-reciprocal plots of PRPP saturation 

curves in the presence of His-Pro. Lines are reciprocals of the best fit of the data to eq 5. (C) 

Double-reciprocal plots of ATP saturation curves in the presence of His-Pro. Lines are 

reciprocals of the best fit of the data to eq 6. (D) Double-reciprocal plots of ATP saturation 

curves in the presence of His-Pro. Lines are reciprocals of the best fit of the data to eq 9. The 

colour scheme is the same in panels C and D.  

AbHisGS dose-response curve for His-Pro reaches a plateau with ~70% of enzyme 

activity remaining (Figure S12A). This might suggest partial inhibition of the nonactivated 

enzyme by His-Pro. However, DSF analysis showed the AbHisGS Tm is unaltered in the 

presence of His-Pro (Figure S12A, inset). This suggests the presence of AbHisZ is necessary 

for full inhibition, and that the apparent effect of His-Pro on AbHisGS is due to non-specific 

binding. A hypothesis for the mode of inhibition by His-Pro is that the dipeptide acts by 

dissociating the hetero-octamer or somehow disrupting the allosteric activation of AbHisGS by 

AbHisZ. In this case, the His-Pro-inhibited rate of AbATPPRT would be equal to the His-Pro-

(partially)-inhibited rate of non-activated AbHisGS. This hypothesis was tested by measuring 

the reaction rates of 6 µM AbHisGS in the absence and presence of His-Pro to compare with 

the rate of 6 µM AbATPPRT (containing 6 µM AbHisGS saturated with AbHisZ) in the presence 

His-Pro (Figure S12B). The rate of AbATPPRT in the presence of His-Pro is significantly lower 

than the rate AbHisGS in the presence of His-Pro, suggesting that inhibition of AbATPPRT by 

the dipeptide is not achieved by simply preventing allosteric activation of the catalytic subunit. 
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The cyclic version of the dipeptide, cyclo-di-His-Pro, was also tested as an inhibitor of 

AbATPPRT, but no inhibition was detected (Figure S13), indicating the linear scaffold of the 

dipeptide is required for inhibition. 

 Two-step binding mechanism of His-Pro to AbATPPRT. To gather further insight 

into the interaction between AbATPPRT and His-Pro, the binding kinetics of the dipeptide to 

the enzyme was investigated following an overall increase in tryptophan fluorescence upon 

His-Pro binding (Figure S14). While the increase in fluorescence was consistent with formation 

of an AbATPPRT:His-Pro complex, the apparent change in signal amplitude did not indicate 

saturation of the enzyme up to 8 mM His-Pro, indicating very low affinity. However, binding 

of His-Pro to AbATPPRT:ATP complex occurred with faster kinetics and led to saturation 

(Figure 6). This is consistent with His-Pro in the experimental concentration range 

uncompetitively inhibiting AbATPPRT against ATP. 

 

Figure 6. Binding kinetics of His-Pro to AbATPPRT:ATP. For curves (left), scatter plots 

represent data, coloured lines are numerical integration-based best fit of the data to a two-step 

model with isomerisation of the enzyme:inhibitor complex, and grey lines are the boundaries 

produced by FitSpace analysis. The contour plots (right) are FitSpace analysis of the best-fit 
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model relative to the data. The constrained FitSpace boundaries are defined by the regions in 

red. Notice k1 has units of M-1 s-1 in the contour plots. 

The only model that converged to a solution by numerical integration was a two-step 

model involving an isomerisation of the initial enzyme:inhibitor complex, producing the 

following rate constants: k1 = 1003 ± 6 M-1 s-1; k2 = 6.94 ± 0.03 s-1; k3 = 5.05 ± 0.05 s-1; k4 = 

0.476 ± 0.006 s-1. The model is well-constrained as indicated by FitSpace analysis (Figure 6), 

which yielded the following boundaries: k1 = 920-1090 M-1 s-1; k2 = 5.58-8.47 s-1; k3 = 4.08-

6.61 s-1; k4 = 0.326-0.663 s-1. The ratio k3/k2 is only ~0.72, thus the possibility that His-Pro is a 

slow-onset inhibitor was considered, but no curvature was observed in AbATPPRT progress 

curves at various concentrations of dipeptide (Figure S15). The reverse isomerisation rate 

constant k4 is more than 10-fold lower than k3, leading to accumulation of the isomerised 

complex as illustrated by simulations of the time-dependent changes in concentration of each 

AbATPPRT species performed in KinTek Explorer (Figure S16). Eq 8 yielded an overall KD 

of 0.60 ± 0.01 mM for inhibitor dissociation from the AbATPPRT:ATP:His-Pro complex. As 

in the case of histidine binding, here k2 is not significantly higher than k3, thus a rapid 

equilibrium is not established between initial free and bound states isomerisation. 

 P. arcticus HisZ is a tight-binding inhibitor of AbHisGS. A. baumannii and P. 

arcticus belong to the same bacterial family, Moraxellaceae, and AbHisGS and AbHisZ share 

69% and 43% amino acid sequence identity with their respective orthologues in P. arcticus 

(Figure S17). Given the similarity between the proteins, the hypothesis that P. arcticus HisZ 

would bind to and activate catalysis by AbHisGS was evaluated. Surprisingly, P. arcticus HisZ 

is an inhibitor of AbHisGS catalysis (Figure 7A), and best fit of the data to eq 10 produced a 

Ki
app of 0.34 ± 0.04 µM. The analytical size-exclusion elution profile of an equimolar P. 

arcticus HisZ/AbHisGS mixture overlaps with that of the AbHisZ/AbHisGS mixture (Figure S2), 

raising the possibility the hybrid P. arcticus HisZ:AbHisGS complex adopts a similar 
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oligomeric state in solution as AbATPPRT does. Nonetheless, current data do not permit a 

definitive conclusion to be reached, and further analysis employing higher resolution 

techniques will be necessary to dissect the oligomeric state and stoichiometry of the P. arcticus 

HisZ:AbHisGS interaction. As a control for the specificity of the interspecies protein-protein 

interactions presumably causing inhibition of AbHisGS, the effect of bovine serum albumin on 

the AbHisGS reaction was assessed, but it was not detected (Figure S18). AbHisGS inhibition 

by P. arcticus HisZ was repeated in the presence of 600 µM histidine, but it did not lead to any 

significant difference in Ki
app (Figure S19A).  

 

Figure 7. Inhibition of AbHisGS by P. arcticus HisZ. Pa stands for P. arcticus. (A) Dose-

response curve for P. arcticus HisZ against AbHisGS. The line is the best fit of the data to eq 

10. The inset shows PRATP formation time course at increasing P. arcticus HisZ 

concentration, and black lines are linear regressions of the data. (B) Dose-response curve for 

P. arcticus HisZ against AbATPPRT. The dashed line demarks 80% of AbATPPRT uninhibited 

activity. (C) Dose-response of relative activity recovery of the P. arcticus HisZ:AbHisGS 

complex upon increasing AbHisZ concentration. The dashed line demarks 80% of AbATPPRT 

uninhibited activity.    

 P. arcticus HisZ seems to bind tightly to AbATPPRT as well, but once partial inhibition 

of AbATPPRT of ~20% is reached, further increases in P. arcticus HisZ have no effect on 

AbATPPRT catalysis (Figure 7B). This observation suggests a model of partial noncompetitive 

inhibition31 against AbHisZ, where P. arcticus HisZ can bind to AbATPPRT to form a P. 
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arcticus HisZ:AbATPPRT complex of unknown stoichiometry that can still generate product 

albeit at a lower rate than AbATPPRT,  but can bind to AbHisGS to form a fully inhibited 

complex. This model is further supported by the observation that a preformed inhibited 

complex of P. arcticus HisZ:AbHisGS titrated with AbHisZ recovers only ~80% of the activity 

of uninhibited AbATPPRT (Figure 7C), indicting even high AbHisZ concentrations cannot 

completely overcome inhibition by P. arcticus HisZ. AbATPPRT inhibition by histidine was 

repeated in the presence of 2 µM P. arcticus HisZ, but no significant effect on the IC50 was 

observed (Figure S19B). However, a change in h from 1.4 ± 0.1 to 2.0 ± 0.1 suggests P. arcticus 

HisZ leads to an increase in the degree of positive co-operativity in inhibition by histidine, but 

the molecular basis for this phenomenon will require further research to uncover. 

 Implications for inhibitor design targeting AbATPPRT. The product formation and 

inhibition paths for AbHisGS and AbATPPRT based on the results of this work are summarised 

in Scheme 2. Paths in red represent full inhibition of the respective enzyme form, while the 

path in yellow represents partial inhibition, with kcat
i lower than 11.4 s-1. The mechanisms of 

inhibition described here for known and newly discovered inhibitors may pave the way for the 

design of AbATPPRT inhibitors with drug-like properties. Allosteric inhibition by histidine 

can take place from free AbATPPRT or AbATPPRT:substrate binary complexes, in all cases 

likely involving a conformational change of the initial enzyme:inhibitor complex which 

increases the affinity of histidine for the enzyme. Depending on which substrate is evaluated, 

the Ki
app for histidine varies between 83 M and 282 M, which helps rationalise the 

dependence of A. baumannii on histidine biosynthesis during pneumonia. Negative feedback 

control by allosteric inhibition of biosynthetic enzymes evolved as a regulatory strategy to 

conserve cell resources, and inhibition becomes significant when the target metabolite reaches 

a concentration sufficient for the cell’s needs.40-41 Based on this premise, A. baumannii is likely 
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to require at least ~83 µM histidine to survive and thrive in the nutrient-deprived environment 

of pulmonary infection, substantially more than the ~2 µM histidine available in the lungs.8  

 

Scheme 2. Product formation and inhibition paths for AbHisGS and AbATPPRT. Paths in 

red denote full inhibition, while the path in yellow, partial inhibition. Arrows denoting product 

formation encompass steps from the Michaelis complex formation up to release of the last 

product.  

 AbATPPRT follows a unique kinetic mechanism among HisGL- and HisGS-type 

ATPPRTs described to date, a rapid equilibrium random mechanism as opposed to the strictly 

ordered mechanisms of the other ATPPRTs.26-28 This is an intriguing observation that will 

likely require structural data on AbATPPRT for a full understanding of the molecular basis 

underpinning this mechanism. It should be pointed out, however, orthologue-specific kinetic 

mechanisms are well-documented. For instance, the Plasmodium falciparum adenylosuccinate 
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synthetase follows an ordered kinetic mechanism in contrast to other orthologues which follow 

a random mechanism.42 

His-Pro inhibits AbATPPRT by a mechanism distinct from histidine. Even though 

AbHisZ is required for inhibition, and a conformational change of the initial enzyme:inhibitor 

complex is also likely to take place, unlike histidine the dipeptide binds only to the 

AbATPPRT:ATP complex with appreciable affinity, and is competitive against PRPP. Coupled 

with the results presented here, future structural studies to pinpoint the exact binding site of 

His-Pro may provide a novel route to explore rational design of drug-like inhibitors of 

AbATPPRT. 

Finally, the surprising tight-binding inhibition of AbHisGS by the HisZ orthologue from 

P. arcticus suggests that key protein:protein interactions can lead to potent allosteric inhibition 

of the catalytic subunit, opposite to the robust allosteric activation by protein:protein 

interactions with the native AbHisZ. Future structural and functional mapping of the interface 

between P. arcticus HisZ and AbHisGS may offer a blueprint on which to base the design of 

peptide mimics to recapitulate the allosteric inhibition. Antimicrobial peptides, part of the 

innate immunity arsenal to combat bacterial infections, and chemical analogues thereof hold 

potential as novel antibiotics.43-44 Accordingly, the inhibition of AbATPPRT and AbHisGS by 

His-Pro and P. arcticus HisZ, respectively, may offer new avenues for drug development 

targeting histidine biosynthesis to treat pneumonia caused by A. baumannii. 

METHODS 

Materials. All commercially available chemicals were used without further 

purification. MgCl2, dithiothreitol (DTT), tricine, glycerol, lysozyme, DNase I, ampicillin, 

kanamycin, ATP, PRPP, POAc, L-histidine, PPi, 3-(2-thienyl)-L-alanine (TIH), 3-(2-pyridyl)-

L-alanine, 3-(3-pyridyl)-L-alanine, 3-(4-pyridyl)-L-alanine, 1-methyl-L-histidine, 3-methyl-L-
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histdine, D-histidine, β-cyano-L-alanine, and imidazole were purchased from Merck. All other 

histidine analogues and histidine dipeptides (linear and cyclic) were purchased from Bachem. 

Ethylenediaminetetraacetic acid (EDTA)-free Cømplete protease inhibitor was purchased from 

Roche. Isopropyl β-D-1-thiogalactopyranoside (IPTG) and NaCl were purchased from 

Formedium. All other chemicals were purchased from readily available commercial sources. 

PaHisGS, PaHisZ, M. tuberculosis PPase and tobacco etch virus protease (TEVP) were 

produced as previously described.20 

Expression of AbHisGS and AbHisZ. The DNA encoding AbHisGS and AbHisZ (A. 

baumannii strain ATCC17978), each containing a TEVP-cleavable N-terminal His-tag with 

restriction sites for NdeI and HindIII at the 5′- and 3′-ends, respectively, were purchased as 

codon-optimised (for expression in Escherichia coli) gBlocks (IDT). AbHisGS- and AbHisZ-

encoding gBlocks were PCR-modified and inserted into a modified pJexpress431 and 

pJexpress414 plasmids, respectively, using Gibson Assembly45 according to the 

manufacturer’s instructions (New England Biolabs). Each construct was transformed into E. 

coli DH5α competent cells (New England Biolabs), sequenced (Eurofins) to confirm the 

insertion of the gene and that no mutations had been introduced, then transformed into E. coli 

BL21(DE3) competent cells (New England Biolabs). Transformed cells were grown 

independently in lysogeny broth (LB) containing 50 μg mL-1 kanamycin (for AbHisGS) or 100 

μg mL-1 ampicillin (for AbHisZ) at 37 ℃ until an optical density at 600 nm (OD600) of 0.6 – 

0.8, at which point cells expressing AbHisGS were equilibrated to 16 °C, while those expressing 

AbHisZ remained at 37 °C before expression was induced with 0.5 mM IPTG. Cells were 

grown for an additional 20 hours, harvested by centrifugation (6774 g, 15 mins, 4 ℃) and 

stored at −20 ℃. 

Purification of AbHisGS and AbHisZ. Each recombinant protein was purified 

independently, and all purification procedures were conducted on ice or at 4 ℃ using an ÄTKA 
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Start FPLC system (GE Healthcare). All filtration of samples was by syringe through a 0.45 

µm membrane. All SDS-PAGE used a NuPAGE Bis-Tris 4-12% Precast Gel (ThermoFisher 

Scientific) with the PageRuler Plus Stained Protein Ladder (ThermoFisher Scientific). Proteins 

were concentrated through a 10000 molecular weight cutoff (MWCO) ultrafiltration membrane 

(Millipore). Cells were thawed on ice and resuspended in Buffer A [50 mM HEPES, 500 mM 

NaCl, 10 mM imidazole (pH 8.0)] containing lysozyme (0.2 mg ml-1), BaseMuncher 

(Expedeon) (0.05 mg ml-1), and half a tablet of EDTA-free Cømplete protease inhibitor 

cocktail, disrupted in a cell disruptor (Constant systems) at 30 kpsi, and centrifuged (48000 g, 

30 mins). The supernatant was filtered and loaded onto a HisTrap FF pre-packed column 

(Cytiva) pre-equilibrated with Buffer A. The column was washed with 10 column volumes 

(CV) of either 5% or 10% Buffer B [50 mM HEPES, 500 mM NaCl, 500 mM imidazole (pH 

8.0)] for AbHisZ or AbHisGS, respectively. AbHisZ or AbHisGS were eluted, respectively, with 

a 20-CV linear gradient of either 5-40% or 10-60% Buffer B. Fractions containing the protein 

of interest were pooled, mixed with TEVP at a ratio of 15 mg of target protein to 1 mg of 

TEVP, and dialysed against 2  2 L Buffer C [20 mM HEPES, 150 mM NaCl, 2 mM DTT, 

10% Glycerol (pH 7.5)] over a 48-hour period, then dialysed against 2  2 L of Buffer A over 

a period of 24 hours. Samples were filtered and loaded onto a HisTrap FF Pre-packed column 

pre-equilibrated with Buffer A. The flow through was collected and analysed by SDS-PAGE. 

Each purified protein was dialysed against 2  2 L of their respective storage buffers: 10 mM 

Tris-HCl, 100 mM NaCl, 5 mM MgCl2 (pH 8.0) for AbHisGS and 20 mM HEPES (pH 8.0) for 

AbHisZ. Proteins were concentrated, and their concentrations determined by UV absorbance 

(NanoDrop) at 280 nm using theoretical molar extinction coefficients (ε280) of 43420 M-1 cm-1 

(AbHisZ) and 10430 (AbHisGS) M-1 cm-1 (ProtParam tool - Expasy). Proteins were aliquoted 

and stored at −80 ℃. Their molecular mass was determined ESI-MS. 
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Oligomeric State Determination of AbHisGS. The oligomeric states of AbHisGS, P. 

arcticus HisGS, AbATPPRT, and P. arcticus HisZ/AbHisGS in solution were determined by 

analytical gel filtration on a Superdex 200 10/300 GL column (GE Healthcare) at 4 °C. Samples 

were loaded onto the column at 1 mg/mL and run in 10 mM Tris-HCl, 100 mM NaCl, 5 mM 

MgCl2 (pH 8.0). Vitamin B12 (1350 Da), horse myoglobin (17 000 Da), chicken ovalbumin 

(44 000 Da), bovine γ-globulin (158 000 Da), and bovine thyroglobulin (670 000 Da) (Bio-

Rad) were used as molecular weight standards. The logarithm of the molecular weight of the 

standards were plotted against the ratio of the elution volume (ve) to the void volume (vo). The 

data were then fitted to a linear regression, and the values of the slope and intercept were used 

to determine the molecular mass of each protein or protein complex.  

AbATPPRT and AbHisGS Activity Assays. Unless stated otherwise, all assays were 

performed at 25 ºC under initial rate conditions in the forward direction in 100 mM tricine (pH 

8.5), 15 mM MgCl2, 100 mM KCl, 4 mM DTT, 10 μM M. tuberculosis PPase, 1.5 mM ATP 

and 1 mM PRPP, and reaction rates were measured by monitoring the increase in absorbance 

at 290 nm due to the formation of PRATP (ε290 = 3600 M-1 cm-1)46 over 60 s with readings 

every 1 s in 1-cm path-length quartz cuvettes (500 µL) (Hellma) using a Shimadzu UV-2600 

spectrophotometer. For AbHisGS activity, the concentration of AbHisGS was 2.5 μM, and for 

AbATPPRT activity, AbHisGS and AbHisZ concentrations were 0.08 μM and 2 μM, 

respectively ([AbATPPRT] = 0.078 μM). Reactions were incubated for 3 minutes at 25 ºC 

before being initiated by the addition of PRPP. Control reactions in the absence of AbHisGS, 

AbHisZ, ATP, and PRPP were carried out; furthermore, controls were conducted to ensure rate 

was independent of M. tuberculosis PPase concentration. The apparent KD for AbATPPRT was 

determined by measuring initial rates at 1.4 mM ATP, 1 mM PRPP, 0.04 μM AbHisGS, and 

varying AbHisZ concentrations (0 – 2 µM). All steady-state kinetic measurements were made 

at least in duplicate. 
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AbHisGS Substrate Saturation Curves. AbHisGS initial rates were measured at 2 mM 

PRPP and varying ATP concentrations (0 – 5.6 mM) for ATP saturation curves. Initial rates 

were measured at 5.6 mM ATP and varying PRPP concentrations (0 – 2.0 mM PRPP) for PRPP 

saturation curves. 

Synthesis and Purification of PRATP. PRATP was synthesized as previously 

described.25 Proteins were removed by passage through a 10000-MWCO Vivaspin centrifugal 

concentrator, and the filtrate was loaded onto a 20 mL HiTrap Q HP column (GE Healthcare) 

pre-equilibrated with water in a Bio-Rad NGC FPLC. The column was washed with 3 CV of 

water and 5 CV of 11% solution B (1 M ammonium bicarbonate). PRATP was eluted with a 

20-CV linear gradient of 11 – 30% solution B. Fractions exhibiting absorbance at 290 nm were 

pooled, lyophilised, solubilised in 100 mM tricine pH 8.5, aliquoted and stored at −80 ℃. The 

concentration was determined spectrophotometrically at 290 nm (ε290 = 3600 M-1 cm-1). High-

resolution ESI-MS and 31P-NMR spectra of the purified compound were identical to those 

previously reported.25. 

AbATPPRT initial velocity patterns and product/dead-end inhibition. Initial 

velocity patterns were determined from initial rates of AbATPPRT in the presence of varying 

concentrations of ATP (0.1 – 1.6 mM) and PRPP (0.1 – 1.6 mM). For product inhibition by 

PRATP and dead-end inhibition by POAc, AbATPPRT activity was monitored at several fixed 

concentrations of each product: either PRATP (0 – 100 μM) or POAc (0 – 10 mM). 

Measurements were conducted at two distinct fixed concentrations of one substrate (low and 

high) whilst varying the concentration of the other. For each fixed concentration of either ATP 

(0.15 mM and 1.6 mM) or PRPP (0.2 mM and 1.6 mM), the concentration of the co-substrate 

was varied from 0.1 mM to 1.6 mM. 
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AbATPPRT reaction in the reverse direction. Initial rates of AbATPPRT (0.078 μM) 

in the reverse direction were measured at 25 ℃. Reactions (500 μL) contained 100 mM tricine 

(pH 8.5) 15 mM MgCl2, 100 mM KCl, and 4 mM DTT. Reaction rates were measured by 

monitoring the decrease in absorbance at 290 nm due to the consumption of PRATP (60 μM) 

in 1-cm path-length quartz cuvettes (Hellma) using a Shimadzu UV-2600 spectrophotometer. 

Rates were measured in the presence of either 2 mM PPi or 4 mM POAc, and a control in the 

absence of both PPi and POAc.  

AbATPPRT activity in the presence of L-histidine Analogues and L-histidine-

containing dipeptides. Initial rates of AbATPPRT in the presence of 12 different L-histidine 

analogues (2 mM) and 14 commercially available L-histidine-containing linear dipeptides (1 

mM, except His-Trp at 0.25 mM) were measured. Dose-response curves for 3-(4-pyridyl)-L-

alanine, 1-methyl-L-histidine, and D-histidine were determined by measuring AbATPPRT 

initial rates in the presence of varying concentrations of the respective histidine analogue (0 – 

8 mM), and for cyclo-di-His-Pro, in the presence of varying concentrations of cyclo-di-His-

Pro (0 – 4 mM). ATP concentration was 0.16 mM and PRPP concentration was 0.21 mM.  

AbATPPRT inhibition by histidine, His-Pro and His-Trp against AbATPPRT. The 

dose-response curve for histidine was determined from initial rates of AbATPPRT in the 

presence of 0 – 640 μM histidine, 1.4 mM ATP and 1 mM PRPP, either in the presence or 

absence of 2 μM P. arcticus HisZ. The dose-response curve for His-Pro was determined from 

initial rates of AbATPPRT in the presence of 0 – 8 mM His-Pro, 0.16 mM ATP and 0.21 mM 

PRPP. Alternatively, initial rates of AbHisGS were determined in the presence of 0 – 8 mM 

His-Pro, 0.63 mM ATP and 0.60 mM PRPP. The dose-response curve for His-Trp was 

determined from initial rates in the presence of 0 – 0.4 mM His-Trp 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) and a circulating water bath. The steady-state mechanism of inhibition 
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by histidine and His-Pro were investigated by measuring the initial rates of AbATPPRT at 

saturating concentration of one substrate (1.6 mM) and varying concentrations of the co-

substrate (0.1 – 1.6 mM) in the presence of different fixed concentrations of either histidine (0 

– 400 μM) or His-Pro (0 – 6 mM). Whether or not His-Pro led to dissociation of the AbATPPRT 

hetero-octamer was probed from initial rates of AbHisGS (6 µM) in the presence or absence of 

10 mM His-Pro and from initial rates of AbATPPRT (6 µM) in the presence of 10 mM His-

Pro, with 6.4 mM ATP and 0.21 mM PRPP. To test for slow-onset inhibition of His-Pro, the 

rate of PRATP formation by AbATPPRT (16 nM) was measured for 20 min in the presence of 

3.2 mM ATP, 4.2 mM PRPP, and 0 – 8 mM His-Pro, with reactions initiated by the addition 

of enzyme. 

DSF of AbHisGS, AbHisZ, and AbATPPRT. DSF measurements (λex = 490 nm; λem 

= 610 nm) were performed in a 96-well plate (50 μL) on a Stragene Mx3005p instrument. 

Thermal denaturation of AbHisGS (7.5 μM) was measured in the presence of either substrate 

(either 0 – 8 mM ATP or 0 – 8 mM PRPP), product (either 0.5 mM PRATP or 1.0 mM PPi) or 

His-Pro (8 mM). Thermal denaturation of AbHisZ (9 μM) was measured in the presence of 0 – 

1 mM histidine. Thermal denaturation of AbATPPRT (7 μM, achieved by mixing 7.5 μM of 

AbHisGS and 7.5 μM of AbHisZ) was measured in the absence and presence of products (either 

0.5 mM PRATP or 1.0 mM PPi). Assays were conducted in 100 mM tricine (pH 8.5), 100 mM 

KCl, 4 mM DTT, and 15 mM MgCl2. Sypro Orange (5X) (Invitrogen) was added to all wells. 

Thermal denaturation curves were recorded in triplicate over a range of 25 – 90 ℃ with 1-℃ 

min-1 increments. Controls lacking protein were subtracted from curves with the respective 

protein. 

Binding kinetics of histidine and His-Pro to AbATPPRT. Rapid kinetics of histidine 

and His-Pro binding to AbATPPRT were carried out by monitoring the change in internal 

tryptophan fluorescence (λex = 290 nm; λem > 320 nm) at 25 °C in an Applied Photophysics SX-
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20 stopped-flow spectrofluorimeter outfitted with a 5-μL mixing cell (0.5-cm path length and 

0.9-ms dead time) and a circulating water bath. In all experiments, each syringe contained 100 

mM tricine (pH 8.5), 15 mM MgCl2, 100 mM KCl, and 4 mM DTT. AbATPPRT (2.5 μM; 2.8 

μM AbHisGS and 2.8 μM AbHisZ) (in the presence or absence of either 1.6 mM ATP or 2.1 

mM PRPP) binding to either histidine (0 – 1280 μM) or His-Pro (0.5-8 mM) was measured by 

rapidly mixing 55 μL from each syringe, and fluorescence change was monitored for up to 5 s 

with 8 traces averaged for each concentration and 5000 datapoints collected per trace. Controls 

lacked ligand. Absorbances at 290 nm and 1-cm path length of 1280 μM histidine and 8 mM 

His-Pro were lower than 0.01, indicating no inner filter effect interfered with the fluorescence 

measurements. 

Inhibition of AbHisGS and AbATPPRT by P. arcticus HisZ. Initial rates of AbHisGS 

(1 μM) at 4.8 mM ATP and 2 mM PRPP were measured in the presence of 0 – 8 μM P. arcticus 

HisZ either in the presence or absence of 600 µM histidine. Initial rates of AbATPPRT (0.154 

μM) at 1.4 mM ATP and 1 mM PRPP were measured in the presence of 0 – 2 μM P. arcticus 

HisZ. Initial rates of AbHisGS (0.16 µM) at 1.4 mM ATP, 1 mM PRPP, and 2 µM PaHisZ were 

measured in the presence of 0 – 2 μM AbHisZ. Initial rates of AbHisGS (0.609 μM) at 4.8 mM 

ATP and 2 mM PRPP were measured in the presence and absence of 4 μM BSA. 

Kinetics and thermal denaturation data analysis. Kinetic and thermal denaturation 

data were analysed by the non-linear regression function of SigmaPlot 14.0 (SPSS Inc.). Data 

points and error bars represent mean ± SEM, and kinetic and equilibrium constants are given 

as mean ± fitting error. Substrate saturation curves at a fixed concentration of the co-substrate 

were fitted to eq 1. Initial rate data at varying concentrations of AbHisZ were fitted to eq 2, and 

the concentration of AbATPPRT at any concentration of AbHisGS and AbHisZ was calculated 

according to eq 3. Initial velocity patterns were globally fitted to eq 4. Competitive inhibition 

data were fitted to eq 5, and noncompetitive, to eq 6. Dose-response curves for histidine and 
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His-Pro were fitted to eq 7. The overall equilibrium dissociation constant was calculated with 

eq 8. Uncompetitive inhibition data were fitted to eq 9. Dose-response curve for P. arcticus 

HisZ was fitted to eq 10. Thermal denaturation curves were fitted to eq 11.47 In eqs 1 – 11, v is 

the initial rate, kcat is the steady-state turnover number, KM is the apparent Michaelis constant, 

ET is total enzyme concentration, S is the concentration of the varying substrate when the co-

substrate is held constant, Vmax is the maximal velocity, G is the concentration of AbHisGS, Z 

is the concentration of AbHisZ, KD
app is the apparent equilibrium dissociation constant, and 

AbATPPRT is the concentration of AbHisGS-AbHisZ complex, A and B are the concentrations 

of varying substrates and 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, I is the concentration of inhibitor, Kis and Kii are respectively the slope 

and intercept inhibition constants, vi and v0 are the initial rate in the presence and absence of 

inhibitor, respectively, IC50 is the half-maximal inhibitory concentration, h is the Hill 

coefficient, KD is the equilibrium dissociation constant, k1 – k4 are rate constants governing 

elementary steps for the two-step binding mechanism with isomerisation of the initial EI 

complex denoted in Scheme S2, Ki
app is the apparent dissociation constant, 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.    
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SUPPORTING INFORMATION 

 Further experimental and computational characterisation of AbATPPRT kinetics, 

inhibition, oligomeric state and thermal denaturation; substrate and inhibitor binding kinetic 

schemes; chemical structures of histidine analogues and histidine-containing dipeptides; amino 

acid sequence alignments; equation derivation.  
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ATPPRT, ATP phosphoribosyltransferase; PRPP, 5-phospho--D-ribosyl-1-pyrophosphate; 

PRATP, N1-(5-phospho--D-ribosyl)-ATP; PPi, inorganic pyrophosphate; DTT, dithiothreitol; 

DSF, differential scanning fluorimetry; AbATPPRT, A. baumannii, ATPPRT; AbHisGS, A. 

baumannii, HisGS; AbHisZ, A. baumannii, HisZ; PPase, pyrophosphatase; MWCO, molecular 

weight cut off; ESI-MS, electrospray ionisation mass spectrometry; His-Pro, L-histidine-L-

proline.  
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A. baumannii ATP phosphoribosyltransferase follows a rapid equilibrium random kinetic 

mechanism, depicted in Cleland’s notation. The activated enzyme is inhibited by histidine and 

His-Pro, while the non-activated enzyme is inhibited by P. arcticus HisZ.  

 


