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ABSTRACT: The bifunctional enzyme phosphoribosyl-ATP pyrophospho- | . Y
hydrolase/phosphoribosyl-AMP cyclohydrolase (HisIE) catalyzes the second ~— °* Loy
and third steps of histidine biosynthesis: pyrophosphohydrolysis of N'-(5- . %
phospho-f-D-ribosyl)-ATP (PRATP) to N'-(S-phospho-f-D-ribosyl)-AMP
(PRAMP) and pyrophosphate in the C-terminal HisE-like domain, and
cyclohydrolysis of PRAMP to N-(5'-phospho-D-ribosylformimino)-S-amino-
1-(S”-phospho-D-ribosyl)-4-imidazolecarboxamide (ProFAR) in the N-
terminal HisI-like domain. Here we use UV—VIS spectroscopy and LC—
MS to show Acinetobacter baumannii putative HisIE produces ProFAR from
PRATP. Employing an assay to detect pyrophosphate and another to detect Took., + HislE
ProFAR, we established the pyrophosphohydrolase reaction rate is higher

than the overall reaction rate. We produced a truncated version of the enzyme-containing only the C-terminal (HisE) domain. This
truncated HisIE was catalytically active, which allowed the synthesis of PRAMP, the substrate for the cyclohydrolysis reaction.
PRAMP was kinetically competent for HisIE-catalyzed ProFAR production, demonstrating PRAMP can bind the HisI-like domain
from bulk water, and suggesting that the cyclohydrolase reaction is rate-limiting for the overall bifunctional enzyme. The overall k_,
increased with increasing pH, while the solvent deuterium kinetic isotope effect decreased at more basic pH but was still large at pH
7.5. The lack of solvent viscosity effects on k., and k,/Ky; ruled out diffusional steps limiting the rates of substrate binding and
product release. Rapid kinetics with excess PRATP demonstrated a lag time followed by a burst in ProFAR formation. These
observations are consistent with a rate-limiting unimolecular step involving a proton transfer following adenine ring opening. We
synthesized N'-(5-phospho-f-D-ribosyl)-ADP (PRADP), which could not be processed by HisIE. PRADP inhibited HisIE-catalyzed
ProFAR formation from PRATP but not from PRAMP, suggesting that it binds to the phosphohydrolase active site while still
permitting unobstructed access of PRAMP to the cyclohydrolase active site. The kinetics data are incompatible with a build-up of
PRAMP in bulk solvent, indicating HisIE catalysis involves preferential channeling of PRAMP, albeit not via a protein tunnel.

AGE
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Bl INTRODUCTION PRATP to N'-(5-phospho-f-D-ribosyl)-AMP (PRAMP) and
PP, presumably in the C-terminal (HisE-like) domain, and the
Zn**-dependent ring-opening hydrolysis of PRAMP to N-(5'-
phospho-D-ribosylformimino)-S-amino-1-(5”-phospho-D-ri-
bosyl)-4-imidazolecarboxamide (ProFAR), presumably in the
N-terminal (HisI-like) domain (Scheme 1).*

Crystal structures of M. tuberculosis monofunctional HisE
(PDB ID: 1Y6X)® and Methanococcus thermoautotrophicum (M.
thermoautotrophicum) monofunctional HisI (PDB ID: 1ZPS)°
have been reported, as were those of apoenzyme and AMP-

The first step of histidine biosynthesis comprises the reversible
condensation of ATP and S-phospho-a-D-ribosyl-1-pyrophos-
phate (PRPP) to generate N'-(S-phospho-f-D-ribosyl)-ATP
(PRATP) and pyrophosphate (PP;), catalyzed by ATP
phosphoribosyltransferase (ATPPRT).' In some actinobac-
teria, such as Mycobacterium tuberculosis (M. tuberculosis), and
in most archaea, the second and third steps of histidine
biosynthesis are catalyzed by the enzymes phosphoribosyl-ATP
pyrophosphohydrolase (HisE) and phosphoribosyl-AMP
cyclohydrolase (Hisl), respectively. However, in most bacteria,
including Acinetobacter baumannii (A. baumannii),” the two Received:  March 10, 2023
reactions are catalyzed by the bifunctional enzyme phosphor- Revised:  May §, 2023
ibosyl-ATP pyrophosphohydrolase/phosphoribosyl-AMP  cy-

clohydrolase (HisIE), comprised of an N-terminal domain

homologous to Hisl and a C-terminal domain homologous to

HisE.> HisIE catalyzes the Mg*"-dependent hydrolysis of
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Scheme 1. HisIE-catalyzed Hydrolysis of PRATP Followed by Ring-Opening Hydrolysis of PRAMP
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bound bifunctional HisIE from Shigella flexneri (PDB ID: 6]J22
and 6J2L)" and HisN2 (the nomenclature adopted in plants)
Medicago truncatula (PDB ID: 7BGM and 7BGN).® Mecha-
nistic investigations of HisI have been described,”'® but no
detailed functional characterization has been reported for HisE
or HislE.

Enzymes involved in the histidine biosynthesis pathway are
attractive targets for antibiotic development, as they carry out
essential functions during infection and have no homologues in
humans. For instance, histidine biosynthesis protects M.
tuberculosis from host-imposed starvation."' In A. baumannii,
high-throughput transposon library analysis demonstrated that
six enzymes of the histidine biosynthetic pathway, including
HisIE, are required for the bacterium’s persistence in the lungs
during pneumonia.” In an independent study, knockout of the
gene encoding another enzyme in the pathway, imidazole
glycerol phosphate synthase, significantly increased host
survival in a murine model of pneumonia caused by A.
baumannii.'” Histidine is required for zinc acquisition and lung
infection by A. baumannii,'> and it is a precursor in the
biosynthesis of acinetobactin, a siderophore essential for A.
baumannii virulence.'* Extracellular histidine concentration is
lower than 2 M in the lungs of mice, regardless of A.
baumannii infection,"> while the histidine inhibition constant
for A. baumannii ATPPRT, the enzyme allosterically inhibited
by the amino acid in a negative feedback control mechanism,
lies between 83 and 282 uM."> As this value is expected to
reflect the metabolite concentration the cell needs to
function,'® this may explain the reliance of this bacterium on
histidine biosynthesis to establish and sustain pneumonia.'®

The need for novel antibiotics effective against carbapenem-
resistant A. baumannii was classified as a critical priority by the
World Health Organisation.17 Moreover, ventilator-associated
pneumonia is one of the most common manifestations of A.
baumannii infection, and it is linked to high mortality rates.'®
The identification and characterization of promising novel
molecular targets are key steps to enable rational drug design.'”
Thus, the characterization of A. baumannii HisIE (AbHisIE)
catalysis may lay the foundation for inhibitor design against
this enzyme on the path toward novel antibiotics against A.
baumannii.

Here, the gene encoding the putative AbHisIE was cloned
and expressed, and the recombinant protein was purified.
Liquid chromatography-mass spectrometry (LC—MS), differ-
ential scanning fluorimetry (DSF), steady-state and pre-steady-
state kinetics, biocatalytic syntheses of PRAMP and N'-(5-
phospho-f-D-ribosyl)-ADP (PRADP), solvent deuterium
kinetic isotope effects, and viscosity effects were used to
characterize the enzyme and its catalyzed reaction. Further-
more, the HisE-like domain of AbHisIE (heretofore referred to
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as AbHisE®™") was cloned and shown to catalyze the reaction
normally catalyzed by monofunctional HisE, paving the way to
study the pyrophosphohydrolysis reaction independently.

B MATERIALS AND METHODS

Materials. All commercially available chemicals were used
without further purification. BaseMuncher endonuclease was
purchased from Abcam. Ampicillin, dithiothreitol (DTT), and
isopropyl-f-D-1-thiogalactopyranoside (IPTG) were pur-
chased from Formedium. Escherichia coli (E. coli) DHSa
(high efficiency) and BL21(DE3) cells, Gibson Assembly
Cloning Kit, and Dpnl were purchased from New England
Biolabs. QIAprep Spin Miniprep, PCR clean-up, and Plasmid
Midi kits were purchased from Qiagen. Ethylenediaminetetra-
acetic acid (EDTA)-free Complete protease inhibitor cocktail
was purchased from Roche. Ammonium bicarbonate, ammo-
nium sulfate, ATP, deuterium oxide (D,0), glycerol, histidine,
imidazole, lysozyme, PRPP, potassium chloride, p-ribose 5-
phosphate, tricine, phosphoenolpyruvate, Saccharomyces cer-
evisiae (S. cerevisiae) pyruvate kinase (ScPK), S. cerevisiae
myokinase (ScMK), NiCl,, and ZnCl, were purchased from
Merck. Agarose, dNTPSs, kanamycin, 4-(2-hydroxyethyl)-
piperazine-1-ethanesulfonic acid (HEPES) EnzCheck Pyro-
phosphate Kit, MgCl,, NaCl, PageRuler Plus Prestained
protein ladder, and Phusion High-Fidelity polymerase were
purchased from ThermoFisher Scientific. Psychrobacter arcticus
HisGg (PaHisGg), M. tuberculosis pyrophosphatase (MtPPase),
and tobacco etch virus protease (TEVP) were produced as
previously described,” as was E. coli PRPP synthetase
(EcPRPPS).”!

Expression of AbHislE and AbHisE®°™", The DNA
encoding AbHIsIE (A. baumannii strain ATCC17978) and
AbHIisE“™™ codon optimized for expression in E. coli, were
purchased as gBlocks (IDT). The AbHisE*™™" gBlock also
encoded a TEVP-cleavable N-terminal His-tag. Each gBlock
was PCR-modified and inserted into a modified pJexpress414
plasmid using Gibson Assembly”* according to the manufac-
turer’s instructions. Each construct was transformed into
DHSa competent cells, sequenced (DNA Sequencing &
Services, University of Dundee) to confirm the insertion of
the genes and that no mutations had been introduced.
Constructs were transformed into E. coli BL21(DE3) cells,
which were grown in lysogeny broth (LB) containing 100 ug
mL™ ampicillin at 37 °C until an optical density at 600 nm
(ODggpo) of 0.6—0.8, at which point cells harboring the
ADHISIE expression construct were equilibrated to 20 °C,
while cells harboring the AbHisE*™" expression construct
remained at 37 °C before expression was induced with 0.5 mM
IPTG. Cells were grown for an additional 20 h, harvested by
centrifugation (6774 g 15 min, 4 °C) and stored at —20 °C.

https://doi.org/10.1021/acscatal.3c01111
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The genes encoding AbHisIE and AbHisE*™™ were cloned
and expressed independently of one another.

Purification of AbHisIE and AbHisE°™", All purifica-
tion procedures were performed on ice or at 4 °C using an
ATKA Start FPLC system (GE Healthcare). All SDS-PAGE
used a NuPAGE Bis-Tris 4—12% Precast Gel (ThermoFisher
Scientific). For AbHisIE purification, cells were resuspended in
buffer A (50 mM HEPES pH 7.5) supplemented with 0.2 mg
mL™ lysozyme, 750 U BaseMuncher endonuclease, and half a
tablet of EDTA-free Complete protease inhibitor cocktail.
Cells were lysed in a cell disruptor (Constant systems) at 30
kpsi, and centrifuged at 48,000 g for 30 min to remove cell
debris. AbHIsIE was precipitated by dropwise addition of 1.5
M ammonium sulfate in buffer A to the supernatant followed
by stirring for 1 h. The sample was centrifuged at 48,000 g for
30 min, the supernatant was discarded, and the pellet was
resuspended in buffer A, dialyzed against 3 X 2 L of buffer A,
filtered through a 0.45 pm membrane and loaded onto a 10
mL HiTrap Q FF column pre-equilibrated with buffer A. The
column was washed with 10 column volumes(CV) of 2.5%
buffer B (50 mM HEPES pH 7.5, 2 M NaCl) and the adsorbed
proteins were eluted with a 30 CV linear gradient of 2.5—15%
buffer B. Fractions were analyzed by SDS-PAGE, and those
containing AbHIsIE were pooled and dialyzed against 2 X 2 L
of buffer C (50 mM HEPES pH 8.0, 250 mM NaCl), filtered
through a 0.45 yM membrane and loaded onto a ZnCl,-
charged 5 mL HisTrap FF column pre-equilibrated with buffer
C. The column was washed with 10 CV of buffer C and the
adsorbed proteins were eluted with a 20 CV linear gradient of
0—15% buffer D (50 mM HEPES pH 8.0, 250 mM NaCl, 50
mM imidazole). Fractions were analyzed by SDS-PAGE and
those containing AbHisIE were pooled, concentrated using a
10,000-MWCQO ultrafiltration membrane, and loaded onto a
HiPrep 26/60 Sephacryl S200 HR column equilibrated with
buffer A. The column was washed with 1 CV of buffer A.
Fractions were analyzed via SDS-PAGE and those containing
AbHISIE were pooled, concentrated using a 10,000-MWCO
ultrafiltration membrane, aliquoted, and stored at —80 °C. The
concentration of AbHisIE was determined spectrophotometri-
cally (NanoDrop) using a theoretical extinction coefficient
(£50) of 40,910 M~ cm™ (ProtParam tool — Expasy). The
identity of the protein was confirmed via tryptic digest and
LC—MS/MS analysis of the tryptic peptides performed by the
University of St Andrews BSRC Proteomics and Mass
Spectrometry facility.

For AbHisE*™" purification, cells were resuspended in
buffer A (S0 mM HEPES pH 8.0, 500 mM NaCl, 10 mM
imidazole) supplemented with 0.2 mg mL™" lysozyme, 750 U
BaseMuncher endonuclease, and half a tablet of EDTA-free
Complete protease inhibitor cocktail. Cells were lysed in a cell
disruptor (Constant systems) at 30 kpsi and centrifuged at
48,000 g for 30 min to remove cell debris. The supernatant was
filtered through a 0.45 pm membrane and loaded onto a
NiCl,-charged S mL HisTrap FF column pre-equilibrated with
buffer A. The column was washed with 10 CV of buffer A, and
adsorbed proteins were eluted with a 20 CV gradient of 0—
100% buffer B (50 mM HEPES pH 8.0, 500 mM NaCl, 500
mM imidazole). Fractions were analyzed by SDS-PAGE and
those containing AbHisE®™" were pooled, mixed with TEVP
(1 mg of TEVP to 15 mg of AbHisE®™*") and dialyzed against
2 X 2 L of buffer C (20 mM HEPES pH 7.5, 150 mM NaCl,
10% glycerol (v/v), 2 mM DTT) and against 1 X 2 L of buffer
A. Samples were filtered through a 0.45 ym membrane and
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loaded onto a S mL HisTrap FF pre-equilibrated with buffer A.
The column was washed with 10 CV of buffer A, and the
eluate was collected, analyzed by SDS-PAGE, concentrated
using a 10,000-MWCO ultrafiltration membrane, dialyzed
against 2 X 2 L of buffer D (20 mM HEPES pH 8.0),
aliquoted, and stored at —80 °C. The concentration of
AbHisE*™™ was determined spectrophotometrically (Nano-
Drop) using an &g, of 12,950 M™' cm™ (ProtParam tool —
Expasy). The exact mass of the protein was determined via
electrospray ionization mass spectrometry (ESI-MS) analysis
by the University of St Andrews BSRC Proteomics and Mass
Spectrometry facility.

Syntheses of PRATP, PRAMP, and PRADP. For PRATP
synthesis, a 10 mL reaction contained 8 yuM EcPRPPS, 15 uM
PaHisGg, 25 ¢M MtPPase, 0.5 mM p-ribose-5-phosphate, and
0.75S mM ATP, 72 U mL™" ScPK, 72 U mL™" ScMK, 100 mM
tricine pH 8.5, 100 mM KCl, 10 mM MgCl,, and 4 mM DTT.
For PRAMP synthesis, a 10 mL reaction contained 15 uM
AbHisE*™™ in addition to the aforementioned components.
For PRADP synthesis, a 10 mL reaction contained 30 uM
PaHisGg, 25 uM MtPPase, 12 mM ADP, 10 mM PRPP, 100
mM tricine pH 8.5, 100 mM KCl, 10 mM MgCl,, and 4 mM
DTT. Reactions were incubated for 90 min at room
temperature. Proteins were removed by passage through a
10,000-MWCO Vivaspin centrifugal concentrator and each
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 either 6% or 18% solution B (1 M ammonium bicarbonate)
for either PRAMP or PRATP purification, respectively, and
with 1 CV of water and 5 CV of 10% solution B for PRADDP.
PRAMP was eluted with a 20-CV linear gradient of 6—24%
solution B. PRATP was eluted with a 20-CV linear gradient of
18—30% solution B. PRADP was eluted with a 25-CV linear
gradient of 10—30% solution B. Fractions exhibiting
absorbance at 290 nm were pooled, lyophilized, and stored
at —80 °C. The concentration of each compound was
determined spectrophotometrically (NanoDrop) at 290 nm
in 20 mM HEPES pH 7.5 (£590 = 2800 M™! cm™).*

PRADP and PRATP were solubilized in water and loaded
onto an Atlantis Premier BEH C,3 AX column (2.1 X 100 mm,
1.7 ym) on a Waters ACQUITY UPLC system coupled to a
Xevo G2-XS QToF mass spectrometer equipped with an ESI
source. The UPLC mobile phase was (A) 10 mM ammonium
acetate pH 6, (B) acetonitrile, and(C) 10 mM ammonium
acetate pH 10. The following sequence was applied: 0—0.5 min
at 90% (A) and 10% (B); 0.5—2.5 min step change from 90%
(A) and 10% (B) to 50% (A), 10% (B) and 40% (C); 2.5—7
min re-equilibration to 90% (A) and 10% (B), the flow rate of
0.3 mL min~". ESI 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 and 250 °C,
respectively. The cone gas flow was SO L h™', whilst the gas
flow was 600 L h™'. A scan was performed between S0 and
1200 m/z. A lockspray signal was measured and a mass
correction was applied by collecting every 10 s, averaging 3
scans of 0.5 s each, using Leucine Enkephalin as a correction
factor for mass accuracy.

PRAMP was solubilized in water and loaded onto a Premier
BEH C,4 column (2.1 X 50 mm, 1.7 ym) held at 40 °C on a
Waters Arc HPLC system coupled to a QDa mass detector
equipped with an ESI source. PRAMP was eluted with an
isocratic mobile phase of 0.1% formic acid, 1% acetonitrile in

https://doi.org/10.1021/acscatal.3c01111
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water at a flow rate of 0.4 mL min~". MS scans were performed
followed by the selection of the desired ion for PRAMP. ESI
data were acquired in negative mode with a capillary voltage of
800 V both as a mass range (50—1250) scan (cone voltage of
30 V) and single-ion (558) recording (cone voltage ramp of
30—100 V). The source and probe temperatures of the mass
spectrometer were 120 and 600 °C, respectively.

Detection of ProFAR by LC—MS. Reactions (500 L)
were prepared in 100 mM HEPES pH 7.5, 15 mM MgCl,, 16
UM ADbHISIE, and 135 yuM PRATP. Control reactions lacked
ADHISIE. The reactions were incubated at room temperature
for 1 h and passed through 10,000 MWCO Vivaspin
centrifugal concentrators. ProFAR was detected exactly as
described above for PRADP and PRATP detection by LC—
MS.

DSF-Based Thermal Denaturation of AbHislE and
AbHisE®°™" DSF measurements (4., = 490 nm, A, = 610
nm) were performed in 96-well plates on a Stratagene
Mx3005p instrument. Reactions (S0 L) contained either 8.3
UM AbHiSIE (in the presence or absence of 50 uM PRATP) or
8.7 uM AbHisE*™" in 100 mM HEPES pH 7.5 and 15 mM
MgClL,. Invitrogen Sypro Orange (5X) was added to all wells.
Controls lacked protein and were subtracted from the
corresponding protein-containing samples. Thermal denatura-
tion curves were recorded over a temperature range of 25—93
°C with increments of 1 °C min~'. Three independent
measurements were carried out.

AbHislE Direct and Continuous Assay Detecting
ProFAR. Typically, initial rates were measured at 25 °C in
100 mM HEPES pH 7.5, 15 mM MgCl,, and 4 mM DTT,
unless otherwise stated. Reactions (500 uL) were monitored
for an increase in absorbance at 300 nm corresponding to the
formation of ProFAR (Aé;0 = 6700 M~ cm™ at pH 7.5)° for
60 s in 1 cm path length quartz cuvettes (Hellma) in a
Shimadzu UV-2600 spectrophotometer outfitted with a CPS
unit for temperature control. Control reactions lacked
ADBHISIE. The effect of added Zn®* on activity was determined
by measuring initial rates in the presence or absence of added
50 uM ZnCl, and 13.5 uM PRATP, 12 mM MgCl,, and 20
nM AbHIsIE. The effect of added Mg** on activity was
determined by measuring the initial rates in the presence of 0—
24 mM MgCl,, 37 uM PRATP, and 20 nM AbHisIE. The
enzyme concentration dependence of the initial rate was
determined in 100 mM HEPES pH 7.5, 12 mM MgCl,, and 4
mM DTT in the presence of 0—42 nM AbHisIE and 37 uM
PRATP. Progress curves of ProFAR formation from 40 uM
PRATP were obtained in the presence of 21 nM AbHisIE by
monitoring the reaction for 1000 s.

AbHislE Saturation Kinetics with PRATP and PRAMP.
Initial rates of ProFAR formation were measured in the
presence of 18 nM AbHisIE, 100 mM HEPES pH 7.5, 15 mM
MgCl,, 4 mM DTT, and varying concentrations of either
PRATP (0—42 uM) or PRAMP (0-80 uM). Two
independent measurements were carried out.

AbHisIE Saturation Kinetics in the Presence of
Glycerol. Initial rates of ProFAR formation were measured
in the presence of 18 nM AbHisIE 100 mM HEPES pH 7.5, 15
mM MgCl,, 4 mM DTT, and varying concentrations of
PRATP (0—42 uM) in the presence of 0—27% glycerol (v/v).
Two independent measurements were carried out.

Determination of PRATP g3p,, at Different pH
Values. The &3y, of PRATP at pH 7.0, 7.5, and 8.0 were
determined by measuring the absorbance (NanoDrop) at 300
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nm of known concentrations of PRATP in 100 mM HEPES
(pH 7.0: 0.45, 0.91, and 1.8 mM; pH 7.5: 0.51, 1.0, and 2 mM;
pH 8.0: 0.46, 0.92, and 1.8 mM). These known concentrations
were determined independently via absorbance at 290 nm of a
high-concentration stock solution of PRATP in 10 mM
HEPES pH 7.5. This stock solution was in turn diluted into
100 mM HEPES at different pH values. The pH of the final
PRATP solutions was measured to ensure that they stayed at
pH 7.0, 7.5, and 8.0. Controls were measured by following the
same dilution procedure in the absence of PRATP, and their
absorbance at 300 nm was subtracted from each value with
PRATP. The final values were then subtracted from the &5y, of
ProFAR (8000 M™' cm™).” to generate Ae;y,. Three
independent measurements were carried out for each
concentration at each pH.

AbHislE Rates at pL 7.0, 7.5, and 8.0. The initial rates of
ProFAR formation were measured in 100 mM HEPES pH 7.0,
7.5, and 8.0, 15 mM MgCl,, 4 mM DTT, and varying PRATP
concentrations (2.3—37 uM for pH 7.0; 2.6—42 uM for pH
7.5; 1.4—40 uM for pH 8.0). AbHisIE concentrations were 31,
18, and 7.5 nM for pH 7.0, 7.5, and 8.0, respectively. To ensure
enzyme stability in the pH range, AbHIsIE was diluted in buffer
at either pH 7.0 or 8.0 prior to activity assay at pH 7.5. The
solvent deuterium kinetic isotope effects were determined by
measuring the initial rates of ProFAR formation in 100 mM
HEPES pD 7.0, 7.5, and 8.0 (pD = pH + 0.4),* 15 mM
MgCl,, 4 mM DTT, varying PRATP concentrations (2.3—59
UM for pD 7.0; 2.4—38 uM for pD 7.5; 2.6—48 uM for pD
8.0), and AbHisIE concentrations of 186, 74, and 19 nM for
pD 7.0, 7.5, and 8.0, respectively, in 99.5% D,O (v/v). The
initial rates of ProFAR formation from varying concentrations
of PRAMP (5—80 M) were measured in 100 mM HEPES pL
7.5, and 8.0, 15 mM MgCl,, 4 mM DTT, and 18 nM AbHisIE
in either H,O or 99.5% D,0 (v/v). Two independent
measurements were carried out for each concentration at
each pL. )

AbHislE and AbHisE%™" Coupled Assay Detecting
PP;. The pyrophosphohydrolase activities of the AbHisIE and
AbHisE*™™ were independently assessed via the EnzCheck
Pyrophosphate Assay kit.”> The initial rates were measured in
the presence of 100 mM HEPES pH 7.5, 15 mM MgCl,, 4 mM
DTT, 200 uM 2-amino-6-mercapto-7-methylpurine ribonu-
cleoside (MESG), 1 U mL™" of purine nucleoside phosphor-
ylase (PNP), and 0.03 U mL™" of PPase. The reactions (500
uL) were monitored for the increase in absorbance at 360 nm
(Aé360mm = 11,000 M~ cm™") upon phosphorolysis of MESG
to 2-amino-6-mercapto-7-methylpurine at 25 °C for 60 s in 1
cm path length cuvettes (Hellma) using a Shimadzu UV-2600
spectrophotometer outfitted with a CPS unit for temperature
control. The initial rates of PP, formation were measured in the
presence of 8.4 uM PRATP and either 0—6.4 nM AbHIsIE or
0—20 nM AbHisE®™" ApHisIE substrate saturation curves
were collected with varying concentrations of PRATP (0—16
uM) and 3.2 nM AbHisIE. Controls lacked, in turn, AbHisIE
or AbHisE%™" PRATP, and PPase. Two independent
measurements were carried out.

Pre-Steady-State Kinetics. The approach to steady-state
for ProFAR formation by AbHisIE under multiple-turnover
conditions at 25 °C was carried out by monitoring the increase
in absorbance at 300 nm for 0.2 s in an Applied Photophysics
S$X-20 stopped-flow spectrophotometer outfitted with a 5 uL
mixing cell (0.5 cm path length and 0.9 ms dead time) and a
circulating water bath. Each syringe contained 100 mM

https://doi.org/10.1021/acscatal.3c01111
ACS Catal. 2023, 13, 7669—-7679


pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c01111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

HEPES pH 7.5, 15 mM MgCl,, and 4 mM DTT. In addition,
in the first experiment, one syringe contained 10 4M AbHisIE
and the other, 50 M PRATP. In the second experiment, one
syringe contained 20 yM AbHisIE and the other, 100 uM
PRATP. The reaction was triggered by rapidly mixing 55 uL
from each syringe. In each experiment, 4 traces were collected
with 3000 data points per trace. Controls lacked enzyme.

AbHislE Inhibition by PRADP. The initial rates of
ProFAR formation from PRATP were measured at 25 °C in
100 mM HEPES pH 7.5, 15 mM MgCl,, and 4 mM DTT in
the presence of 18 nM AbHisIE and varying concentrations of
PRADP (0—160 uM). Alternatively, the initial rates of ProFAR
formation from 20 M PRAMP were measured in the presence
of 18 nM AbHisIE and either 0 or 268 uM PRADP. Incubation
of 42 uM PRADP with either 0 or 18 nM AbHisIE under
ProFAR formation assay conditions for 30 min revealed no
increase in absorbance at 300 nm. The incubation of 40 yuM
PRADP with either 0 or 18 nM AbHisIE under PPi formation
coupled assay conditions for 5 min detected no increase in
absorbance at 360 nm. For comparison, under corresponding
assay conditions, ProFAR is detected in less than 10 s from 37
4M PRATP and 10 nM AbHisIE, and PPi, in less than 10 s
from 8.4 yM PRATP and 1.6 nM AbHisIE.

Analysis of Kinetics Data. Kinetics data were analyzed 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 were fitted to eq 1, solvent
viscosity effects were fitted to eq 2, solvent deuterium kinetic
isotope effects were fitted to eq 3, and inhibition data were
fitted to eq 4. In eqs 1—4, v is the initial rate, k_, is the steady-
state turnover number, K is the Michaelis constant, Er is total
enzyme concentration, S is the concentration of substrate, k,
and k, are the rate constants in the absence and presence of
glycerol, respectively, 7, is the relative viscosity of the
solution, m is the slope, F; is the fraction of deuterium label,
E,_/x, and E;_ are the solvent isotope effect minus 1 on k,/

Ky (P29(kepe/Kyp)), and ke, (P*k,) respectively, v; and vq are
the initial rates in the presence and absence of inhibitor,
respectively, ICs is the half-maximal inhibitory concentration,
and h is the Hill coefficient. ®*°(k,/Ky;) and *k_,, at pL 7.0
and 7.5 were also calculated as the ratios of the relevant rate
constants in H,O and D,0.

o kel
Er Ky+S 1)
k
0 =m(y, — 1)+ 1
keat )
Vo keatS
Er  Ky(l+ EEkm/KM) +S(1 + P;Ekm) (3)
v, 1
4=
Yo 1

1 -

* (ICSO) (4)

H RESULTS AND DISCUSSION
Purification, Biophysical, and Biochemical Character-
ization of AbHisIE and AbHisEY™", These results,

including Figures S1—-S14, are described and discussed in
Supporting Information.
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Steady-State Kinetic Parameters for AbHislE with
PRATP. To uncover which of the two reactions, i.e., either
pyrophosphohydrolase-catalyzed or cyclohydrolase-catalyzed,
is rate-limiting, the steady-state kinetic parameters were
determined based on the detection of ProFAR and PP;. The
AbHISIE overall reaction displayed Michaelis—Menten kinetics
when PRATP concentration was varied and either ProFAR or
PPi formation was measured (Figure 1). When ProFAR

ProFAR formation PP; formation

L

o

=6 .

2
4 rs
UEJ 2 ./7 Ky=4.0+0.7 uM
ke oFAR =56+ 0.3 5
e
0 9 18 27 36 45
[PRATP] (uM)

e | 4

® K,=27+03uM

KeafP'=83+03 5"

VIE; (s)
N

2
Oe

0 36 9121518
[PRATP] (uM)

Figure 1. Substrate saturation curves and associated apparent steady-
state kinetic parameters for AbHisIE-catalyzed ProFAR formation and
PPi formation. Lines are best fit to eq 1. A Student’s t-test indicated
ke PR and kT are statistically different (p < 0.025).

formation was measured, fitting the data to eq 1 yielded an
apparent steady-state catalytic constant (k. ™%®) and
apparent Michaelis constant (Ky;) shown in Figure 1, resulting
in k,lOFAR/Kyy of (14 + 0.3) X 10° M~! s7L. The values
obtained here are comparable to those reported for ProFAR
formation by Methanococcus vannielii Hisl (k. = 4.1 s7% k/
Ky = 4.1 X 10° M™' s7") and M. thermoautotrophicum Hisl
(ke = 8 575 k/Kyy = 6 X 10° M™! s71), but in the case of
these monofunctional Hisl, the substrate was PRAMP.®’
When PP, formation was monitored, data fitting to eq 1 yielded
apparent k"™ and apparent Ky, as depicted in Figure 1,
leading to k""'/Ky of (3.1 + 0.4) X 10° M~' 57

Assuming catalytically independent active sites in the HisE-
and HisI-like domains of AbHisIE, and PRAMP binding to the
HisI-like domain in a bimolecular step, a minimum kinetic
sequence depicting flux through the bifunctional enzyme
reaction from PRATP can be summarized in Scheme 2, with
the release of PRAMP and PP, from the HisE-like domain
combined in one step (ks) since the order (if any) of product
release is not known. Besides the irreversibility of the two
hydrolytic steps (k; and k), product release steps (ks and k;;)
are presumed irreversible under initial-rate conditions in the
absence of added products.*

The makeup of the steady-state kinetic parameters shown in
Figure 1 will differ depending on which product is being
measured, even though only PRATP concentration is varied.
When PP, is detected, k', at saturating levels of PRATP,
and k.,""/Ky, at PRATP levels approaching zero, are defined
by simple expressions as in eqs 5 and 6, respectively. On the
other hand, when ProFAR is detected, the corresponding
steady-state parameters are more complex. Increasing concen-
trations of PRATP must eventually lead to saturation of the
Hisl-like domain active site with PRAMP, as seen from the
saturation kinetics obtained when the final product is
monitored (Figure 1), and k. ™™ is given by eq 7. As
PRATP levels approach zero, so do PRAMP levels, and
ke FAR /Ky is defined by eq 8 (eqs 5—8 derived according to
Cleland’s Net Rate Constant method,”® see Supporting
Information for details).

PR _ ksks
ky + kg

cat

(8)
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Scheme 2. The Minimum Kinetic Sequence for the AbHisIE-catalyzed Reaction

PRATP

PRAMP

Hi |E&‘ HislE:PRATP E>H' IE:PRAMP:PP, s HislE < HislE PRAMPk—g> HisIE:ProFAR Fi HislE
iSIE <== HisIE: isIE: :PP; iSIE <==HisIE: :
ka ! : ks \

ProFAR

PRAMP + PP;
kel _ ks
Ky ky + ks (6)
ProFAR — k3k5k9kll
ca kykskg + kyy(ksks + kykg + keko) )
kcI;rtOFAR — k1k3k7k9
Ky kkskg + ko(kiky + koks + kiks) (8)

Given the complexity of the AbHIsIE catalytic sequence and
the statistically different yet comparable magnitudes of k.
and k., "R it is possible that both reactions are kinetically
relevant to k" F¥, with the cyclohydrolase reaction making a
larger contribution.

Steady-State Kinetic Parameters for AbHislE with
PRAMP. To determine if PRAMP can bind the Hisl-like
domain from bulk solvent and to test its kinetic competence as
a substrate for the cyclohydrolase-catalyzed reaction, steady-
state kinetic parameters for ProFAR formation were
determined with PRAMP as the varying substrate, bypassing
the necessity for the pyrophosphohydrolase-catalyzed reaction
altogether. ProFAR formation was readily detected (Figure
2A), and the reaction followed Michaels—Menten kinetics,

A 5 8 5

%4 —~ 4 [ hd
T3 \":,_3 d

X2 u\: 2 y Ky=11%1uM
21 1 Pk PoraRr=494+02s
o cat -9z
£o oo —

0 14 28 42 56 70
Time (s)

0 20 40 60 80 100
[PRAMP] (uM)

Figure 2. Kinetic competence of PRAMP. (A) Time courses of
ProFAR formation from different PRAMP concentrations. Thick lines
are mean traces from two independent measurements; thin black lines
are linear regressions of the data. (B) PRAMP saturation curve and
associated apparent steady-state kinetic parameters for AbHisIE-
catalyzed ProFAR formation. The line is best fit to eq 1.

with data fitting to eq 1 yielding steady-state kinetic parameters
displayed in Figure 2B. The similar k" "*® values when either

PRATP or PRAMP was the substrate suggest PRAMP can

bind the Hisl-like domain of AbHIsIE from bulk solvent and
the cyclohydrolase-catalyzed reaction limits the overall rate of
the bifunctional catalytic cycle. The k. ™F*/Ky; for PRAMP
of (4.4 +0.4) X 10° M~! s71 is 3-fold lower than the k_, "FAR/
Ky for PRATP, which speaks against diffusion in and out of
bulk solvent as the main path for PRAMP transfer from the
first active site to the second, favoring the hy})othesis that
AbHGSIE catalysis involves proximity channeling.””**

Solvent Viscosity Effects on AbHislE-Catalyzed
ProFAR Formation. In order to evaluate whether or not
diffusional steps involving either substate binding or product
release limit the rate of AbHisIE-catalyzed ProFAR formation
from PRATP, solvent viscosity effects were determined by
measuring reaction rates at different concentrations of the
microviscogen glycerol (Figure 3A and Table S1). Plots of
ke FAR /Ky ratios versus relative viscosity (Figure 3B) and
ke FAR ratios versus relative viscosity (Figure 3C) produced
slopes of 0 and —0.01, respectively. These data indicate neither
PRATP and PRAMP binding to nor PRAMP, PP;, and ProFAR
release from AbHISIE is rate-limiting in the reaction.”” This
contrasts with the first enzyme of histidine biosynthesis,
ATPPRT, where significant solvent viscosity effects on k.,
revealed diffusion of the product from the enzyme to be rate-
limiting.30

Solvent Deuterium Isotope Effects on AbHislE-
Catalyzed ProFAR Formation. Solvent deuterium isotope
effects, defined as the ratio of rate constants (kinetic isotope
effects) or equilibrium constants (equilibrium isotope effects)
for reactions taking place in H,0 and D,0, can inform on rate-
limiting proton-transfer steps in enzymatic reactions.”’ To
uncover potential rate-liming proton-transfer steps in the
ADHISIE reaction, a solvent deuterium isotope effect study was
undertaken. Because the presence of D,O can increase the pK,
of kinetically relevant ionizable groups by ~0.5, solvent isotope
effects would ideally be measured in a pH-independent region
of a pH-rate profile.”” In the case of AbHisIE, this is further
complicated by the fact that, while ProFAR absorbance is pH
independent above pH $,”> PRATP and PRAMP absorbance
at 300 nm is pH-dependent (PRATP and PRAMP have
identical absorbance spectra in this region),”> which would
shift the Agsg, from its value at pH 7.5.” Hence, Agsy, was
determined for the conversion of PRATP to ProFAR under

B 20 C 20
F 151 15 -
> 10 =10 i_bﬁ> r
< 1 I 3
S T+ x

® 0% Glyercol 3 i 4

® 9% Glycerol £ 05 0.5

18% Glycerol
0 0.0 T T T 0.0 T T T T
0 10 20 30 40 50 1.0 1.2 1.6 1.8 2.0 1.0 1.2 14 1.6 1.8 2.0
[PRATP] (uM) Nrel Nrel

Figure 3. Solvent viscosity effects on AbHisIE-catalyzed reaction. (A) Substrate saturation curves for AbHisIE-catalyzed ProFAR formation in the

presence and absence of glycerol. Lines are best fit to eq 1. (B) Solvent viscosity effects on k., *®/Ky. (C) Solvent viscosity effects on ke,

Lines are best fit to eq 2.

k ProFAR
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initial-rate conditions by measuring &3y, for PRATP at pH 7.0,
7.5, and 8.0 (Figure S14) and subtracting each value from the
€300 for ProFAR’ (Table S2). Importantly, the Agy, for
ProFAR at pH 7.5 obtained by this method (6690 M~ cm™)
is within 0.15% of the published value, lending confidence to
the approach. With PRATP as the substrate, both k., **/Ky,
and k., "R increased as the pL increased from 7.0 to 8.0,
although k. ""*/Ky, seemed to peak at pH 7.5 when the
reaction took place in H,O (Figure 4), indicating that
deprotonation of one or more groups increases the reaction
rate.

A8 8 '@ pL8O
6 6 ® pL75
@ pL7.0
T 4 4
w
s 2 2
0 - - 0
0 10 20 30 40 50 0 10 20 30 40 50 60
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N E 14 14 o
g 6.0 ® D, . ‘Tw 1.0 ® DO ® [ ]
3 5.6 ® ‘TE . ° [}
X 52 ° <02 °
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Figure 4. AbHIsIE kinetics in H,O and D,0. (A) PRATP saturation
curves at pH 7.0, 7.5, and 8.0. Lines are best fit to eq 1. (B) PRATP
saturation curves at pD 7.0, 7.5, and 8.0. Lines are best fit to eq 3. (C)
Dependence of k""" /Ky, on pL. (D) Dependence of k"™ on
pL. (E) PRAMP saturation curves at pL 7. Lines are best fit to eq 1
for data in H,O and to eq 3 for data in D,0. L denotes either H or D.

Solvent deuterium isotope effect measurement at a plateau
region of the pH-rate profile could not be accomplished here.
Therefore, caution must be wielded to interpret the
magnitudes of the isotope effects reported in Table I,
especially for P2°(k."®/K,) where the propagated
experimental uncertainties were sizable owing to the
uncertainties in the second-order rate constants obtained in
D,0 (Figure 4C). As a trend, °2°(k.,™"™®/Ky) and
D20k AR decreased as the pL increased, suggesting
proton-transfer steps accompany steps contributing less to
the observed reaction rate as the pH increases. It should be

Research Article
ProFAR

noted that k_,"FAR/K,, and k_, varied by a maximum of
4- and 3.4-fold, respectively, across the pH range. This is
particularly relevant for P2 (k_""*®/Ky;) and Pk, PFAR at
pL 7.5, which are higher than what could be accounted for by
pL changes alone.

The reactions taking place in the pyrophosphohydrolase and
cyclohydrolase active sites are proposed to involve nucleophilic
attack by Mg**- and Zn’*-activated water molecules,
respectively,””'? and it is reasonable to assume water
coordination by the metal will be in equilibrium in the free
AbHisIE. As Mg**-activated’** and Zn*'-activated®> H,0/
D,0 can have inverse fractionation factors (¢ o, ~ 0.7—0.9),
the observed 2°(k,""*/Ky,) will be equal to the product of
an inverse equilibrium solvent isotope effect ("*°K,, < 1) and
any subsequent solvent kinetic isotope effects. This means the
normal kinetic isotope effect portion of P° (k. "F*/K,,) has
a larger value than what was observed, for instance, at pH 7.0
and 7.5, likely the result of more than one proton in flight
during a rate-limiting step for k., "*/Ky. At pH 8.0,
D20 (%, FoFAR /K1) becomes modestly inverse, probably reflect-
ing an inverse DZOKeq on metal-water coordination once a slow
proton-transfer step at lower pH becomes fast at this higher
pH. The proposed catalytic mechanism for cyclodrolysis of
PRAMP' is reminiscent of that proposed for the Zn*'-
dependent metalloenzyme AMP deaminase, where an inverse
D20 (k. FoFAR/Kyp) of ~0.7 was also reported, followed by a
proton inventory implicating at least two proton transfers in a
rapid equilibrium step involving Zn**-water coordination.*®
While POk, PFAR decreases at pH 8.0, it remains normal and
significant, indicating protonation steps reporting on k,""***/
Ky and k™" are separated by an irreversible step.
Importantly, at all pHs tested, at least one proton is in flight
during the rate-limiting step for k™%, which our results
indicate has larger contribution from the cyclohydrolysis
reaction.

At pH 7.5, when PRAMP was employed as a substrate to
bypass the pyrophospholysis reaction, the 2°(k.""*/Ky,)
was only 1.4 + 0.1 (Figure 4E). This suggests a large portion of
the P2O(k_rFAR/K\,) observed with PRATP as a substrate
reports on PRATP pyrophosphohydrolysis. Assuming, hypo-
thetically, the Zn**-bound water molecule responsible for the
cyclohydrolysis of PRAMP would induce a ° 2OKeq of ~0.7
(based on common fractionation factors attributed to Zn>*-
bound water),*” the kinetic isotope effect portion of the
D20 (k. FroFAR /K, ) with PRAMP as a substrate would have a
magnitude of ~2.** This also suggests a P20 (k 'A% /Ky,) of
~8.5 originating in the PRATP pyrophosphohydrolysis
reaction, probably involving more than one proton in flight.
D20k  PoFAR was 2.1 + 0.1 (Figure 4E) with PRAMP as a
substrate. This suggests at least one proton is in flight during
the rate-limiting step for k., "* from the AbHisIE:PRAMP

Table 1. Solvent Deuterium Isotope Effects and pH Effects on Steady-State Parameters for AbHisIE-Catalyzed ProFAR

Formation
parameter PL 7.0
ke FAR (s71) 2.8 + 02
Ky (#M) 8+1
ke AR/ Ky (M7 7Y (3.5 + 0.5) X 10°
P20y FAR Kiy) 12 + 4°
D20k Frorar 6.8 + 0.6

pL 7.5 pL 8.0
5.6+ 03 9.6 + 0.4

4.0 + 0.7 10 +2

(1.4 + 0.3) x 10° (9.6 £ 0.9) x 10°
12 + §° 0.8 + 0.1

49 + 0.6 2.0 +£ 0.1

“Values calculated as the ratios of the relevant kinetic parameters in H,O and D,0.
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complex, and this contributes about half the overall
D20f  FFAR from the AbHisIE:PRATP complex.

Lag and Burst Phases of ProFAR Formation from
PRATP. To uncover additional information on rate-limiting
steps of AbHisIE-catalyzed ProFAR synthesis from PRATP,
the approach to steady state was monitored upon rapid mixing
of AbHisIE and PRATP at pH 7.5 (Figure S). The curves

20
® 10 uM AbHislE + 50 uM PRATP
® 5uM AbHisIE + 25 uM PRATP
15 -
s
el
4
<
w
Q
o,
0 T . T - v .
0.00 0.03 006 009 012 015 0.18 0.21
Time (s)

Figure S. Rapid kinetics of approach to a steady state of AbHisIE-
catalyzed ProFAR production from PRATP. The dashed lines are
linear regressions of the linear phases.

could not be fitted to an equation because, even though
PRATP concentration was in S-fold excess to enzyme
concentration, PRAMP concentration was not, as it was
being formed in situ. Qualitatively, the data are interpreted as
follows. As PRATP concentrations used were at least 10-fold
the Ky obtained when PP; formation was assayed, the lag
phase, which is shorter at the higher enzyme concentration,
reflects mostly the PRAMP formation rate from the nearly
saturated HisE active site of AbHIsIE, with no appreciable
formation of ProFAR. As ProFAR production progresses,
eventually the Hisl-like active site is nearly saturated by
PRAMP, leading to ProFAR formation resembling a burst that
precedes the steady-state reaction. Supporting this interpreta-
tion, linear regressions of the linear phases yielded apparent
steady-state rate constants of 4.2 + 0.1 and 4.16 + 0.08 s™', in
reasonable agreement with k"™, Furthermore, the y-axis
intercepts of the linear regressions indicating the concen-
trations of on-enzyme ProFAR formed in the burst phase, 4.8
+ 0.2 and 8.2 & 0.3 uM, approach the corresponding AbHisIE
concentrations. However, the k., of 8.3 s™' would allow only
~0.75 turnovers in ~0.09 s, the apparent time required to
saturate the HisI active site with PRAMP (Figure S). Even if all
AbBHISIE is bound to PRATP, only ~3.75 and ~7.5 uM of free
PRAMP would be produced from S5 and 10 uM AbHisIE,
respectively, in 0.09 s, concentrations which are below the
PRAMP K, of 11 uM. This suggests the preferred pathway for
the transfer of PRAMP from the pyrophosphohydrolase
domain to the cyclohydolase domain avoids significant
diffusion into bulk solvent. Too short a lag time in consecutive
reactions to allow the intermediate to accumulate enough into
bulk solvent before rebinding to the next active site has been
invoked as characteristic of substrate channeling.”” A pre-
steady-state burst was also observed in ATPPRT catalysis,” "’
and product release was shown to be rate-limiting based on
solvent viscosity effects on k,.>°

PRADP Inhibits AbHislE-Catalyzed Pyrophosphorol-
ysis. ADP can replace ATP as a substrate of ATPPRT, which

7676

generates PRADP.”® AbHisIE, however, failed to produce
ProFAR, PP, or P; when PRADP replaced PRATP as a
substrate. As PRADP is a close structural analogue of both
PRAMP and PRATP, we tested whether it might act as an
AbHISIE inhibitor. PRADP inhibited AbHisIE-catalyzed
ProFAR formation from PRATP in a dose-dependent manner
(Figure 6A), and data fitting to eq 4 yieded an ICy, of 52 + 4

A1A0 E 5
s PRAMP

0.8 S 4 = PRAMP + PRADP
0.6 T3
04 X2

02 e 21

0.0 =0

0 60 120 180 0 10 20 30 40 50 60
[PRADP] (uM) Time (s)

Figure 6. AbHisIE inhibition by PRADP. (A) Dose-dependence curve
of AbHisIE-catalyzed ProFAR formation from PRATP in the presence
of PRADP. The line is the best fit to eq 4. (B) Initial rates of AbHisIE-
catalyzed ProFAR formation from PRAMP in the presence and
absence of PRADP. Thin black lines are linear regressions of the
traces which produced initial rates of 0.0565 + 0.0004 and 0.0534 +
0.0004 #M s~" in the absence and presence of PRADP.

uM. However, even 268 uM PRADP could not inhibit
AbHisIE-catalyzed ProFAR formation from 20 M PRAMP
(Figure 6B). This suggests that PRADP binds to the HisE-like
domain of AbHIsIE and inhibits pyrophosphohydrolysis of
PRATP to PRAMP. The S-phosphate group of PRADP might
prevent its binding to the Hisl-like domain of AbHisIE,
allowing ProFAR to form unincumbered from PRAMP
directly. This provides further evidence of how independently
the two active sites are able to operate and demonstrates the
probable channeling of PRAMP does not involve a tunnel
through the protein connecting the two active sites.”® A
protein tunnel shielded from bulk solvent was also disfavoured
as a connection between the two domains based on crystal
structures of HisIE orthologues,”® and cannot be readily
envisioned from our AlphaFold-based structural model (Figure
S4A).

Implications for AbHislE Catalysis. The presence of a
burst preceding the steady state indicates a step following
adenine ring-opening limits k., ""™*. While this is commonly
interpreted as product release being rate-limiting,*>** the lack
of solvent viscosity effects on k.’ rules out slow diffusion
of ProFAR from AbHisIE.”” Moreover, the sizable P2°k,, P"FAR
means at least one proton transfer is associated with this
step.’*” In addition, it is clear from steady-state and pre-
steady-state kinetic analyses that k. is not large enough to
allow PRAMP to accumulate into the bulk solvent at the levels
required to saturate the cyclohydrolase active site, and some
form of proximity channeling®® must be the preferred means of
PRAMP transfer. Based on the inhibition of the pyrophos-
phohydrolase activity but not the cyclohydrolase activity by
PRADP, channeling does not involve tunneling through the
protein, and probably still involves bimolecular binding of
PRAMP to the cyclohydrolase active site being faster than
diffusion into bulk solvent. Hence, the catalytic cycle depicted
in Scheme 2 must be expanded to include preferential partition
of newly synthesized PRAMP toward binding the HisI-like
active site as opposed to diffusion into bulk water, and at least
a slow unimolecular step (k;;) involving a proton transfer
following adenine ring opening but preceding ProFAR release
(Scheme 3). This might be, for instance, a proton-transfer-
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Scheme 3. Expanded Kinetic Sequence for the AbHisIE-Catalyzed Reaction

PRATP PRAMP

RN . ky ks) N7 ke ki ki3
HislE ~= HislE:PRATP —» HislE:PRAMP:PP; HislE ~ His|E:PRAMP — HislE:ProFAR Fr HislE:ProFAR T» HislE
2 3

PP,

ProFAR

linked conformational change that triggers ProFAR dissocia-
tion.

In this revised catalytic sequence, k.. ™"** for ProFAR
synthesis from PRATP is given by eq 9 (see Supporting
Information for details). It should be pointed out that the rate
constants in Schemes 2 and 3 do necessarily represent
microscopic rate constants governin% elementary steps, but
potentially macroscopic rate constants™® defining the minimum
catalytic path from PRATP to ProFAR.

ProFAR __
kcat -

kkgkok, ki
kakgkokyy + kyg(kgkskyy + kkokyy + kkokyy + kksko)
)

Metabolic advantages associated with channeling, such as
increased flux through a biosynthetic pathway and protection
of intermediates from the action of enzymes external to the
pathway,”® may have favored the evolution of bifunctionality in
ADHISIE. It should be pointed out, however, that simple fusion
of enzymes is neither sufficient nor required to ensure
substrate channeling, as exemplified by the lack of channeling
in the multifunctional AROM complex®® and the presence of
channeling in the monofunctional proteins constituting the
purinosome.”” Another potential advantage of gene fusion
includes a fixed ratio of gene products for a set of consecutive
reactions.”’ Any fitness advantage associated with a bifunc-
tional HisIE must be organism-specific, since other bacteria,
such as M. tuberculosis have separate genes encoding
monofunctional HisE and Hisl.”” Future kinetic character-
ization of the AbHisE*™™ will elucidate how much, if any, of
the catalytic ability of this domain is compromised by the loss
of the HisI-like domain.

The inability of AbHIsIE to utilize PRADP as a substrate for
either of its reactions is somewhat surprising with regards to its
pyrophosphohydrolase activity. Other members of the a-
helical NTP pyrophosphohydrolase superfamily, to which the
HisE-like domain of AbHisIE belongs, such as protozoan
dUTPases, can efficiently hydrolyze both dUTP, releasing PP;,
and dUDDP, releasing P;, to dUMP.* Unlike what its three-
dimensional fold would predict, the pyrophosphohydrolase
specificity of AbHIsIE seems reminiscent of trimeric all-#
dUTPases, which cannot hydrolyze dUDP.* In trimeric
dUTPases, dUDP acts as a competitive inhibitor, sitting in
the active site in the same orientation non-hydrolysable dUTP
analogues do, and crystal structures of these enzymes in
complex with dUDP shed light on how catalysis proceeds.***
Given their structural similarities, PRADP presumably acts as a
competitive inhibitor against PRATP, and it could prove useful
for obtaining a crystal structure of AbHIsIE, or other HisE
enzymes, with a substrate analogue bound in the active site to
furnish insight into the catalytic mechanism.
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Bl ABBREVIATIONS

PRPP, 5-phospho-a-D-ribosyl-1-pyrophosphate; PRATP, N'-
(5-phospho-f-D-ribosyl)-ATP; ATPPRT, ATP phosphoribo-
syltransferase; HisE, phosphoribosyl-ATP pyrophosphohydro-
lase; PP, pyrophosphate; Hisl, phosphoribosyl-AMP cyclo-
hydrolase; phosphoribosyl-ATP, pyrophosphohydrolase/phos-
phoribosyl-AMP cyclohydrolase; PRAMP, N'-(S-phospho-f-
D-ribosyl)-AMP; ProFAR, N-(5’-phospho-D-ribosylformimi-
no)-S-amino-1-(5”-phospho-D-ribosyl)-4-imidazolecarboxa-
mide; AbATPPRT, A. baumannii ATPPRT; AbHisIE, A.
baumannii HisIE; LC—MS, liquid chromatography-mass
spectrometry; DSF, differential scanning fluorimetry; AbHi-
sE%™in  truncated AbHISIE containing only the HisE-like
domain; k., steady-state catalytic constant; K, Michaelis
constant
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