* Unknown * | ACSJCA | JCA11.2.5208/W Library-x64 | manuscript.3f (RS.2.i3:5013 | 2.1) 2022/08/03 13:05:00 | PROD-WS-396 | rq_1077633 |

f1

—_

N

w

IS

“w

(=)

7

e
W N = O O

S}
[N

23

43
44

1/25/2024 00:04:49 | 10 | JCA-DEFAULT

pubs.acs.org/biochemistry

Characterization of an Acinetobacter baumannii Monofunctional
Phosphomethylpyrimidine Kinase That Is Inhibited by Pyridoxal
Phosphate

Humberto De Vitto,”™ Kafi Belfon,”™ Nandini Sharma, Sarah Toay, Jan Abendroth, David. M. Dranow,
Christine M. Lukacs, Ryan Choi, Hannah S. Udell, Sydney Willis, George Barrera, Olive Beyer,
Teng Da Li, Katherine A. Hicks, Andrew T. Torelli, and Jarrod B. French*

I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acs.biochem.3c00640

ACCESS |

ABSTRACT: Thiamin and its phosphate derivatives are ubig- N o oH 2

. . . . = ATP ADP N_ o-rom 0-P-0-P-OH
uitous molecules involved as essential cofactors in many cellular —( :/?—/ \_J :?—/ 5 >< — :?—/ OoH
processes. The de novo biosynthesis of thiamin employs the parallel N NH,  AbHMPK N,
synthesis of 4-methyl-5-(2-hydroxyethyl)thiazole (THZ-P) and 4- PP
amino-2-methyl-S(diphosphooxymethyl) pyrimidine (HMP) py-
rophosphate (HMP-PP), which are coupled to generate thiamin O o
phosphate. Most organisms that can biosynthesize thiamin employ }— Ho;gjﬁo,e\w
a kinase (HMPK or ThiD) to generate HMP-PP. In nearly all \NI OH
cases, this enzyme is bifunctional and can also salvage free HMP,
producing HMP-P, the monophosphate precursor of HMP-PP.
Here we present high-resolution crystal structures of an HMPK
from Acinetobacter baumannii (AbHMPK), both unliganded and with pyridoxal S-phosphate (PLP) noncovalently bound. Despite
the similarity between HMPK and pyridoxal kinase enzymes, our kinetics analysis indicates that AbHMPK accepts HMP exclusively
as a substrate and cannot turn over pyridoxal, pyridoxamine, or pyridoxine nor does it display phosphatase activity. PLP does,
however, act as a weak inhibitor of AbHMPK with an ICs, of 768 uM. Surprisingly, unlike other HMPKs, AbHMPK catalyzes only
the phosphorylation of HMP and does not generate the diphosphate HMP-PP. This suggests that an additional kinase is present in
A. baumannii, or an alternative mechanism is in operation to complete the biosynthesis of thiamin.
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B INTRODUCTION

Thiamin (vitamin B,), is an essential nutrient that cannot be

HMPK belongs to the ribokinase-like superfamily, a group
that includes the carbohydrate kinase PfkB and the pyridoxal
kinase family of proteins. Pyridoxal kinase (PLK) is an enzyme
that converts pyridoxal, and various derivatives, into the
ubiquitous coenzyme pyridoxal phosphate (PLP)."'~'* Not
surprisingly considering the structural similarities of the
substrates, a class of PLK/HMPK-like enzymes, that can
catalyze either the phosphorylation of pyridoxal or HMP, have
been identified (EC 2.7.1.49).*'>'® These enzymes are
reported to convert HMP to HMP-P, but cannot catalyze
phosphorylation of HMP-P. These proteins are proposed to

synthesized by humans and, thus, must come from dietary
sources.”” Its derivatives, particularly thiamin pyrophosphate,
act as coenzymes for numerous cellular processes.”” In all
organisms that can biosynthesize thiamin, a convergent
synthetic approach is employed whereby the thiazole and
pyrimidine moieties, generated separately, are coupled by a
thiamin phosphate synthase."*~ The pyrimidine precursor, 4-
amino-2-methyl-S(diphosphooxymethyl)pyrimidine, also

known as hydroxymethyl pyrimidine diphosphate (HMP-PP)
is formed from the purine biosynthetic intermediate 5-
aminoimidazole ribotide (AIR) through the action of two
enzymes, ThiC, which generates the monophosphate (HMP-
P) through a rearrangement reaction, and ThiD, a kinase that
transfers the phosphate of ATP to HMP-P to yield the HMP-
PP final product (Figure 1).”*” ThiD, also known as an
hydroxylmethyl pyrimidine kinase (HMPK, EC 2.7.4.7) or
HMP-P kinase (HMPPK) is reported to be bifunctional and
also accepts HMP as a substrate (Figure 1) in order to salvage
HMP.37~10
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have a common evolutionary ancestor that may explain some
of the functional overlap."'

Here, we describe the unliganded and PLP-bound X-ray
crystal structures of a putative HMPK from Acinetobacter
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Figure 1. Reactions catalyzed by ThiD (HMPK) and ThiC. Hydroxymethyl pyrimidine kinase (HMPK) is a component of the thiamin
biosynthesis pathway that salvages HMP, generating the phosphorylated product HMP-P. This product can also be made from the purine
biosynthetic intermediate S-aminoimidazole ribotide (AIR) using ThiC. The final pyrophosphate product, HMP-PP, is typically generated by a
second phosphorylation reaction catalyzed by the same ThiD (HMPK) enzyme.

60 baumannii (AbHMPK). Sequence comparison suggests that
61 this protein is an HMPK, however, the liganded structure
62 shows clear density for the PLP in the active site, indicating
63 that this enzyme can engage with this molecule. AbLHMPK
64 exhibits reasonable kinetics for HMP and does not turn over
6s pyridoxal, pyridoxamine, or pyridoxine. Despite its selectivity
66 for HMP(P) over pyridoxal and its derivatives, AHMPK is
7 inhibited by PLP at high micromolar concentrations,
68 suggesting the possible coordinated regulation of thiamin
69 and PLP biosynthesis in A. baumannii. Interestingly, this
70 enzyme only uses one equivalent of ATP, and under the
71 conditions that we tested the enzyme, produces only the
72 monophosphorylated product, HMP-P. This suggests that this
73 organism requires an additional enzyme, or uses an alternative
74 pathway, to complete the synthesis of HMP-PP, a critical
75 precursor for the biosynthesis of thiamine.

=

76 I MATERIALS AND METHODS

77 Protein Expression and Purification. Cloning, expres-
78 sion, and purification followed standard protocols as previously
79 described.'”~"” The gene for A. baumanii phosphomethylpyr-
80 imidine kinase was amplified from genomic DNA and cloned
81 into the expression vector pBG1861 using ligation-independ-
82 ent cloning.”” The expression vector provides a noncleavable
83 N-terminal Hiss-tag (SSGCID target ID AcaC.00867.a,
84 SSGCID construct ID AcbaC.00867.a.B1, SSGCID batch
85 AcbaC.00867.aB1.PW37632). The gene was expressed in
86 Escherichia coli BL21(DE3) Rosetta (Structural Genomics
87 Consortium SGC, Toronto; with pRARE plasmid) followin
ss standard SSGCID protocols as described previously.
89 Purification was done using Ni-NTA affinity and size exclusion
90 chromatography following standard SSGCID protocols.'” The
91 purified protein was concentrated to 22 mg/mL in its final
92 buffer (25 mM HEPES pH 7.0, 500 mM NaCl, 5% glycerol, 2
93 mM DTT, 0.025% NaNs), flash frozen in liquid nitrogen, and
94 stored at —80 °C. This batch yielded 40 mg of purified protein
95 from a starting culture of 2 L.

96  Crystallization, Data Collection, and Structure Sol-
97 ution. Crystals of apo Acinetobacter baumannii phosphome-
98 thylpyrimidine kinase were grown by mixing 0.4 uL of protein
99 at 22 mg/mL, with 0.4 L of reservoir of sparse matrix screen
100 MCSG1 (Microlytics) condition C8 (200 mM ammonium
101 sulfate, 100 mM sodium citrate/HCl pH 5.6, 25% (w/v) PEG
102 4000), in MRC2 sitting drop crystallization trays (SwisSci)
103 with 50 uL reservoir volume. For the PLP-bound structure,
104 crystals were then soaked overnight in reservoir solution

supplemented with S mM pyridoxal phosphate. Both apo and 10s
PLP-bound crystals were cryoprotected with a mix of 20% (v/ 106
v) ethylene glycol and reservoir solution or soak solution, 107
respectively. Crystals were then vitrified in liquid nitrogen. X- 108
ray diffraction data for the apo crystal were collected at the 109
APS beamline 21-ID-G on a Rayonix MX-300 CCD detector, 110
while diffraction data for the PLP-bound sample were collected 111
on a Rigaku FR-E+ rotating anode using Cu Ka radiation and a 112
Rigaku Saturn 944+ CCD detector. The apo structure was 113
solved by molecular replacement with the programs Balbes and 114
Phaser using PDB entry 4CSL'® as the search model. The 115
PLP-bound structure was solved via Molecular replacement 116
using the apo structure. Iterative manual real space model 117
building using COOT”" and reciprocal space refinement with 118
phenixrefine” continued until R,.; and Rg,, converged. 119
Model quality was validated using COOT and MolProbity™ 120
prior to deposition in the Protein Data Bank with accession 121
codes 4YLS (apo) and 4YWR (PLP-bound). Diffraction 122
images are available on Integrated Resource for Reproduci- 123
bility in Macromolecular Crystallography (http://www. 124
proteindiffraction.org).”* 125

Structure Preparation, Ligand Selection, and Dock- 126
ing. The AbHMPK model was prepared for docking using 127
well-established DOCK6 protocols.”>*® Briefly, the coordi- 12
nates of the protein (PDB ID: 4YWR) and the PLP reference 129
ligand were saved separately in the MOL2 format. Hydrogens 130
and charges were added to the protein and reference ligand 131
using the AMBER ff14SB force field.”” Subsequently, the 13
protein molecular surface was generated by using the dms 133
program, and then spheres were generated over the surface of 134
the protein using the sphgen program. Spheres within 10 A of 135
the reference ligand were then selected. Following sphere 136
generation, docking grids were generated using the grid 137
function of DOCK6.”® The ligands HMP (ZINC ID: 138
895559), HMPP (ZINC ID: 1529994), pyridoxal (ZINC ID: 139
120249) and PLP (ZINC ID: 1532514) were downloaded 140
from the ZINC 15 database.”®*” Each molecule was docked to 141
the 4YWR energy grids using both rigid and flexible docking 142
with DOCKG6. The grid scores for the docked molecules are 143
given in Table S1. 144

ATPase Assay. A coupled enzyme assay was used for 14s
measuring AbHMPK activity by coupling the production of 146
ADP to the production of NADH, measured spectrophoto- 147
metrically at 340 nm. Initially, a 2x ATPase buffer was prepared 148
with 25 mM HEPES, pH 7.5, and 150 mM NaCl, containing 2 149
mM phosphoenolpyruvate (PEP, Sigma-Aldrich), 25 units of 1s0
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151 pyruvate kinase (PK, Sigma-Aldrich) and lactate dehydrogen-
152 ase (LDH, Sigma-Aldrich), and 400 uM MgCl,. The assay was
153 run by combining 1X ATPase buffer, 500 M NADH
154 (GoldBio), 2 mM ATP (Fisher), enzyme, and the compound
155 to be tested. The activity of AbHMPK was tested by varying
156 the concentration of three different compounds: (4-Amino-2-
157 methylpyrimidin-S-yl) methanol hydrochloride (HMP,
158 AmBeed), 3-Hydroxy-S-(hydroxymethyl)-2-methylisonicoti-
159 naldehyde hydrochloride (Pyridoxal, AmBeed), and 4-
160 Formyl-S-hydroxy-6-methylpyridin-3-yl methyl dihydrogen
161 phosphate (PLP, AmBeed). The enzyme was used at a final
162 concentration of approximately 0.3 mg/mL in a 100 uL
163 reaction (1 nmol of enzyme per reaction). The assay was
164 initiated by the addition of enzyme (for kinetics) or substrate
165 (for dose response) and monitored at 340 nm on a SpectraMax
166 M2 multimode microplate reader (Molecular Devices).

167 HPLC Analysis. The AbHMPK reaction was run as
168 described above in the ATPase Assay section, and reactions
169 were quenched by placing the tubes at 95 °C for 2 min. To
170 confirm that the substrates and products were stable under the
171 quenching conditions, a parallel set of reactions was run where
172 the reaction was stopped by passing the reaction mixture
173 through a 10,000 MWCO centricon (Millipore). No difference
174 between the two approaches was observed. The quenched
175 samples were analyzed by HPLC (Agilent 1100 series) with a
176 4.6 mm X 250 mm BioSAX NPS. SS column (Agilent) running
177 a gradient of 8—30% of 1 M ammonium bicarbonate, pH 8.0,
178 in water over 30 min. Standards of HMP, ADP, and ATP were
179 run separately and added to a standard run (spiked), to
180 confirm their elution times. The single observed product was
181 confirmed by UV and LC-MS/MS.

182 LC-MS/MS Analysis. As the HPLC analysis of the HMPK-
183 catalyzed reaction used a method that is not compatible with
184 MS/MS, the product peak from HPLC (as described in the
185 previous section) was collected, diluted with water, and further
186 analyzed. The LC-MS and MS/MS analysis was performed on
187 2 6460C triple quad mass spectrometer (Agilent) with an
188 inline 1290 LC system (Agilent). The HMP standard or the
189 reaction product, dissolved in 10% acetonitrile and 90% water,
190 was directly injected without using a column. The mass of the
191 parent ion was first established by doing a parent ion scan from
192 50—500 Da, with a scan time of 50, a fragmentor voltage of
193 100 V, and a cell accelerator voltage of 4 eV. This was followed
194 by a product ion scan from 25 to 250 Da using a scan time of
195 50, a fragmentor voltage of 135V, and a cell accelerator voltage
196 of 4 eV. For all experiments, the mass spectrometer used an ion
197 source temperature of 250 °C, sheath gas temperature of 350
198 °C, nebulizer pressure of 45 psi, nozzle voltage of 1.5 kV, and
199 capillary current of 3500 nA. Data was analyzed and spectra
200 were generated using MassHunter Qualitative Analysis
201 software.

202 Steady-State Enzyme Kinetics. The ATPase assay,
203 described above, was used to measure the initial reaction
204 rate (before 10% completion) at substrate concentrations
205 ranging from 10 M to 2 mM. Triplicate independent
206 experiments were carried out, and the values for the mean +
207 standard error were plotted for each ligand concentration
208 tested. The data was then fit using the Michaelis—Menten
209 equation, and values for Ky;, and V,,,, were derived from this fit
210 (KaleidaGraph, Synergy Software). The value of k. was
211 determined by dividing the computed V, by the concen-
212 tration of the enzyme in the reaction (10 uM).

—

—

—

—_

=

Dose—Response Curve for PLP. Inhibition of AbLHMPK 213
was determined using the ATPase assay described above. The 214
enzyme was first mixed with ATPase buffer, NADH, ATP, and 215
enzyme, and incubated for 10 min before initiating the reaction 216
with the addition of 100 M (final concentration) of HMP. 217
Initial rates of the reaction were determined from the progress 218
curves for each PLP concentration tested. The data was 219
converted to % activity by dividing each value by the rate of the 220
reaction in the absence of PLP. The resulting data was plotted 221
against PLP concentration on a log scale and fit with a 4-point 222
sigmoidal curve (KaleidaGraph, Synergy Software): 223

max

min + (ICy,/[11)"

% activity =

Where [I] = the inhibitor concentration, max = maximum % 224
activity, min = minimum % activity, h = hill slope, and IC, = 225
concentration at the inflection point (50% activity). 226

B RESULTS AND DISCUSSION 227

Protein Expression, Purification, and Structure Sol- 228
ution. The putative HMPK from A. baumannii 1S-123 229
(903899) was expressed and purified to homogeneity using 230
established methods.'’~"” After sparse matrix screening using 231
sitting drop crystallization, diffraction-quality crystals were 232
obtained in a solution containing 200 mM ammonium sulfate, 233
100 mM sodium citrate, pH 5.6, and 25% PEG 4000. To 234
obtain the PLP-bound structure, crystals were soaked in this 235
solution supplemented with S mM PLP. Both unliganded and 236
PLP-soaked crystals were flash frozen in liquid nitrogen prior 237
to data collection. Data collection statistics are given in Table 2381
1. The crystals diffracted to high resolution (1.7 A for apo and 23911
1.65 A for PLP-bound) and were indexed in the orthorhombic 240
space group C222,. Both crystals had a solvent content of 52% 241
and a Matthews coefficient of 2.55. The structures were solved 242
by molecular replacement using the Staphylococcus aureus 243
pyridoxal kinase structure (4CSL)'® as a search model. The 244
structures refined to R, /Rpee values of 16.0/17.7% and 15.7/ 245
17.6% for the apo and PLP-bound structures, respectively. The 246
data refinement statistics are listed in Table 1. 247

Structure of A. baumannii HMP Kinase. Based on 248
sequence similarity, AbHMPK belongs to the ribokinase-like 249
superfamily and is annotated as a member of the HMP(P) 250
Kinase (ThiD) family. The overall structure is an afa 251
sandwich with the characteristic ribokinase-like 8-stranded f- 252
sheet flanked by eight helices, three on one side and five on the 253
other (Figure 2A). In the case of AbHMPK, there is an 254£
additional strand that extends this to a 9-stranded sheet 255
(topology and secondary structure numbering are given in 256
Figure S1). As in other ribokinase family proteins, the active 257
site is located in a groove sitting at the top of the S-sheet 258
(Figure 2B). A structure search using the DALI server’’ 259
against the protein data bank reveals primarily HMP kinases 260
and the related pyridoxal kinases as having significant structural 261
similarity (Table 2). 262 22

Despite the high degree of structural similarity among 263
members of the ribokinase-like superfamily, the level of 264
multimerization is varied and includes some that are 265
monomers (adenosine kinase), dimers (ribokinase) or trimers 266
(THZ kinase).”*~*" Similar to the previously reported HMPK 267
enzymes, the observed overall AbHMPK structure is an 268
elongated dimer (Figure 2C). This is consistent with the 269
probable assembly reported by PDBePISA.*' Analysis of the 270
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Table 1. Data Collection and Refinement Statistics

AbHMPK AbHMPK + PLP
Data Collection
PDB ID 4YLS 4YWR
beamline 21-ID-G NA (rotating anode)
detector RAYONIX MX-300 RIGAKU Saturn 944+
wavelength (A) 0.97856 1.5418
resolution range (A) 29.41-1.70 46.18—1.65

(1.74—1.70) (1.69—1.65)

space group C222, C222,

unit cell dimensions

a, b, c(A) 58.82, 108.10, 88.88 58.88, 108.10, 88.80
no. of measured 141,847 (6037) 588,563 (11,540)
reflections

no. of unique reflections

31,307 (2162)

34,659 (2514)

mean I/6(I)" 23.94 (2.39) 48.64 (3.81)
completeness (%) 99.2 (92.6) 99.7 (98.8)
redundancy 4.5 (3.8) 16.9 (4.6)
Riperge (%) 3.7 (40.9) 4.4 (487)

Data Refinement

total no. of reflections

31,294 (2286)

34,354 (2445)

test set 1647 (143) 1802 (136)
R0/ Ricee (%) 16.0/17.7 15.7/17.6
total no. of atoms 1906 1996

no. of ligand 8 32

atoms

no. of waters 187 240
RMSD

bonds (A) 0.007 0.006

angles (deg) 1.071 0.838
mean B factor (A?) 28.54 21.19
Ramachandran plot (%)

favored 99 100

allowed 0

outliers 0 0
MolProbity Clashscore 2 2

(%)

“Values in parentheses represent the highest resolution shell.

dimer reveals a buried surface area of 3430 A%, more than 20%
of the total surface area of 17,060 A2 The interface is
composed of residues from two f-strands (/2 and /33, Figure
S1) and two a-helices (a1 and a2, Figure S1) from each
protomer that make extensive hydrogen bonding and hydro-
phobic interactions.

Active Site Architecture of AbHMPK. Each AbHMPK
protomer contains one active site that is located near the dimer
interface but composed entirely of residues from a single

protomer. To identify ligand binding interactions, we
conducted crystal-soaking experiments with several potential
ligands, including HMP and pyridoxal derivatives. Upon
soaking with pyridoxal S'-phosphate (PLP), we obtained a
high-resolution structure of PLP noncovalently bound to

AbHMPK (Figure 3A,B). Overall, the secondary structures of 2ss 3

liganded AbHMPK and unliganded AbHMPK are quite similar
(Figure S2, RMSD of 0.120 A). The ligand-bound structure
illustrates the architecture of the active site and the residues
that are putatively involved in binding to the substrate of this
enzyme (Figure 3C). Previous structures of HMPK have
identified a glutamate residue (E44 in Salmonella typhimurium)
that hydrogen bonds with the 4-amino group of HMP to help
orient this ligand in the active site.” In AbHMPK, Q51 plays
this role, making hydrogen bonds with the 3-hydroxyl and 4-
aldehyde groups (Figure 3C). This is consistent with a
sequence comparison of HMPK enzymes, illustrating that the
residue in this position is conserved as a glutamate or
glutamine (Figure S3). Interestingly, the pyridoxal kinase from
Bacillus subtilis has a methionine at this position, which may
assist with the substrate specificity. The active site forms a
cavity in the protein (Figure 2B) formed predominantly by
several hydrophobic residues, including A25, M87, V114,
Al17, and L123. The side chains of N118 and highly
conserved D112 (Figure S3) make additional hydrogen
bonds with the phosphate of the ligand (Figure 3C). Note
that in the ADHMPK structure with PLP bound, we observed
two alternate conformations for the ligand (Figure 3C).
Unlike the S. typhimurium HMPK, which has an
unstructured loop region that becomes ordered and acts as a
lid for the active site when the substrate is bound, the
structures of the active sites of unliganded and PLP-bound
AbHMPK are very similar (Figure 4A).” Superposition of the
HMP-bound S. typhimurium protein structure on AbHMPK
(Figure 4B) illustrates the putative positioning of the native
ligand, HMP. As expected, the pyridine ring lies in the same
orientation as the pyridine ring of PLP and is situated in
hydrogen bond distance with QS1 of AbHMPK. While a
nucleotide-bound structure of an HMPK enzyme has not yet
been reported, structures have been solved of pyridoxal kinases
with bound ADP and ATP.'>* Using these structures as a
guide, we identified the putative nucleotide binding site in
AbHMPK (Figure 4C). As expected, the y-phosphate of ATP
is situated in a position to be added to the hydroxyl of HMP.
These structures also provide insights as to why this enzyme
does not accept pyridoxal as a substrate. The pyridoxal

300
301
302
303
304
30S
306
307

322
323
324
325

substrate binds in a slightly different orientation than that of 326

HMP (Figure 4B), which would likely cause steric clashes with

Figure 2. Overall structure of AbHMPK. AbHMPK has the characteristic ribokinase-like afa sandwich (A) with the active site buried in a cavity of

the protein at the edge of the f-sheet (B). The active form of AbHMPK is an elongated dimer (C). In all panels, the PLP ligand soaked into crystals
of AbHMPXK is shown (ball-and-stick representation) to mark the active site. In this figure, a-helices are shown as blue ribbons, f-strands are shown
as green arrows, and loops are shown in yellow, except in (C) which also shows one protomer completely in red. The surface diagram in (B) uses

the same coloring scheme.
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Table 2. Results of DALI Search Using the Structure of ALHMPK

PDB ID Z-score” RMSD” % ID° description ref.?
4]Jp 289 1.7 33 phosphomethylpyrimidine kinase TBP
1UBO 28.0 1.8 35 phosphomethylpyrimidine kinase TBP
2ISB 27.1 2.0 26 phosphomethylpyrimidine kinase 15
4CSL 26.8 2.1 28 phosphomethylpyrimidine kinase 16
3RMS 26.7 2.0 32 phosphomethylpyrimidine kinase 9
1JXI 26.5 1.9 33 phosphomethylpyrimidine kinase

SZWA 24.3 2.6 22 pyridoxine/pyridoxal kinase 31
1vI9 24.0 2.7 19 pyridoxamine kinase 32
1TD2 23.6 2.7 19 pyridoxamine kinase 33
3MBH 233 2.8 23 putative phosphomethylpyrimidine kinase TBP
2DDM 232 2.7 26 pyridoxine kinase 34
6K8Z 23.1 2.6 19 pyridxoal kinase, putative 35
4S1IM 229 2.9 20 pyridoxal kinase 36
SB6A 22,6 2.7 20 pyridoxal kinase PDXY 37
3PZS 22.0 3.0 20 pyridoxamine kinase TBP

“The DALI Z-score is an optimized similarity score defined as the sum of equivalent residue-wise C, — C, distances among two proteins.*’
PRMSD is the root-mean-square deviation in A. % ID is the percentage sequence identity between AbHMPK and the listed protein. “Reference.
TBP = to be published.
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Figure 3. AbHMPK active site and ligand binding. Clear electron density was seen in the structure of the PLP bound in the active site. Both a
composite omit map (A) and a difference (Fy — Fc) map (B) can fit well with PLP. The ligand was modeled in two conformations that were
refined to nearly identical occupancies (49 and 51%). The active site of AbHMPK with the two conformations of PLP modeled (C) shows a similar
organization as other HMPK enzymes. Hydrogen bonds are shown as dashed lines and distances are given in A. In this figure, the amino acid side
chains and PLP ligand are shown in ball-and-stick representation with the carbon atoms colored green, nitrogen atoms colored blue, oxygen atoms
colored red, sulfur atoms colored yellow, and phosphorus atoms colored orange.
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Figure 4. AbHMPK ligand binding. A superposition of unliganded and PLP-bound AbPHMPK (A) reveals few differences (RMSD 0.120 A). The
position of the putative native ligand, HMP, was identified by superimposing the HMP-bound structure of S. typhimurium HMPK (1JX1) on the
AbHMPXK structure (B, HMP is shown with salmon-colored carbon atoms). Many of the hydrogen bonding interactions, particularly with Q51 and
N118, are conserved. While no nucleotide-bound HMPK structures are available, superposition with the related pyridoxal kinases from B. subtilis
(2ISB, ADP shown with purple carbon atoms) and T. brucei (3ZS7, ATP shown with yellow carbon atoms) illustrates the putative nucleotide
binding position (C). The position of the putative oxyanion hole is shown with a blue oval. In all panels, the AbHMPK structure is modeled with
green carbon atoms. Note that only one of the two alternate conformations of PLP is shown in parts (A) and (B), while both are shown in (C).

328 the incoming y-phosphate of ATP (Figure 4C). The highly and S4). The flexibility of this motif, located on a solvent- 339

329 conserved GT/SGC motif that makes up the putative oxyanion exposed loop region, also suggests that there may be some 340
330 hole (GSGC 212—215 in AbHMPK) is on an unstructured plasticity inherent in the structure of the oxyanion pocket. 341
331 loop in AbHMPK and only C215 is observed in the structure Docking Study of Potential AbHMPK Substrates and 34
332 (Figure 3C). This residue and C203 form a disulfide bond in Products. The structure of HMP and pyridoxal are quite 343
333 the ADHMPK structure (Figure S4), causing C21S to point similar, and bifunctional enzymes that can turn over either 344
334 away from the putative site of the oxyanion hole. This disulfide substrate have been identified.”'>'® To further investigate the 345
335 is possibly an artifact of the purification and crystallization features of the active site that dictate substrate binding, we 346
336 conditions. However, as it is adjacent to the conserved GSGC carried out docking studies using both HMP and pyridoxal, as 347
337 of the oxyanion hole, this disulfide may help to orient the well as their reaction products, HMP-P and PLP. After 34s
338 backbone amides toward the oxanion intermediate (Figures 4C preparing the receptor (AbHMPK) and ligands (see Materials 349
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and Methods section), we used Dock6™ to identify putative
low-energy binding poses of the ligands in the active site. The
docked HMP ligand (Figure SSA) showed a similar orientation
as the known binding mode (Figure 4B), and pyridoxal (Figure
SSB) was observed in the same position but flipped relative to
what would be expected from the AbHMPK-PLP structure.
The products, HMP-P and PLP, were also observed in similar
positions and orientations but were also not consistent with
the AbLHMPK-PLP structure. This is likely due to limitations of
the model, which lacked water molecules or the ATP
cosubstrate, and was likely driven by interactions with the
phosphate group of these ligands. While the results of the
docking suggest that HMP, and the product HMP-P, make
slightly more favorable interactions with AbHMPK than
pyridoxal and PLP (Table S1), the difference is small and
the ligands make many of the same interactions (Figure SS).
Taken together with the structural data, these results suggest
that this protein could accommodate either HMP or pyridoxal
as a substrate.

Kinetics of AbHMPK Activity. Because of the similarity
between HMPK and Pyridoxal kinase and the observed similar
binding poses in our docking studies, we investigated the
activity of AbHMPK for both HMP and pyridoxal using an
ATPase assay. We tested the enzyme for its capacity to turn
over HMP and pyridoxal as well as two structurally similar
forms, pyridoxamine and pyridoxine. Interestingly, no reaction
was observed when pyridoxal, pyridoxamine, or pyridoxine
were used as cosubstrates. Similarly, when tested in the reverse
direction, PLP did not turn over, ruling out the potential
phosphatase activity of this enzyme. For HMP, however, the
enzyme exhibited saturable kinetics, similar to other HMPK
enzymes (Figure SA).**>** Surprisingly, when we quantified
the stoichiometry of the reaction, we determined that only one
equivalent of ATP was used during the reaction (Figure SB).
This suggests that this enzyme catalyzes the single phosphor-
ylation of HMP to HMP-P. To confirm this, we analyzed the
reaction with HPLC (ion exchange) and LC-MS/MS. The
reaction proceeds as expected, with a time-dependent decrease
in the amount of substrate accompanied by the production of
ADP from ATP. However, only a single product peak is
observed, even when the reaction is allowed to proceed for 10
h (Figure 6). The elution time of the product is consistent with
that of the monophosphate product, HMP-P, and the
absorbance spectrum of the product peak matches exactly
that of the HMP substrate (Figure S6). In addition, we
analyzed the compound using LC-MS and confirmed that the
product had a mass-to-charge (M/Z) of 220 (M+2, positive
ion mode), consistent with HMP-P (Figure S7A,C). A product
ion scan of the presumed HMP-P showed a set of product ions
similar to that of the HMP standard (Figure S7B,D). While we
cannot rule out the possibility that a diphosphate product is
being produced and is rapidly degrading, HMP-PP has
previously been shown to be isolable and amenable to
HPLC analysis.45’46 In addition, if this were the case, we
would expect that two equiv of ATP would be consumed
during the reaction.

Inhibition of AbHMPK Activity by PLP. While our
activity data clearly show that AbHMPK has HMP kinase
activity and likely serves this role in physiological contexts, the
structure data clearly indicate that the PLP molecule can
occupy the binding site (Figure 3). This might indicate that,
while pyridoxal or PLP may not be native substrates, PLP
could bind competitively and inhibit the enzyme. We measured
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Figure 5. AbDHMPK enzyme activity. The protein shows saturable
kinetics with HMP as a substrate (A). The activity was measured with
an ATPase assay. Using several concentrations of ADP to generate a

standard curve, we determined that only one equivalent of ATP is
consumed during the reaction (B).
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Figure 6. HPLC analysis of the AbHMPK activity. Consistent with
the observation that this enzyme only uses one equivalent of ATP, the
AbHMPK-catalyzed reaction appears to produce a single product.
Analysis of the time course using ion-exchange chromatography
(monitored at 260 nm) shows the disappearance of the substrates
(HMP and ATP) and the appearance of ADP and a single product.
The retention time of the product, the absorbance spectrum, and the
mass spectrometry analysis all confirm that this single product is
HMP-P. The control reaction (red) was run for 60 min in the absence
of an enzyme. HMP, ADP, and ATP all have identical retention times
and absorbance spectra as authentic standards.
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413 the kinetics of ADHMPK at increasing concentrations of PLP substrates.'' Further studies are needed to fully describe the 43
414 and determined that it does act as an inhibitor (Figure 7). A fit functional relevance of these observations. 454
Nearly all of the HMPK enzymes studied to date are 4ss

120 bifunctional and catalyze both the phosphorylation of HMP 4s6

and HMP-P.*”'%*>*> The related PLK/HMPK class of 457

100L___e enzymes is reported to catalyze the phosphorylation of 4s8

pyridoxal or HMP but cannot add a second phosphate to 459
HMP-P. Recent work on the evolution of HMPK and PLK 460
enzymes indicates that these activities may have arisen from a 461
common ancestral protein.“’56 In fact, an engineered protein 462
that was designed to represent the closest common ancestor 463
between the ThiD/HMPKK and PLK/HMPK class is the 464

80

60
IC,,= 768 uM

% Activity

40 h=11 most sequence-similar protein (to AbHMPK) with a solved 465
structure (36% sequence identity).>® The kinetics of AbLHMPK 466
20 - indicate that this protein may occupy a distinct evolutionary 467
niche between PLK/HMPPK-like and HMPPK/ThiD en- 468
01 5 e e re re o~ zymes. The activity of AbHMPK as a monofunctional kinase 469

that does not generate HMP-PP also raises an important 470
[PLP] (uM) question about this protein’s role in thiamin biosynthesis. The 471
biosynthesis of thiamin requires HMP-PP, which is combined 472
with a thiazole phosphate to generate thiamine phosphate. 473
While there are examples of monofunctional ThiD enzymes 474
(ThiD2), they catalyze only the conversion of HMP-P to 475
HMP-PP and can be putatively explained by alternative means 476
of producing or importing HMP-P.** In the case of A. 477

415 to the data with a 4-parameter sigmoidal dose—response curve baumannii, an additional enzyme or alternative pathway must 478
416 yielded an ICy, value of 768 yM with a hill coefficient of 1.1. be present to generate the needed HMP-PP product from 479
417 While not a potent inhibitor, this suggests that PLP could HMP-P. o 480
418 potentially regulate the activity of this enzyme. PLP has been A: baumannii, is one of the ESKAP E pathogens (Enteroc.occus 481
419 shown to similarly act as an inhibitor of pyridoxal kinase in E. Jfaecium, Staphylococcus aureus, Klebsiella pneumoniae, Acineto- 432
420 coli.*” In this case, however, it was determined to form a Schiff bacter baumannii, Pseudomonas aeruginosa, and Enterobacter 483

#21 base with the enzyme, which is not observed in the structure of species) that are COHngVSe;Y the leading cause of nosocomial 4s4
22 AbHMPK. infections worldwide.”””® The biosynthesis of essential 485

cofactors, such as thiamin, provides a largely untapped 4s6
potential for targets for new antimicrobial drug candi- 487
dates.’*”* These data provide additional tools and insights 4ss
to aid in the development of novel therapeutics that target the 489

Figure 7. Inhibition of AbHMPK by PLP. While neither pyridoxal nor
PLP are substrates of AbHMPK, PLP inhibits the enzyme at high
micromolar concentrations. The data was fit using a 4-parameter
sigmoidal dose—response curve.

—

423  Herein we describe the structures of a putative HMPK
424 enzyme from A. baumannii in both an unliganded and a PLP-
425 bound state. The overall structure and active site architecture
426 are similar to other known ribokinase-like family members.

427 While the protein was initially identified as an HMPK by biosynthesis of thiamine in A. baumannii and related 490
428 sequence comparison, our docking studies and cocrystal pathogens. 491
429 structure with PLP suggested that the protein may be a
430 bifunctional HMPK/pyridoxal kinase. Enzyme kinetics, how- B ASSOCIATED CONTENT 492
431 ever, confirmed that this enzyme catalyzed the phosphorylation Data Availability Statement 493
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s14 Accession Codes

s1s The ADHMPK enzyme, described herein, is annotated in
s16 UniProt as AOA0J9X28S and AOA140UHES (100% sequence
517 identity for these two records) as a putative phosphomethyl-
s18 pyrimidine kinase and a putative hydroxymethyl pyrimidine
s19 kinase/phosphomethylpyrimidine kinas, respectively.
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