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ABSTRACT: The biosynthetic pathway of peptidoglycan is essential for Mycobacterium tuberculosis. We report here the
acetyltransferase substrate specificity and catalytic mechanism of the bifunctional N-acetyltransferase/uridylyltransferase from M.
tuberculosis (GImU). This enzyme is responsible for the final two steps of the synthesis of UDP-N-acetylglucosamine, which is an
essential precursor of peptidoglycan, from glucosamine 1-phosphate, acetyl-coenzyme A, and uridine S’-triphosphate. GImU
utilizes ternary complex formation to transfer an acetyl from acetyl-coenzyme A to glucosamine 1-phosphate to form N-
acetylglucosamine 1-phosphate. Steady-state kinetic studies and equilibrium binding experiments indicate that GImU follows a
steady-state ordered kinetic mechanism, with acetyl-coenzyme A binding first, which triggers a conformational change in GImU,
followed by glucosamine 1-phosphate binding. Coenzyme A is the last product to dissociate. Chemistry is partially rate-limiting
as indicated by pH—rate studies and solvent kinetic isotope effects. A novel crystal structure of a mimic of the Michaelis complex,
with glucose 1-phosphate and acetyl-coenzyme A, helps us to propose the residues involved in deprotonation of glucosamine 1-
phosphate and the loop movement that likely generates the active site required for glucosamine 1-phosphate to bind. Together,
these results pave the way for the rational discovery of improved inhibitors against M. tuberculosis GImU, some of which might
become candidates for antibiotic discovery programs.

Human tuberculosis (TB), caused by Mycobacterium
tuberculosis, is one of the most persistent and devastating
infectious human diseases of all time and leads to an estimated
1.8 million deaths per year, mainly in the developing world.
The World Health Organisation recently reported that in 2016
TB was the ninth leading cause of death worldwide, with an
estimated 10.4 million new cases of TB and 490000 incidences
of multidrug-resistant TB (MDR-TB)." The incidence of TB-
related deaths, the emergence and dissemination of drug-
resistant TB, and complications due to HIV co-infection
highlight the dire need to identify novel chemotherapeutic
agents to complement or replace the current therapies, reduce
the 6 month treatment time, and minimize the adverse side
effects of the existing regimens.”
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A defining characteristic of M. tuberculosis is its unique and
complex cell envelope structure.” The cell wall core consists of
three primary components: an inner layer of the cross-linked
polymer of peptidoglycan, which is covalently attached to a
middle section of highly branched arabinogalactan polysacchar-
ide that is in turn esterified with an outer coating of long chain
mycolic acids.* The cell wall is covered in two additional layers:
an outer membrane, comprised of noncovalently linked
glycophospholipids and inert waxes, and a loosely attached
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Scheme 1. Overall Reactions Catalyzed by GImU
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capsule, consisting of polysaccharides, proteins, and a minor
amount of lipids.” The biosynthesis of this complex cell
envelope is comprised of a number of essential individual
pathways, some of which have already been exploited as targets
for chemotherapeutics, such as isoniazid (mycolic acid
synthesis) and D-cycloserine (peptidoglycan). In spite of that,
many more of these pathways remain underexplored and are
the potential source of new, attractive, M. tuberculosis drug
targets.”

UDP-N-acetylglucosamine (UDP-GIcNAc) is an essential
precursor of cell wall peptidoglycan (PG) in mycobacteria, and
its formation in the cytoplasm from p-fructose 6-phosphate in a
four-stage, three-enzyme biosynthetic pathway is considered
the first step of PG biosynthesis.” The three enzymes involved
in the UDP-GIcNAc biosynthetic pathway are glucosamine-6-
phosphate synthase (GImS), phosphoglucosamine mutase
(GImM), and the bifunctional N-acetyl-glucosamine-1-phos-
phate acetyltransferase uridylyltransferase (GImU). GlmS is a
glutamine-dependent amidotransferase that catalyzes the
formation of D-glucosamine 6-phosphate from L-glutamine
and D-fructose 6-phosphate.’” GImM catalyzes the intercon-
version of D-glucosamine 6-phosphate to D-glucosamine 1-
phosphate."" GImU is a bifunctional enzyme that catalyzes the
N-acetylation of glucosamine 1-phosphate (GIcN1-P), and the
uridylylation of N-acetyl-glucosamine 1-phosphate (GlcNAc-
1P) to form UDP-GIcNAc (Scheme 1).

The synthesis pathway of UDP-GIcNAc and the enzymes
involved in this process were first identified in Escherichia coli in
1993, and in subsequent studies in 1994, GImU was purified for
the first time and the kinetic parameters of the bifunctional
activities were characterized.'”"” The structure of E. coli GlmU
was determined in 2001, revealing a trimeric arrangement and
identifying a two-domain architecture.'* Subsequently, the
structures of GImU orthologues from a number of bacteria,
including Streptococcus pneumoniae [Protein Data Bank (PDB)
entry 1G9S], Haemophilus influenzae (PDB entry 2VOH), and
M. tuberculosis (PDB entry 3D98), have been determined.'”™"”
These structures show a high degree of similarity with the E.
coli orthologue and reveal that the monomer of GImU is folded
into two distinct domains. The C-terminal domain (residues
263—478) is a left-handed p-helix (LSH), which is similar to a
number of acetyltransferase enzymes, such as serine acetyl-
transferase, galactoside acetyltransferase, maltose acetyltransfer-
ase, LpxA, and LpxD, which make up the LAH super-
family."®~** Proteins belonging to the LAH superfamily have
a structure comprising a parallel f-helix with repeating
isoleucine-rich hexapeptide motifs and left-handed connections.
The C-terminal acetyltransferase domain catalyzes the synthesis
of GIcNAcl-P from GIcN1-P and acetyl-Coenzyme A (Ac-
CoA), while the N-terminal domain (residues 2—262) contains
a dinucleotide binding Rossmann fold, which is a typical fold
found in uridylyltransferases. The N-terminal domain catalyzes
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the formation of N-acetyl-glucosamine 1-phosphate (UDP-
GIcNAc) from GlcNAcl-P and UTP.

The M. tuberculosis glmU gene encodes a 51.6 kDa protein,
which is enzymatically active as a trimer in solution. Protomers
cannot be active as the C-terminal acetyltransferase site
contains contributions from all three subunits. The truncation
of the C-terminal region leads to ablation of nearly all activity
from both domains, indicatin4g that the multimeric structure is
required for optimal activity.”* The two domains are joined by a
long a-helical arm of 22 residues, suggesting that GImU evolved
by fusion of uridylyltransferase- and acetyltransferase-encoding
genes. In eukaryotes, the biosynthesis of UDP-GIcNAc occurs
by a different route [via N-acetyl-D-glucosamine 6-phosphate
(GlcNAc-6P)] in which GIcN-6P acetyltransferase and
GIcNAc-1P uridylyltransferase activities are carried by two
distinct monofunctional enzymes.”>~>” There are no reports
that demonstrate a selective advantage conferred to bacteria by
the bifunctional arrangement of GImU over separate enzymes,
and there is little evidence for cooperativity or cross-talk
between the two catalytic domains.”®

Transposon site hybridization mutagenesis studies by Sassetti
et al. in 2003 identified GImU as one of seven essential genes of
the 10 genes involved in peptidoglycan biosynthesis in M.
tuberculosis.”® These data were further supported by results
from studies with Mycobacterium smegmatis that demonstrated
that GlmU deletlons in this fast-grower mycobacteria were
unable to grow.”® Recently, homologous recombination studies
of glmU in M. tuberculosis demonstrated that the acetyltransfer-
ase and uridylyltransferase activities of GImU are independently
essential for bacterial survival in vitro, as well as ascertaining that
GImU is also essential for mycobacterial survival in THP-1 cells
as well as in guinea pigs.”’ These results strongly support the
essentiality of GImU and provide genetic validation of this
bifunctional enzyme as a high-value target for the development
of novel antitubercular agents.

In contrast to its now validated role in M. tuberculosis, little is
known about the kinetic and chemical mechanisms of GlmU.
The extensive structural studies of the different orthologues of
GImU, including the M. tuberculosis variant, have identified a
number of substrate—enzyme complexes, which serve to
identify residues involved in substrate binding and potentially
in catalysis.”> However, the kinetic and chemical mechanism of
M. tuberculosis GImU activities remains undefined.

In this study, we have explored the GlmU-catalyzed acetyl
transfer reaction through a combination of steady-state kinetics,
pH—rate studies, equilibrium binding techniques, solvent
kinetic isotope effects (SKIEs), and X-ray crystallography.

B MATERIALS AND METHODS

Materials. All details can be found in the Supporting
Information.

Synthesis of UDP-a-p-glucosamine (UDP-GIcN). The
chemical synthesis of UDP-GIcN was performed using a
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modification of a method previously described by Morais et
al,” the details of which can be found in the Supporting
Information.

Measurement of Acetyltransferase Enzymatic Activ-
ity. Initial velocities for the forward acetyltransferase reaction of
GImU were performed at 30 °C using 4,4’-dithiodipyridine
(DTP) to detect the formation of coenzyme A (CoA-SH) at
324 nm (e = 19800 M™' cm™). A typical reaction mix
contained S0 mM HEPES (pH 7.5), 50 mM NaCl, 10 mM
MgCl,, 1 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate hydrate (CHAPS), 400 uM DTP, 100 uM
Ac-CoA, and 200 uM GIcN-1P. Reactions were initiated by the
addition of the enzyme, typically at a final concentration of 5
nM. Kinetic parameters for GlmU acetyltransferase were
determined by measuring initial velocities at varying concen-
trations of either Ac-CoA or GIcN-1P and a constant, saturating
concentration of the co-substrate.

Measurement of Uridylyltransferase Enzymatic Activ-
ity. Initial velocities for the forward uridylyltransferase reaction
of GlmU were performed at 30 °C using inorganic
pyrophosphatase and two different assay methodologies to
detect the formation of pyrophosphate and subsequently
inorganic phosphate (P;). The two assay methodologies have
both been previously described and make up an enzyme-
coupled system for detecting the formation of free phosphate in
solution through the formation of the fluorescent product
resorufin,”* and a 7-(diethylamino)-3-({[ (2-maleimidyl)ethyl]-
amino}carbonyl)coumarin (MDCC)-labeled P, binding protein
(MDCC-PBP).” The enzyme-coupled phosphate detection
assay relies on coupling phosphate generation to purine
nucleoside phosphorylase, xanthine oxidase, and horseradish
peroxidase. A typical reaction mix contained 50 mM HEPES
(pH 7.5), 50 mM NaCl, 10 mM MgCl, 1 mM CHAPS, 1.5
mM inosine, 50 yM Amplex Red, 0.02 IU/mL purine
nucleoside phosphorylase (PNP), 0.4 IU/mL xanthine oxidase
(XOD), 1 IU/mL horseradish peroxidase (type XII) (HRP), 20
uM UTP, and 50 yM GIcNAc-1P. The fluorescence signal
obtained was measured using a Tecan Infinite M1000 Pro
microplate reader using 530 nm for excitation and 590 nm for
emission. Reactions were initiated by the addition of enzyme,
typically S nM GImU and 1 IU/mL pyrophosphatase (final
concentrations).

The PBP detection assay relies on binding P;, which causes a
conformational change in the biosensor, alleviating fluorophore
quenching, leading to an increase in fluorescence intensity. A
typical reaction mix contained 50 mM HEPES (pH 7.5), 50
mM NaCl, 10 mM MgCl,, 1 mM CHAPS, 15 4M PBP, 20 uM
UTP, and 50 M GIcNAc-1P. The fluorescence signal obtained
was measured using a Tecan Infinite M1000 Pro microplate
reader exciting the MDCC fluorophore of PBP at 425 nm and
measuring fluorescence emission at 474 nm. Reactions were
initiated by the addition of enzyme, typically 2.5 nM GlmU and
1 IU/mL pyrophosphatase (final concentrations).

Kinetic parameters for GlmU uridylyltransferase were
determined by measuring initial velocities at varying concen-
trations of either UTP or GIcNAc-1P and a constant, saturating
concentration of the co-substrate. The enzyme-coupled P;
detection assay was used to monitor the competition of
GImU acetyltransferase CoA-SH with GIcN-1P. Initial
velocities were measured for titrations of CoA-SH at several
fixed concentrations of GIcN-1P. The PBP biosensor assay was
used to monitor the competition of GlmU acetyltransferase
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CoA-SH with Ac-CoA. Initial velocities were measured for
titrations of CoA-SH at several fixed concentrations of Ac-CoA.

TH NMR Spectroscopy and pH Titration. NMR
measurements were performed at 21.5 °C, on a Bruker Avance
600 MHz instrument equipped with a S mm TCI cryoprobe. At
each pH value, one-dimensional 'H NOESY* and 'HC
HSQC? spectra were acquired on a 40 mM natural abundance
GIcN-1P sample in 100 mM KCl and a 93% H,0/7% D,O
solution. The solution contained 2 mM formate, 2 mM
imidazole, 2 mM Tris, and 2 mM piperazine as internal pH
indicators and 0.2 mM DSS for 'H chemical shift internal
referencing according to Baryshnikova et al.**

The pH titration was performed using a cross-titration
method in which aliquots of the two initial samples at pH 5.6
and 11.5 were reciprocally transferred between samples to
achieve intermediate pH values. Spectra were acquired for each
point to monitor chemical shift changes of both GIcN-1P and
pH indicator protons. To determine pH values at each point of
the titration accurately, the chemical shifts of the pH indicators
were referenced to calibration curves previously acquired at the
same temperature, according to the methods described by
Oregioni et al.*’

CH(1)-PO,H, and CH(2)-NH;* protons of GIcN-1P were
preliminary assigned at pH 5.6 to signals at 5.64 and 3.32 ppm,
respectively, using a two-dimensional COSY experiment,”’ and
their chemical shift changes with pH were monitored on the
assumption that they, in particular CH(2)-NH;*, would reflect
the amino group ionization state in the measured pH range.

Inhibition Studies. To determine the concentration of
inhibitor necessary to inhibit 50% of GImU activity (ICs),
assays were performed in the presence of various concen-
trations of inhibitor, at fixed saturating concentrations of both
substrates and MgCl,. To determine inhibition constants (K
and K;;) and inhibition patterns, GImU activity was studied in
the presence of variable concentrations of one substrate and
inhibitor, at fixed saturating concentrations of the co-substrate
and MgCl,.

pH—Rate Studies. The pH dependence of V/Kgn.1p (keat/
K.) and V (k) was determined by varying the concentration
of GIcN-1P at a fixed, saturating concentration of Ac-CoA. The
pH dependence of V/Ku.con (ket/Kn) and V (k) was
determined by varying the concentration of Ac-CoA at a fixed,
saturating concentration of GIcN-1P. The pH dependence of
GImU H374A V/Kgnir (ke/Kn) and V' (k) was
determined by varying the concentration of GIcN-1P at a
fixed, saturating concentration of Ac-CoA. In parallel, to control
for the GImU H374A studies, GImU wild-type V/Kgien.1p (kea/
K.,) and V (k) were determined by varying the concentration
of GIcN-1P at a fixed, saturating concentration of Ac-CoA. All
pH—rate studies were conducted in the following assay buffer
that has previously been shown to buffer between pH 6 and 10,
while maintaining a constant ionic strength: SO mM 2-(N-
morpholino)ethanesulfonic acid (MES), SO mM HEPES, 100
mM ethanolamine, 10 mM MgCl,, and 1 mM CHAPS.*'

Differential Scanning Fluorimetry. Protein unfolding
was monitored by SYPRO Orange (Fisher Scientific)
fluorescence measurements on a Roche LightCycler 480 II
RT-PCR machine, using 384-well microplates (white Accuflow
Roche 480 plates), with filters to excite at 465 nm and measure
emission at 580 nm as the temperature was continuously
increased at a ramp rate of 0.11 °C/s. A typical experiment mix
contained 25 mM HEPES (pH 7.5), S0 mM NaCl, 10 mM
MgCl,, 1 mM CHAPS, and 10% SYPRO Orange. Potential
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binding partners were typically titrated in the presence of a
fixed GImU concentration of 2 uM. Differential scanning
fluorimetry was also utilized to monitor protein stability over a
pH range of 6—10. The methods for this can be found in the
Supporting Information.

Solvent Kinetic Isotope Effects. SKIEs on V and V/
Ky con Were determined in water (H,0)- or 100% deuterium
oxide (D,O)-containing assay buffer, comprising S0 mM MES,
50 mM HEPES, 100 mM ethanolamine, 10 mM MgCl,, and 1
mM CHAPS, in the presence of saturating concentrations of
GIcN-1P at pL 8. Solvent KIEs on V and V/Kg.;p were
determined in H,0- or 100% D,O-containing buffer,
comprising S0 mM MES, S0 mM HEPES, 100 mM
ethanolamine, 10 mM MgCl,, and 1 mM CHAPS, in the
presence of saturating concentrations of Ac-CoA at pL 8.
Viscosity effects on V and V/K were evaluated by comparing
rates obtained in H,O- or 9% (w/w) glycerol-containing buffer,
comprising S0 mM MES, S0 mM HEPES, 100 mM
ethanolamine, 10 mM MgCl,, and 1 mM CHAPS at pH 8.
The use of 9% glycerol mimics the viscosity increase caused by
the use of D,O (i, = 1.24).*

Crystallization, Data Collection, and Refinement of
GImU Bound to Glc-1P and Ac-CoA. To grow GlmU
crystals, the protein solution was concentrated to 11 mg/mL.
The apo GImU was crystallized at 20 °C using the sitting-drop
vapor diffusion method. Sitting drops of 1 uL consisted of a 1:1
(v/v) mixture of protein and a well solution containing 0.05 M
ADA (pH 6.8), 5.7% PEG 550 MME, and 32.1% PEG 200.
Crystals appeared after 12 h and reached their maximum size
after 2 days (100 gm X 100 gm X 40 pm). Crystals were then
soaked for 5 min in a solution containing 10 mM Glc-1P, 10
mM Ac-CoA, 0.05 M ADA (pH 6.8), 8% PEG 550 MME, and
35% PEG 200. Crystals were directly flash-frozen in liquid
nitrogen, and X-ray data sets were collected at 100 K at the 103
beamline of the Diamond Light Source Synchrotron (Oxford,
UK, mx13775-39).

Data collection and refinement statistics are summarized in
Table S4. The data set was indexed, scaled, and merged with
xia2."’ Molecular replacement was achieved by using the atomic
coordinates of M. tuberculosis GImU from PDB entry 4G87*" in
PHASER.* Refinement was performed by using Phenix,*
model building in COOT,” and model validation PRO-
CHECK,” and ﬁ§ures were prepared using the graphics
program PYMOL."” The asymmetric unit contains one chain of
GImU. The difference electron density map covering GImU
shows unambiguous density for Glc-1P and Ac-CoA. The
atomic coordinates and structure factors have been deposited in
the PDB with accession codes 6GE9.

Data Analysis. All initial rate data were fitted using either
SigmaPlot 12.5 or Grafit 7.0.2. Individual saturation curves were
fitted to eq 1

v=VA/(A +K) (1)
where V is the maximal velocity, A is the substrate
concentration, and K is the Michaelis constant for the substrate
(K,,)- Individual saturating curves showing linear substrate
inhibition were fitted to eq 2

v=VA/[K + A(A*/K,)] )
where K; is the apparent inhibition constant for substrate A.
Data showing an intersecting initial velocity pattern on double-
reciprocal plots were fitted to eq 3
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v = VAB/(K,Ky + K\B + KzA + AB) (3)

where A and B are the concentrations of the substrates and K,
and Ky are the Michaelis constants. Inhibition data showing
linear, competitive, noncompetitive, or uncompetitive patterns
in double-reciprocal plots were fitted to eqs 4—6

v =VA/[K(1 + I/K,) + A] )
v=VA/[K(1 + I/K;) + A(1 + I/K;)] (s)
v=VA/[K + A(l + I/K})] (6)

where I is the inhibitor concentration and Kj; and Kj; are the
slope and intercept inhibition constants, respectively. Inhibition
data, recorded under concentrations equivalent to K of
substrates and variable concentrations of inhibitors, were fitted
to eq 7

v =1,/[1 + (I/IC,,)™ + D (7)

where v is the rate in the presence of the inhibitor at
concentration I, v, is the rate without the inhibitor, ICy, is the
concentration of the inhibitor that gives 50% inhibition, ny is
the Hill coefficient, and D is the assay background. pH profile
data were fitted to eq 8 for one basic ionizable group, eq 9 for
two nonresolvable acidic ionizable groups, eq 10 for two acidic
nonresolvable and two basic nonresolvable ionizable groups,
and eq 11 for two acidic nonresolvable and one basic ionizable

group

v=C/(1 + H/K,) ()
v=C/(1+ H*/K,?) ©)
v=C/(1+ H*/K}+ K,*/H?) (10)
v=C/(1 + H*/K, + K,/H) (11)

where C is the pH-independent plateau value, H is the
hydrogen ion concentration, and K, and Ky, are the acidic and
basic pK, constants, respectively, for the ionizable groups.
Solvent kinetic isotope effects were fitted to eqs 12—14 for
isotope effects on V only, V/K only, and both V and V/K,
respectively

v=VA/[K+ A(1 + EE,)] (12)
v =VA/[K(1 + EE,/K) + A] (13)
v=VA/[K(1 + EE, ) + A(1 + EE,)] (14)

where F; is the fraction of the isotopic label and Ey, and Ey i are
the isotope effects minus one on V and V/K, respectively. Data
from differential scanning fluorimetry thermal melting experi-
ments were fitted to eq 15

y=LL + (UL - LL)/[1 + exp(T;, — X/E)] (1)

where LL and UL are the minimum and maximum intensities,
respectively, X is the temperature, E is the slope of the curve,
and T,, is the melting point. Plots of the change in T, (AT,,)
versus ligand concentration were fitted to eq 16

AT, = AT, . A/(Kq + A) + D (16)
where A is the ligand being titrated, K; is its apparent
dissociation constant, D is the assay background, and AT, ., is

the maximum possible T, change. The pH dependence of 'H
GIcN-1P chemical shifts was fitted to eq 17
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k= Oua + [A8/1 + 10" PHPK)]

6? 17)
where &, is the peak chemical shift, 5y, is the chemical shift

of the protonated form, and A§ is the difference between i,
and the shift of the deprotonated form. Errors were propagated
as described by Skoog and West for indeterminate errors.”

B RESULTS

Divalent Metal Activation. Preliminary protein purifica-
tion experiments and subsequent initial enzymatic character-
ization experiments revealed a dependence of GlmU acetyl-
transferase activity on Mg®". This metal ion dependence
manifested itself as a lag in the acetyltransferase progress curves
(Figure 1). Further investigation demonstrated that this
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Figure 1. Progress curves of the GImU acetyltransferase reaction using
the DTP absorbance assay detailed in Materials and Methods. The
change in DTP OD;,, was monitored every 10 s and then converted
to the concentration of CoA formed using the molar absorption
coefficient of 4-thiopyridone (4-TP) and the Beer—Lambert law. The
data for GImU purified in the presence or absence of 10 mM MgCl,
are represented by either empty or filled circles, respectively. The inset
shows the determination of the GImU acetyltransferase Mg”* K,
which is defined as the concentration of metal ion required for half-
maximal activity at saturating substrate concentrations (the concen-
trations of Ac-CoA and GIcN-1P were both 2 mM). Symbols represent
experimental data, and solid lines are fits of the data to eq 2. Mn*" and
Ca® were activators of GImU acetyltransferase activity (see the
Supporting Information), while Co*, Ni**, and Zn** were not
activators.

nonlinear acetyltransferase activity was reversed via prolonged
incubation with 10 mM Mg** at 4 °C (data not shown). GImU
was incubated with EDTA overnight, followed by dialysis, along
with a non-EDTA incubation control, in an attempt to remove
any tightly bound divalent metal ions. Subsequent acetyl-
transferase activity assays in the presence and absence of 10
mM Mg indicated that there was little difference between the
EDTA-incubated, dialysis control and the nontreated enzyme.
A significant difference in acetyltransferase activity, while still
initially nonlinear, was observed between GImU stocks in the
presence and absence of 10 mM Mg*', indicating that there is
an absolute divalent metal ion requirement for optimal activity
(data not shown). To characterize the apparent activation of
GImU acetyltransferase activity, Mg®* was titrated to determine
a Ky mg of 5.7 £ 1.3 mM, with optimal catalysis achieved at a
Mg®" concentration of 10 mM (Figure 1). Further studies were
performed to characterize the divalent metal ion specificity of
GImU for optimal acetyltransferase activity (all as chlorine
salts), with Mn*" and Ca’* identified as possible alternatives
(Table S1). The dependence of GImU acetyltransferase kinetic
parameters on Mg>* was investigated, but only modest changes
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were observed for both Ac-CoA and GIcN-1P at high metal ion
concentrations (Figure S2). Ultimately, a further protein
purification was performed, ensuring that 10 mM MgCl, was
present for all steps, which resulted in eradication of the
nonlinear GImU acetyltransferase progress curves (Figure 1).
To ensure optimal GImU acetyltransferase activity, all further
enzyme assays were performed with enzyme purified in buffer
containing 10 mM MgCl, throughout the purification process
and reactions included 10 mM MgClL,.

Initial Velocity Studies. To characterize the kinetic
mechanism, initial velocity studies were performed by varying
Ac-CoA concentrations at various fixed GIcN-1P concen-
trations. Intersecting patterns on double-reciprocal plots were
generated (Figure 2), consistent with GImU following a

Aos

v (s)

0 0.02 0.04
1/[Ac-CoA] (UM-')

1lv (s)

0 0.02

0.04
1/[GIcN-1P] (M)

Figure 2. GImU initial velocity patterns. Double-reciprocal plot of
GImU initial rates (A) at varying concentrations of Ac-CoA (>20 uM)
and several fixed concentrations of GIcN-1P [23 uM (O), 35 uM (O),
52 uM (A), 78 uM (V), 117 uM (<>), and 175 uM (Q)] and (B) at
varying concentrations of GIcN-1P (>20 pM) and several fixed
concentrations of Ac-CoA [23 uM (O), 35 uM (O), 52 uM (A), 78
uM (V), 117 uM (<), and 175 uM (Q)]. Symbols represent
experimental data, and solid lines are fits of the data to eq 3.

sequential bi-bi kinetic mechanism. Steady-state kinetic
parameters for GImU acetyltransferase activity, K accon
Ko Gienap and k., were obtained by fitting these data to eq
3, and these results are presented in the legend of Figure 2.
Secondary replots of the slope and intercept values determined
from the initial velocity patterns in Figure 2 demonstrate that a
rapid equilibrium ordered mechanism is unlikely, as the slope
replot for GIcN-1P does not intersect at 0 (Figure S3).
Attempts to fit the data shown in Figure 2 to an equation
describing a ping-pong mechanism yielded very large errors.
Substrate Specificity. Kinetic parameters were determined
from saturation curves and fitting to eq 1, for a range of GIcN-
1P and Ac-CoA analogues (Table 1). No acetyltransferase
activity was detected, at a concentration of <10 mM, for the
following GIcN-1P analogues: galactosamine 1-phosphate,
glucosamine, galactosamine, mannosamine, mannose 1-phos-
phate, mannose 6-phosphate, N-acetyl-glucosamine (GIcNAc),
N-acetyl-galactosamine, N-acetyl-mannosamine, glucose 1-
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Table 1. Steady-State Kinetic Parameters for GImU”

varied substrate fixed substrate K, (uM)® koo (5717 ko /K, (M7 s7H? Ky (uM)?

Canonical Order

Ac-CoA GIcN-1P 250 + 8 28 + 1 (1.1 + 0.6) x 10° 250 + 25

GIcN-1P Ac-CoA 290 + 31 28 + 1 (9.7 + 1.6) x 10* ND

UTP GIcNAc-1P 8+08 120 + 3 (1.5 + 0.38) x 107 ND

GlcNAc-1P UTP 30+5 100 + 4 (32 + 0.8) x 10° ND
Reverse Order

Ac-CoA UDP-GIcN® 40 + 7 027 + 0.02 (7.5 +2.9) x 10 250 + 25

UDP-GIcN Ac-CoA 9700 + 600 2.04 + 0.06 (22 + 17) X 10 ND

UTP GIcN-1P - - - ND

GIcN-1P uTP - - - ND

Substrate Analogues

AAc-CoA GIcN-1P 1800 + 200 0.5 + 027 (2.8 + 15) X 107 ND

GIcN-1P AAc-CoA° 16 + 6 0.13 £ 0.01 (8.1 + 0.5) X 10° ND

Pro-CoA GIeN-1P¢ 60 + 2 0.5 + 0.01 (83 +5)x10° 500 + 100

GIcN-1P Pro-CoA 980 + 110 0.5 + 0.01 (5.1 + 0.9) x 10 ND

Suc-CoA GIeN-1P¢ 1100 + 100 09 + 026 (82 + 30) x 10 ND

GIcN-1P Suc-CoA - - - ND

“Reactions performed at pH 7.5 and 30 °C. “Values are means of at least three experiments =+ the standard error obtained upon fitting the data to
the appropriate equation. “Nonsaturating concentrations of the fixed substrate used: 800 uM UDP-GIcN, 1 mM AAc-CoA, and 3 mM GIcN-1P. All
data were fit to eq 1. The following analogues were tested but were not substrates of GImU acetyltransferase (no activity at <10 mM): Dethio-CoA,
Bu-CoA, Eth-CoA, IsoBu-CoA, Mlo-CoA, Cro-CoA, GIcNAc, Gle-1P, GIcN-6P, GalN-1P, galactose 1-phosphate, galactosamine, mannosamine,
mannose 1-phosphate, N-acetyl-galactosamine, N-acetyl-mannosamine, glucose 6-phosphate, and mannose 6-phosphate.

phosphate (Glc-1P), glucosamine 6-phosphate (GIcN-6P),
glucose 6-phosphate, and galactose 6-phosphate. Inhibition
was observed with some of these GIcN-1P analogues (see the
next section). UDP-glucosamine (UDP-GIcN) was the only
GIcN-1P analogue tested that is a substrate of GImU
acetyltransferase (Figure 3).
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o
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Figure 3. GImU acetyltransferase steady-state kinetics utilizing UDP-
GIcN as a second substrate. (A) Titration of UDP-GIcN at a saturating
concentration of Ac-CoA. Symbols represent experimental data, and
solid lines are fits of the data to eq 1. (B) Titration of Ac-CoA at a
nonsaturating concentration of UDP-GIcN (800 uM). Symbols
represent experimental data, and solid lines are fits of the data to eq 2.
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GImU acyltransferase activity was not detected, at a
concentration of <10 mM, for the following acyl-CoAs:
ethyl-CoA (Eth-CoA), butyryl-CoA (Bu-CoA), isobutyryl-
CoA (IsoBu-CoA), malonyl-CoA (Mlo-CoA), crotonyl-CoA
(Cro-CoA), stearoyl-CoA, HMG-CoA, palmitoyl-CoA, and
glutaryl-CoA. Although these analogues were not substrates,
some were identified as inhibitors and will be presented in the
next section. The Ac-CoA analogues identified as substrates
were acetoacetyl-CoA (AAc-CoA), n-propionyl-CoA (Pro-
CoA), and succinyl-CoA (Suc-CoA).

A number of acyl-CoAs, along with CoA-SH (Figure S6) and
two GIcN-1P analogues, were identified as not being
acetyltransferase substrates but were inhibitors (Table 2).

Product and Dead-End Inhibition Studies. Product
inhibition was used to investigate the order of binding of
substrate to and release of product from the GImU
acetyltransferase domain. The results are listed in Table 3.
Overall, the results are consistent with GlmU following an
ordered sequential mechanism. Given that CoA-SH is
competitive versus Ac-CoA and noncompetitive versus GlcN-
1P a sequential ordered mechanism is likely, with Ac-CoA
binding first followed by GlcN-1P. No inhibition was observed
when GIcNAc-1P was tested versus Ac-CoA or GIcN-1P, at
saturating and several subsaturating concentrations of the
respective co-substrate. Although these results would support
an equilibrium ordered kinetic mechanism, with GIcNAc-1P as
the first product to dissociate followed by CoA-SH as illustrated
in Scheme 2, other observations are inconsistent with an
equilibrium mechanism but support a steady-state kinetic
mechanism (see above and below).

To further probe the kinetic mechanism for the GlmU
acetyltransferase, dead-end inhibition experiments were per-
formed (Table 2). The dead-end inhibitors selected for these
studies were Bu-CoA and Glc-1P, which were shown to inhibit
GImU acetyltransferase in a partial mutually exclusive manner;
ie., binding of both inhibitors is disfavored by ~3-fold (Figure
S4). Taken together, the results were in agreement with GImU
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Table 2. Substrate Analogue and Product Inhibition
Parameters for GlmU*”

inhibitor ICs, (mM)>* e Ky (mM)©
CoA-SH 0.3 + 0.01 0.9 + 0.1 0.7 + 0.13
Eth-CoA? ND ND
Bu-CoA 1 + 0.03 12 +01 3.8+ 08
IsoBu-CoA 2 +0.21 1.5+ 0.2 ND
Mlo-CoA 2+ 0.59 L1 +06 ND
Cro-CoA 1+0.15 12+01 ND
GIcNAC? ND ND ND
Glc-1P S + 0.65 1.0 £ 0.1 ND
GIcN-6P 10 + 0.89 L1+ 0.1 ND
GalN-1P 120 + 30 L1+01 ND

“Reactions performed at pH 7.5 and 30 °C. bReactions were
performed using K, concentrations of Ac-CoA and GIcN-1P,
competitors titrated from 20 yM. “Values are means of at least three
experiments =+ the standard error obtained upon fitting the data to the
appropriate equation. dLigands that show dependent inhibition but at
the highest tested concentration do not fully inhibit GlmU
acetyltransferase activity. The following analogues were tested but
were not inhibitors of GImU acetyltransferase (no inhibition at <10
mM): GlcNAc-1P, Dethio-CoA, galactose 1-phosphate, galactosamine,
mannosamine, mannose 1-phosphate, N-acetyl-galactosamine, N-
acetyl-mannosamine, glucose 6-phosphate, and mannose 6-phosphate.

acetyltransferase following an ordered, sequential mechanism.
Competitive inhibition patterns were obtained for Bu-CoA
versus Ac-CoA or versus GlcN-1P. These data are indicative of
Bu-CoA competing for binding to the free enzyme and also
preventing GIcN-1P from binding, likely by steric hindrance. As
expected, competitive inhibition was also observed for the Glc-
1P versus GIcN-1P inhibition pattern. Glc-1P inhibition versus
Ac-CoA is uncompetitive, which indicates that Glc-1P binds to
the E:CoA-SH complex, and not to free or Ac-CoA-bound
enzyme. This was confirmed at subsaturating concentrations of
the co-substrate (Figure S7). These findings are incorporated
into Scheme 2, which illustrates the proposed ordered
sequential mechanism for the GImU acetyltransferase reaction.
Additionally, the equilibrium constants for the dissociation of
Ac-CoA, Bu-CoA, CoA-SH, GIcN-1P, and Glc-1P from GImU
were obtained by using differential scanning fluorimetry (DSF)
to measure the change in enzyme melting temperature (T,) at
different ligand concentrations. From these studies, we
determined Kj values, which are listed in Table 1 and Table
S2. Dissociation constants for dissociation of GIcN-1P and Glc-
1P from GImU could not be determined without Ac-CoA or an

analogue present; however, in the presence of high
concentrations of the second substrate, the K; values for the
complex could be determined, which are given in Table S2 and
Figure SS.

pH—Rate Studies. We investigated the effect of pH on
GImU acetyltransferase kinetic parameters, to assess the role of
general acid—base chemistry in catalysis and substrate
recognition, from pH 6.00 to 10.00 (Figure 4). Initially,
GImU activity was tested at all pH values used in these
experiments to confirm that no loss of activity was observed
(data not shown). Additionally, no significant changes in
protein stability were observed in the pH range tested (Table
S3). Furthermore, GImU acetyltransferase progress plots were
linear for several minutes under all pH conditions utilized, both
when the experiment was performed with a minimal enzyme
incubation and after an extended 2 h preincubation at the test
pH, prior to assay initiation (data not shown). The pH
dependence of k,, reveals both acid- and base-assisted catalysis.
The bell-shaped curve of k,, versus pH has slopes of +2 and —2
in the acidic and basic regions, respectively. These data were
best fitted to eq 10, describing the involvement of two acidic
nonresolvable and two basic nonresolvable ionizable groups,
which must be deprotonated and protonated for maximal
activity, respectively. Fitting to eq 10 yields pK, values of 6.7 +
0.1 and 9.0 + 0.1 for the groups that need to be deprotonated
(general base) and protonated (general acid), respectively, for
maximal activity. Similarly, the plot of pH versus log k../
K, cinap was bell-shaped, with slopes of +2 and —2 in the
acidic and basic regions, respectively. These data were best
fitted to eq 10, describing the role of two acidic nonresolvable
and two basic nonresolvable ionizable groups, which must be
deprotonated and protonated, respectively, for maximal activity.
Fitting to eq 10 yields pK, values of 7.5 #+ 0.1 and 9.1 + 0.1 for
the acidic and basic groups, respectively. Finally, the bell-shaped
plot of pH versus log k../K, ac.coa has slopes of +2 at low pH
and —1 at high pH. Fitting of these data to an equation
describing the role of two nonresolvable acidic groups and one
basic group (eq 11), which must be deprotonated and
protonated for maximal activity, respectively, yields pK, values
of 6.6 + 0.1 and 8.1 + 0.1 for the two acidic groups and one
basic group, respectively. The pH—rate profile of GImU H374A
was obtained to confirm its role as the general base responsible
for deprotonation of the GIcN-1P amino group. GlImU H374A
is significantly slower than wild-type GlmU, displaying a pH-
independent plateau that is approximately 3 orders of
magnitude lower than that of wild-type GImU (Figure $).

Table 3. Product Inhibition Patterns and Inhibition Constants for GImU*“

varied substrate inhibitor fixed substrate inhibition pattern® K, (mM) K; (mM)
Product Inhibition
GIcN-1P CoA-SH 10K, Ac-CoA NC 0.21 + 0.086 0.8 + 0.09
Ac-CoA CoA-SH 10K, GIcN-1P C 0.15 + 0.015
GIcN-1P GIcNAc-1P 0.5—10K,,, Ac-CoA NI
Ac-CoA GIcNAc-1P 0.5—10K,,, GIcN-1P NI
Dead-End Inhibition
GIcN-1P Glc-1P 10K,,, Ac-CoA C 4.1 + 0.6
Ac-CoA Glc-1P 0.5—10K,, GIcN-1P? ucC 11.56 + 0.9
GIcN-1P Bu-CoA 10K, Ac-CoA C 1.2 + 02
Ac-CoA Bu-CoA 10K,, GlcN-1P C 0.35 + 0.03

“Reactions performed at pH 7.5 and 30 °C. bRange of GIcN-1P concentrations used from 0.5K;, to 10K,,..

competitive; UC, uncompetitive; NI, no inhibition.
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“Abbreviations: NC, noncompetitive; C,
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Scheme 2. GImU Alternative Reaction Order
A

cannonical view of GImU reactions order

Ac-CoA GIcN-1P

T

GlcNAc-1P CoA-SH

e

GlcNAc-1P  UTP UDP-GIcNAc PPi

Acetyltransferase Uridilylytransferase
GIcN-1P UTP UDP-GIcN PPi AC-IOA UDP-GIcN UDP-GIcNAc CoA-SH
Uridilylytransferase Acetyltransferase

alternative (reverse) of GImU reactions order

10

Kcat (5'1)

T T T rrg

0.1

Tr oo

0.01

Keatl Km (M-'s1)
T T T

0.001

Figure 4. pH dependence of GImU kinetic parameters. The k., and
K., values were determined at each pH by varying concentration of
one substrate at a fixed, saturating concentration of the second
substrate. The k,, data are means of the Ac-CoA and GIcN-1P values
and are shown as gray filled circles, and the best fit of the data, to eq
10, is represented by the solid line. Ac-CoA k,/K,, data are shown as
filled circles, and the best fit of the data, to eq 11, is represented by the
solid line. The GleN-1P k., /K, data are shown as open circles, and
the best fit of the data, to eq 10, is represented by the dashed line.

The pH dependence of k, reveals a single ionizable group that
must be deprotonated for maximal activity (slope of +1). These
data were best fitted to eq 8, describing the involvement of one
basic ionizable group, which must be deprotonated for maximal
activity. Fitting to eq 8 yields pK, values of 8.2 + 0.1 for this
general base. Similarly, the plot of pH versus log k_../K, gion.1p
showed a single ionizable group (slope of +1), which was best
fitted to eq 8, yielding a value of 9.7 + 0.5 for the basic group.
Further acetyltransfersae pH—rate profile data for wild-type
GImU were generated in parallel with the GImU H374A study.
This control study, utilizing GIcN-1P as the varied substrate,
was best fitted to the equation for two nonresolvable acidic
groups and one basic group (eq 11). Fitting the GImU wild-
type pH—rate profile data to eq 11 yields pK, values for
keagion1p of 6.4 + 0.3 and 8.9 + 0.3 and pK, values for k,/
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Figure S. pH dependence of GImU and GImU H374A acetyltransfer-
ase kinetic parameters. The k., and K, values were determined at each
pH by varying the concentration of GIcN-1P at a fixed, saturating
concentration of Ac-CoA. The GIcN-1P data relating to wild-type
GImU k_, and k_,/K,, data are represented by black filled circles, and
the best fit of the data, to eq 10, is represented by the solid line. The
GIcN-1P data relating to GlmU H374A k., and k../K, data are
represented by gray filled circles, and the best fit of the data, to eq 8, is
represented by the solid line.

Ko ienap of 7.3 £ 0.02 and 8.7 + 0.04 for the acidic and basic
groups, respectively, in both cases.

Assessment of GIcN-1P Amino Group lonization. To
determine the pK value of the amine group of GIcN-1P under
our experimental conditions, which is essential for further
interpretation of the GIcN-1P pH—rate profile, we investigated
the ionization state of GIcN-1P in solution. The NMR chemical
shifts of two 'H groups, CH(2)-NH;" and CH(1)-PO,H,, were
monitored over the pH range of 5.5—11.5 (Figure 6). The 'H
chemical shift of CH(2)-NH;" was 3.33 ppm, while the 'H
chemical shift of CH(1)-PO,H, was 5.65 ppm. These data were
fitted to eq 17, which yielded a pK, for NH;" of 8.43 + 0.01.

Solvent Kinetic Isotope Effects. SKIEs were determined
in either 100% H,O or 99.9% D,O. Additionally, viscosity
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Figure 6. pH titration of GIcN-1P followed by NMR. Acidic and basic
preparations of GIcN-1P were titrated to determine a pK, for the
protonated amine group. The 'H peak intensities of CH(2)-NH;"
(experimental data represented by red filled circles) and CH(1)-
PO,H, (experimental data represented by dark blue filled circles) were
monitored. The starting chemical shift for CH(2)-NH;* was 3.33 ppm,
while the starting chemical shift for CH(1)-PO,H, was 5.65 ppm. The
data were fitted to eq 17, and the best fit is represented by the solid
line. The structure of GIcN-1P is given as the inset, and CH(2)-NH;*
and CH(1)-PO,H, are colored red and blue, respectively.

controls were included using 9% glycerol as a viscogen to
mimic the increased viscosity caused by using D,0. A pL of 8
was selected as it corresponds to the plateau region of the pH
profile, where the velocity is maximal and the variation due to
changes in pH or pD is the smallest. GIcN-1P and Ac-CoA
were tested as the variable substrates in the presence of fixed,
saturating levels of the corresponding second substrate (Figure
7A,C, Table 4, and Figure S8). The GIcN-1P and Ac-CoA
saturation curves determined in the presence of 9% glycerol
acted as controls to show if effects of viscosity on initial rates
associated with the use of D,O instead of H,O are present
(Figure 7B,D).
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Figure 7. Solvent kinetic isotope effects for GImU. For panels A and B,
Ac-CoA was used as the varied substrate, with a saturating
concentration of GIcN-1P. (A) The reaction mix contained either 0
(O) or 100 (@) atom % D,0O. (B) The reaction mix contained either 0
(O) or 9 (@) % glycerol. For panels C and D, GIcN-1P was used as
the varied substrate, with a saturating concentration of Ac-CoA. (C)
The reaction mix contained either 0 (O) or 100 (@) atom % D,O.
(D) The reaction mix contained either 0 (O) or 9 (@) % glycerol. The
experimental data are represented by circles, and the best fit of the data
is represented by the solid line. (A) Aata fitted to eq 14. (B) Data
fitted to eq 14. (C) Data fitted to eq 12. (D) Data to fitted to eq 13.
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Table 4. Solvent Kinetic Isotope Effects and Viscosity
Controls for GlmU*

varied substrate fixed substrate DOy DOy/K
Solvent Kinetic Isotope Effect
Ac-CoA GIcN-1P 1.61 + 0.03 1.36 + 0.08
1.61 + 0.03 132 + 0.1
GIcN-1P Ac-CoA 1.59 + 0.07 1
1.55 + 0.07 1
Viscosity Effect”
Ac-CoA GIcN-1P 1 1
GIcN-1P Ac-CoA 1 0.76 + 0.08

“Solvent isotope effects were determined in assay buffer prepared in
either 100% H,O or 100% D,0, at pH 8 and 30 °C. "Solvent isotope
effect viscosity control using 9% glycerol in assay buffer as a viscogen.

Structure of GImU in Complex with Ac-CoA and Glc-
1P. To confirm and rationalize inhibition of GlmU
acetyltransferase activity by the dead-end inhibitor, Glec-1P,
we soaked apo-GImU crystals in Ac-CoA and Glc-1P (Figure 8
and Table S4). This approach was successful and allowed us to
determine the crystal structure of the E:Ac-CoA:Glc-1P
complex (PDB ID 6GE9), to a resolution of 2.26 A, uniquely,
without the addition of the uridylyltransferase product UDP-
GlcNAc, which had previously been postulated to be critical for
stabilization of the E:Ac-CoA complex. The overall molecular
structure of the E:Ac-CoA:Glc-1P complex is similar to that of
the previously reported M. tuberculosis GlImU E:CoA-SH:GIcN-
1P ternary complex; both complexes superimpose well with a
root-mean-square deviation of 0.46 A over 414 Ca atoms. The
structure of the E:Ac-CoA:Glc-1P complex displays the
conserved GlImU two-domain architecture, organized into a
trimer formed around a 3-fold crystallographic symmetry
(Figure 8A). Shown in Figure 8B is a close-up of the binding
of Ac-CoA and Glc-1P in the acetyltransferase active site of
GImU, in addition to the orientation of a loop, which is
positioned over the acyl thioester of Ac-CoA. This loop, which
has been shown to be disordered in previous apo structures,
brings Tyr398 into the proximity of Ac-CoA, allowing an
interaction between its backbone carbonyl and nitrogen N4P of
Ac-CoA.”

The binding of Glc-1P to GImU (Figure 8C) is very similar
to what has previously been reported for GIcN-1P** (Figure
8D). Glc-1P binds in a pocket that is proximal to the re face of
the planar acetyl group of Ac-CoA and interacts with three
basic residues (Arg344, Lys362, and Lys403) as well as the side
chains of Asn397 and Tyr377. In addition, two hydrogen bonds
are made with the side chain of Asn388 belonging to a second
monomer. The interactions formed by Lys403 and Asn397 are
a result of the ordering of the mobile loop upon Ac-CoA
binding. An additional interaction enabled by stabilization of
the disordered loop is contributed by the phenolic ring of
Tyr398, which stacks with the hexose ring of Glc-1P (Figure
$9).>" Importantly, the Glc-1P 2-hydroxyl group forms two
hydrogen bonds, one with Ne2 of the imidazole group of
His374 and a second with the carbonyl group of the Ac-CoA
acetyl group. Interestingly, the side chain of the acidic Glu360
forms a hydrogen bond with the basic residue His374. This
interaction aligns the His374 side chain by restricting its
rotation and polarizes the imidazole group by stabilizing its
positive charge on N§1 (Figure S9). This interaction might be
able to tune the pK, of the imidazole allowing it to work as a
general base.”

DOI: 10.1021/acs.biochem.8b00121
Biochemistry 2018, 57, 3387—-3401


http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.8b00121/suppl_file/bi8b00121_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.8b00121/suppl_file/bi8b00121_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.8b00121/suppl_file/bi8b00121_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.8b00121/suppl_file/bi8b00121_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.8b00121/suppl_file/bi8b00121_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.8b00121

Biochemistry

A

=~

£ N388

>~

< N388

Figure 8. Structure of GImU in complex with Glc-1P and Ac-CoA. (A) Overview of the GImU trimeric assembly bound to Glc-1P and Ac-CoA. Each
monomer is displayed in cartoon representation with Glc-1P and Ac-CoA shown as yellow and cyan sticks, respectively. The F, — F, omit map
contoured at 3¢ is displayed around both ligands. (B) Close-up of Glc-1P and Ac-CoA ligands bound to GImU. (C) Gle-1P binding site. For the sake
of clarity, only the residues contributing to Glc-1P binding are displayed as sticks. The hydrogen bonds formed with Glc-1P atom O2 are colored
green. (D) Same as panel C with GIcN-1P and CoA-SH from the crystal structure 3ST8 superimposed.

B DISCUSSION

In this work, we present steady-state kinetics and binding data
for M. tuberculosis GImU, which together allow us to suggest a
teasible kinetic and chemical mechanism for acetyl transfer by
this bifunctional enzyme. Initially, we investigated the require-
ment and specificity of GImU acetyltransferase for divalent
metal ions, which was not previously characterized in any depth
with any GImU homologue, as divalent metals are usually not
required cofactors in acetyl transfer reactions. A majority of
studies of GlmU homologues published to date have used a
fixed concentration of Mg®*, in the range of 0.5—10
mM," 7?32 presumably based on the early work of
Mengin-Lecreulx and van Heijenoort."”> We demonstrate that
the optimal concentration of Mg®" for maximal GlmU
acetyltransferase activity is 10 mM, and the K,y is 5.7 +
1.3 mM. There is likely a tightly bound metal ion present from
the protein purification process, which could not be removed
by overnight incubation with EDTA and results in a
background activity that can be observed in the inset of Figure
1. The metal ion specificity of GImU for optimal
acetyltransferase was explored with Ca** and Mn?>* identified
as viable alternatives to Mg®". The dependence of GlmU
acetyltransferase kinetic parameters on Mg®" was investigated,
and some effects on the GIcN-1P parameters were observed;
however, these were only modest and likely not significant. To
minimize the initial nonlinear acetyltransferase activity of
GImU, it was necessary to incubate protein with Mg**
overnight or repurify the enzyme in the presence of 10 mM
Mg**. Activation by divalent metal ions, specifically Mg**, Ca*,
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and Mn*', has previously been reported for the related M.
tuberculosis enzyme tetrahydrodipicolinate N-succinyltransfer-
ase (DapD), which is a trimer in solution and a member of the
LPH acyltransferase superfamily. Indeed, the divalent metal
binding site is found in a similar position, at the trimer, 3-fold
axis of symmetry in both enzymes. Finally, the same nonlinear
acyltransferase activity was observed in the absence of added,
activating divalent metal ions.”> When these previous
observations are taken into account, along with the findings
from this study, it seems plausible to conclude that the divalent
metal bound in GImU plays a structural role, which only
modestly impacts acetyl transfer. Importantly, no evidence of
changes in oligomeric state have been observed (data not
shown), and GImU appears to be a trimer under all
experimental conditions tested.

The magnitude of the measured kinetic parameters was
similar to the magnitude of those previously determined for M.
tuberculosis GlmU, as well as other orthologues, specifically
Kipaccoa and K, gienipy Which were reported to be in the
ranges of 200—400 and 60—360 uM, respectively.”**>>*~°
Furthermore, the magnitude of the K, yrp and K, ginacip
parameters for the uridylyltransferase activity was similar to the
magnitude of the reported values, which are 10—70 and 20—
110 uM, respectively.zg’56 The k. values for both acetyl-
transferase and uridylyltransferase activities appear to be more
variable, in the ranges of $0—1500 and 1-350 s7',
respectively.”****° The reasons for these large differences in
previously measured k., values are unclear but may partly be
caused by the use of discontinuous assays in some studies,
which inherently are associated with greater variabilities and
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Scheme 3. Proposed Kinetic Mechanism for M. tuberculosis GImU
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error. Nonetheless, the GImU k., ,cetyitransferase 15 28 ™", which is
<2-fold lower than the reported range, and the GImU
Kot uridylyltransferase 1S 110 s™!, which is within the range of the
reported values.

The substrate specificity for GImU acetyltransferase was
probed in this work with a variety of analogues of Ac-CoA and
GIcN-1P. As previously reported for E. coli GImU, there is some
flexibility in the length of the acyl moiety that can be
transferred from CoA to the amine group of GlcN-1P, with
Pro-CoA and Suc-CoA being substrates that are roughly 10-
and 100-fold less efficienct, respectivey [k../K,, (Table 1)].
Although a three-carbon long acyl substrate is used, Bu-CoA
(with four carbons) is no longer a substrate but is still able to
bind GImU and displays some inhibition. The acyl-CoAs, AAc-
CoA and Suc-CoA, were both identified as substrates [low k,./
K., (Table 1)] but have thioester chain lengths similar to that of
Bu-CoA. However, because of the CoA-SH detection method-
ology used to monitor the acetyltransferase reaction, these
substrates could be hydrolyzed by GImU.

The GIcN-1P substrate specificity is much more restricted
than that of Ac-CoA, with only UDP-GIcN identified as an
alternative acetyltransferase substrate. As opposed to findings in
a previous study using the E. coli orthologue, galactose-derived
amino sugar compounds are not substrates for M. tuberculosis
GImU, suggesting a stronger preference for the glucose epimer
in this enzyme than in the E. coli homologue. UDP-GIcN was
identified as a poor GImU acetyltransferase substrate (k./
Knuppgien = 22 X 10> M~ s71 vs keo/ Ky gienaip = 9-7 X 10*
M™' s7"), while both glucosamine and GIcN-6P were not
substrates for M. tuberculosis GImU. The identification of UDP-
GIcN as an acetyltransferase substrate, which has previously
been observed for E. coli GImU, raises the possibility of an
alternative order of GlmU-catalyzed reactions (see Scheme
3).”® However, it was not possible to confirm that GIcN-1P
could be utilized as a substrate for uridylyl transfer by the M.
tuberculosis GImU. GImU-catalyzed formation of UDP-GIcNAc
from UDP-GIcN may occur in M. tuberculosis at a slow rate but
is unlikely to constitute a physiologically important route.
Therefore, the canonical order of GImU reactions in M.
tuberculosis is preferred.

The kinetic mechanism of GImU acetyltransferase activity
has been poorly characterized. For example, product inhibition
by CoA-SH has not been described to date (Figure S6).
Inhibition of M. tuberculosis GImU was observed for the
following Ac-CoA analogues: Bu-CoA, IsoBu-CoA, Mlo-CoA,
and Cro-CoA. Inhibition by these Ac-CoA analogues is likely
because of the increase in acyl thioester chain length, which will
extend from the Ac-CoA binding site, protruding into the
GIcN-1P site, precluding binding of GIcN-1P to GImU. Of
note, no inhibition was observed with dethio-CoA, suggesting
that additional interactions with the sulfur of the p-
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mercaptoethylamine portion of CoA-SH, reported by Jagtap
et al,, are required for binding.*”

Inhibition of GImU by GlcN-1P analogues was observed only
with Glc-1P and GIcN-6P, which confirms the binding
specificity for the glucose-derived epimers. Inhibition was not
observed with either GIcNAc-1P or GlcNAc, which demon-
strates that acetylated products have very low affinity for the
substrate site. Glc-1P binding was further investigated by X-ray
crystallography studies. Surprisingly, the amine from GIcN-1P
and the hydroxyl of Glc-1P both occupy the exact same
position in the structure, as well as the rest of the molecules.
The hydroxyl in position C2 of Glc-1P is within hydrogen
bonding distance of His374, suggesting that this residue could
serve as the general base that deprotonates the amine prior to
nucleophilic attack on Ac-CoA. A similar approach to study the
Michaelis complex of Aspergillus fumigatus GlcN-6P N-
acetyltransferase has been employed using Glc-6P as a
pseudosubstrate in place of GlcN-6P, which helped infer the
likely catalytic mechanism.”’

DSF binding studies allowed determination of the equili-
brium constant for the dissociation of Ac-CoA, Bu-CoA, CoA-
SH, GIcN-1P, and Glc-1P from GImU. Ac-CoA, Bu-CoA, and
CoA-SH were able to stabilize GImU, increasing the observed
T,, by <4 °C, and subsequent use of the change in T,, (AT,,),
as a function of substrate ligand concentration, allowed
dissociation constants to be determined. These K; values
were broadly in agreement with the K, and IC, values that
were determined for these substrates, products, and dead-end
inhibitors. Dissociation constants for dissociation of GlcN-1P
and Gle-1P from GImU could not be determined without Ac-
CoA or an analogue present; however, in the presence of high
concentrations of the second substrate, the K4 for the complex
could be determined. These findings support an ordered bi-bi
mechanism, where Ac-CoA or an analogue binds first followed
by GIcN-1P.

The initial velocity patterns obtained are intersecting, which
indicates that GImU acetyltransferase requires the formation of
a ternary complex prior to catalysis. This result rules out ping-
pong mechanisms that would typically lead to the formation of
an acetyl—enzyme intermediate. The patterns obtained using
product and dead-end inhibitors are most consistent with a
sequential ordered bi-bi kinetic mechanism (Scheme 3).
Ordered binding of substrates is supported by CoA-SH acting
as a competitive inhibitor versus Ac-CoA and as a non-
competitive inhibitor versus GIcN-1P; the other product of the
reaction, GIcNAc-1P, causes no inhibition versus either
substrate. There is formation of a dead-end complex with
Glc-1P, as suggested by the uncompetitive inhibition pattern
versus Ac-CoA. Glc-1P inhibition versus Ac-CoA remains
uncompetitive over a range of concentrations of GIcN-1P
(Figure S6).
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Scheme 4. Proposed GImU Acetylation Chemical Mechanism
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The two competitive inhibition patterns observed (Table 3)
with Glc-1P versus GIcN-1P and Bu-CoA versus Ac-CoA are
also characteristic of an ordered mechanism with the formation
of nonproductive GlmU:Ac-CoA:Glc-1P and GImU:Bu-CoA
complexes. Bu-CoA likely extends part of its acyl chain into the
GIcN-1P active site, which blocks GIcN-1P from binding,
therefore appearing as competitive inhibition. Indeed, this
observation is confirmed by mutual exclusivity studies
performed using Bu-CoA and Glc-1P. Analysis of this
experiment using the Yonetani—Theorell method confirms
that these inhibitors are partially mutually exclusive. An a value
of 3 was obtained from this experiment, suggesting some
degree of antagonistic binding, which further confirms
competition likely because of the extended acyl-thioester
chain length of Bu-CoA (Figure S4).

No inhibition was observed with GIcNAc-1P versus either
Ac-CoA (in the presence of varying fixed concentrations of
GIcN-1P) or GleN-1P. Although these observations would be
consistent with an equilibrium ordered bi-bi kinetic mechanism,
the CoA-SH inhibition pattern versus GIcN-1P is non-
competitive, which is inconsistent with the expected com-
petitive pattern for an equilibrium ordered mechanism. A
conformational change in GlmU taking place after Ac-CoA
binding but before GIcN-1P binding would explain the kinetic
patterns obtained (see below) and indicates that only a steady-
state ordered kinetic mechanism explains the data.

The structure of GImU with Ac-CoA and Glc-1P bound
provides useful insights into formation of the catalytic as well as
the dead-end inhibited ternary complexes. Inhibition by CoA-
SH and Bu-CoA versus Ac-CoA, which in both cases is
competitive, can be explained by the conserved recognition and
binding of both the adenine ring and pantetheinyl arm of CoA,
in combination with the limited interactions with the thioester
bound to the f-mercaptoethylamine. It is apparent from the
GImU:Ac-CoA:Glc-1P structure that the binding sites are non-
overlapping, so for any competitive inhibition to occur between
dead-end analogues of the two substrates, there must be an
increase in size of one or both molecules to cause either a direct
steric clash or competition for binding. Superposition of the
GImU:Ac-CoA:Glc-1P structure with previously determined M.
tuberculosis GImU:Ac-CoA and apo structures clearly highlights
that a disordered loop becomes ordered upon binding of either
CoA-SH or CoA thioesters. This conformational change is
likely to be facilitated through the interaction of the backbone
carbonyl of Tyr398, which is located on the mobile loop, and
N4P of Ac-CoA (Figure S9). The conformational change and
subsequent stabilization of the mobile loop, succeeding initial
Ac-CoA binding, positions Asn397 and Lys403, in addition to
Tyr398, in favorable orientations to interact with either Glc-1P
or GIcN-1P. These structural observations in combination with
kinetic and binding data are consistent with a steady-state
ordered mechanism, depicted in Scheme 2. The E:Glc-1P:Ac-
CoA complex was not observed in solution, during inhibition
experiments.
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The ionization of the groups that may be responsible for the
binding and catalysis in the GlmU-catalyzed acetyl transfer
reaction was investigated by examining the pH dependence of
kcat) kcat/I<m,Ac-CoA! and kcat/1<m,GlcN-lP' The kcat_pH prOﬁle
revealed the presence of four nonresolvable ionizable groups,
two with pK, values of 6.7 + 0.1 and two with pK, values of 9.0
+ 0.1. This highlights that at least four ionizable groups
contribute to steps that govern the observed rates, under V,,,
conditions. We tentatively assign His374 as the general base
(pK, of 6.7) required for deprotonation of the -NH;* group
from GIcN-1P. The other groups observed in the pH profiles
cannot be easily assigned. Importantly, the two general bases
(pK, of 6.7) observed in the k.,—pH profile are also present in
the k.../Ky, ac.coa—PpH profile, suggesting that these groups are
also important for k/K; accon conditions. In contrast, one
ionizable group with a pK, of 8.1 appears to be essential under
keat/Kipac.con conditions only. The group with a pK, of 8.1
could correspond to Tyr398, which has been shown to interact
through its backbone oxygen with the oxygen atom of the
acetyl, which has previously been observed with serotonin N-
acetyltranferase.”® Two general acid groups (pK, of 9.0) were
also observed in the k./K,, giov.1p—pH profile, indicating that
they are also important under k_/K, giov.1p conditions. Two
general base groups (pK, of 7.5) were also observed in the k,/
Ky cienip—pH profile, but not in the k., —pH profile.
Assignment of all these ionizable groups is beyond the scope
of this study. It is however noteworthy that an ionization
corresponding to the amino group of GlcN-1P (pK, of 8.4) was
not observed in the k— or k/K, giov.1p—PH profiles. This is
likely an indication that GIcN-1P binding and its deprotonation
by His374 are likely not rate-limiting for acetyl transfer.

To further probe the role of H374 in catalysis, we
constructed and purified the GImU H374A mutant. This
mutant was analyzed in pH—rate studies using GIcN-1P as the
substrate (Figure S). A single ionizable group that needs to be
deprotonated under k, conditions was observed, which was
determined to have a pK, of 8.2 matching well the
experimentally determined pK, value for the amino group of
GIcN-1P. This result indicates that deletion of the imidazolium
group of H374 leads to a significant decrease in the catalytic
rate (1000-fold) and a change in the rate-limiting step. In this
mutant, deprotonation of GIcN-1P and therefore chemistry
appears to be rate-limiting, as all other ionizable groups are no
longer observed. The /K, gin.;p—pH profile suggests that a
single ionizable group (pK, of 9.7) must be deprotonated for
maximal activity. This is likely an enzymic group involved in the
binding of the phosphate of GIcN-1P, possibly Y377 or R344.
Together, these results support the role of H374 as the general
base involved in deprotonation of the amino group from GlcN-
1P prior to acetyl transfer.

To assess the contribution of solvent-derived protons to the
rate-limiting steps of the acetyl transfer catalyzed by GlmU, we
employed SKIEs. Prior to proceeding with SKIE experiments, it
is important to ensure that the effects observed are not due to
the higher viscosity of D,O compared to that of H,O. In the
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case of GImU, the addition of 9% glycerol had small effects on
only V/Kgen.1p- Modest but highly reproducible SKIEs of 1.57
and 1.61 on both Vg p and Va . respectively, were
observed, while a small SKIE of 1.34 on V/Kj.coa was
determined. These results indicate that solvent-sensitive steps
(such as the deprotonation of GIcN-1P) are partially rate-
limiting for acetyl transfer. The similar magnitude of the SKIEs
on both substrates indicates that deprotonation of GleN-1P
might be partially rate-limiting; however, this group was not
observed on the pH profile. Together, these small SKIEs
indicate that steps other than chemistry are likely rate-limiting
for GImU-catalyzed acetyl transfer.

Chemical Mechanism. The results presented here define
three important facets of the chemical mechanism used by
GImU to acetylate GIcN-1P (Scheme 4). First, the intersecting
initial velocity patterns and the product inhibition studies rule
out ping-pong mechanisms and confirm that GImU acetylates
GIcN-1P by a direct mechanism. Second, the a-amino of GlcN-
1P is in its protonated form when it binds to GlmU, and
therefore, the first essential step in catalysis is the
deprotonation of this @-amino group by a general base. The
side chain imidazole of His374 both is optimally positioned and
has the right pK, to be able to abstract this proton. In addition,
the active site histidine residues have been observed in other
acetyltransferases that use a ternary complex mechanism, such
as GImU.>” Third, chemistry is likely to be partially rate-limiting
as both pH-—rate studies and solvent kinetic isotope effects
indicate the presence of critical groups involved in catalysis and
substrate binding as well as solvent-mediated proton transfers
that are partially rate-limiting for the acetyl transfer reaction.

B CONCLUSIONS

M. tuberculosis N-acetyltransferase, uridylyltransferase GlmU
requires Mg** for optimal acetyltransferase activity and follows
a steady-state ordered sequential mechanism, with Ac-CoA as
the first substrate to bind. Binding of Ac-CoA triggers a
conformational change that allows GIcN-1P to bind. After
chemistry, GlcNAc-1P dissociates followed by CoA-SH. An
active site conformational change (loop closure) occurs upon
CoA-SH or acyl-CoA binding (consistent with previously
studied LAH acetyltransferases). pH—rate studies support the
existence of a general base-catalyzed step in the reaction
mechanism, proposed to be N°* of the imidazole side chain of
His374, which abstracts a proton from the NH;" group of
GIcN-1P, to prime the a-amino group for nucleophilic attack
on the acetyl group of Ac-CoA. Although His374 is proposed
to be the general base, deprotonation of GIcN-1P was not
identified as the rate-limiting step for GlmU-catalyzed acetyl
transfer. Solvent kinetic isotope effect studies identified that a
chemical step involving a solvent-derived proton is critical for
GImU acetyltransferase activity. The mechanistic features of
GImU acetyltransferase activity revealed by these studies are
invaluable for the future rational design of novel GImU
inhibitors that may be used in the treatment of tuberculosis.
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