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Phosphoglycosyl transferases (PGTs) are integral membrane proteins
with diverse architectures that catalyze the formation of polyprenol
diphosphate-linked glycans via phosphosugar transfer from a nucle-
otide diphosphate-sugar to a polyprenol phosphate. There are two
PGT superfamilies that differ significantly in overall structure and
topology. The polytopic PGT superfamily, represented by MraY and
WecA, has been the subject of many studies because of its roles in
peptidoglycan and O-antigen biosynthesis. In contrast, less is known
about a second, extensive superfamily of PGTs that reveals a core
structure with dual domain architecture featuring a C-terminal
soluble globular domain and a predicted N-terminal membrane-
associated domain. Representative members of this superfamily are
the Campylobacter PglCs, which initiate N-linked glycoprotein bio-
synthesis and are implicated in virulence and pathogenicity. Despite
the prevalence of dual domain PGTs, their mechanism of action is
unknown. Here, we present the mechanistic analysis of PgIC, a pro-
totypic dual domain PGT from Campylobacter concisus. Using a
luminescence-based assay, together with substrate labeling and
kinetics-based approaches, complementary experiments were carried
out that support a ping-pong mechanism involving a covalent phos-
phosugar intermediate for PgIC. Significantly, mass spectrometry-
based approaches identified Asp93, which is part of a highly con-
served AspGlu dyad found in all dual domain PGTs, as the active-site
nucleophile of the enzyme involved in the formation of the covalent
adduct. The existence of a covalent phosphosugar intermediate pro-
vides strong support for a ping-pong mechanism of PgIC, differing
fundamentally from the ternary complex mechanisms of representa-
tive polytopic PGTs.

phosphoglycosyl transferase | membrane protein | dual domain PGT |
covalent intermediate | glycoconjugate biosynthesis

To advance progress toward strategies for combating the es-
calating problem of antibiotic resistance, there is increasing
focus on the mechanisms of enzymes involved in bacterial
survival and virulence. As such, the polyprenol phosphate
(Pren-P) C-1-phosphoglycosyltransferases (PGTs) represent an
important class of enzymes because of the critical roles they
play in bacterial pathogenicity through catalysis of key steps in
the biosynthesis of complex glycoconjugates. PGTs are integral
membrane proteins that mediate transfer of a phosphosugar moiety
from a soluble nucleotide diphosphate-sugar (NDP-sugar) donor
to a Pren-P acceptor. Because PGTs function at the beginning of
many diverse membrane-associated glycoconjugate assembly
pathways, they are also referred to as “priming” or “initiating”
glycosyl transferases (GTs) (1, 2) even though they are formally
PGTs. For example, MraY (3, 4), the ubiquitous bacterial
phospho-N-acetylmuramyl-pentapeptide-transferase, catalyzes
formation of the first lipid-linked intermediate in peptidogly-
can biosynthesis (5, 6). The Campylobacter jejuni PglC (7, 8) and
the Neisseria gonorrhoeae PgIB (9) enzymes catalyze the first steps
in N- and O-linked glycoprotein biosynthesis, respectively, and WecA,
in Gram-negative bacteria (3, 10), initiates the lipopolysaccha-
ride O-antigen biosynthesis pathway (11). In addition, although
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far more abundant in bacteria because of the greater variety of
glycoconjugates, PGTs are also important in eukaryotes. For
example, the mammalian dolichol phosphate GIcNAc-1-P transferase
(GPT) (12), which is a WecA homolog, is an essential eukaryotic
PGT that functions at the beginning of the dolichol pathway for
N-linked protein glycosylation (13).

There are two PGT superfamilies, which display distinct predicted
structures and membrane topologies. PGTs including MraY, WecA,
and GPT are polytopic membrane proteins with 10-11 predicted
transmembrane a-helical domains that align key cytoplasmic loops
for catalysis (14). To date, MraY is the only PGT with an experi-
mentally determined X-ray crystal structure, providing a structural
basis for enzyme function (15), as well as the opportunity to develop
models for substrate and inhibitor binding (16, 17). Long-standing
interest in the development of antibiotics has prompted mechanistic
analysis of both MraY and WecA, which are the best studied of the
polytopic PGTs. Ultimately, although studies on MraY initially
suggested a substituted enzyme “ping-pong” mechanism (4, 18-20),
recent investigations have provided evidence that both MraY and
WecA follow a ternary complex mechanism (21, 22).

In contrast to the polytopic PGTs, less is known about the
other superfamily, despite the prevalence of homologous se-
quences in many diverse bacterial glycoconjugate biosynthetic
pathways (8). To better understand this superfamily, we carried
out bioinformatics analysis on 15,000 sequences from the three
related PGT families, which are mainly distinguished by auxiliary
C- or N-terminal domains (1, 8). The least elaborated member of
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the superfamily is represented by PglC from the Campylobacter
genus, which lacks appended domains. PglC catalyzes the reaction
of a linear Pren-P (e.g., C55) with UDP-di-N-acetylbacillosamine
(UDP-diNAcBac) to form the first membrane-associated interme-
diate (Pren-PP-diNAcBac) in the bacterial N-linked protein glyco-
sylation (pgl) pathway. Extensive homology analysis reveals a
deceptively simple “dual domain” architecture, in which the mini-
mal functional PGT unit is represented by a small (ca. 180 residues)
soluble globular C-terminal domain and a single predicted N-terminal
membrane-inserted domain (ca. 20 residues) (1, 8). Using the
aforementioned bioinformatics results as a guide, we mutated several
highly conserved amino acids to identify key catalytic residues and
applied conservation covariance analysis to generate a structural
model of the C. jejuni PglC.

Despite the similarities in the overall reaction, the predicted
structural and topological distinctions between the PGT enzyme
superfamilies implied that the mechanisms could either differ or
converge to a common catalytic path. As a bisubstrate enzyme, a
PGT such as PglC can potentially follow a mechanism similar to
the polytopic PGTs, involving the formation of a ternary complex
(Fig. 14) (21, 22). In this case, substrate binding and product
release can either be ordered or random (23). Alternatively, the
enzyme may operate through a ping-pong mechanism, involving,
first, formation of an enzyme-substrate covalent intermediate
and release of UMP, followed by nucleophilic attack on the
covalent adduct by the Pren-P substrate to generate the Pren-
PP-linked product in the second half of the reaction (Fig. 1B).

Here we report mechanistic analysis of PglC, a prototypic
member of the dual domain PGT superfamily. The studies reveal
a stepwise ping-pong mechanism and the intermediacy of a co-
valent phosphosugar adduct. We anticipate that the mechanistic
insight provided by this research will fuel further functional and
structural analysis on this important class of glycoconjugate
biosynthesis enzymes.

Results and Discussion

Recent research on the dual domain Campylobacter PGTs (8) forms
the foundation for this study. Although the C. jejuni PglC has been
the subject of the majority of biochemical studies (7, 8, 24), the
Campylobacter concisus enzyme, which shares 72% sequence identity,
has proven to be more tractable to overexpression, solubilization, and
purification, which is critical for mechanistic studies (S Appendix, Fig.
S1). By applying a luminescent PGT assay (25), radioactivity and
mass spectrometry-based approaches, and enzyme kinetic analysis,
we provide insight into the mechanism of this dual domain PGT. The
potential mechanisms of PglC (Fig. 1) can be distinguished by the
timing of UMP release and the intermediacy of a covalent enzyme-
substrate intermediate. Additional complementary information can
be derived from tracer experiments (4, 21) and kinetic analysis (26).

Monitoring UMP Release in the Reaction of PgIC with UDP-diNAcBac.
PglC catalyzes transfer of a-C1’-phospho-D-diNAcBac from the
soluble UDP-diNAcBac donor to the membrane-associated Pren-P
acceptor to afford Pren-PP-diNAcBac and UMP (7, 25). Therefore,
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Fig. 1. Potential mechanisms of PgIC, a prototypic
dual domain PGT. (A) The sequential mechanism in-

Os Op volves formation of a noncovalent ternary complex
featuring both substrates. (B) The ping-pong mecha-
nism involves reaction of an active-site nucleophile
with the a-phosphate of the NDP-sugar substrate in
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step 1 to generate a covalent enzyme-substrate inter-
mediate with release of UMP. In step 2, the covalent
enzyme intermediate undergoes nucleophilic attack by
the second substrate to generate the product. [ENZ-NU
Og represents a reactive nucleophilic functional group
(NU) as part of the enzyme (ENZ) active site.]

measurement of UMP using a luminescence-based assay (UMP/
CMP-Glo; Promega) (25) in the PglC reaction can be applied to
assess the timing of UMP release in the absence of the Pren-P ac-
ceptor, as well as the overall enzyme activity. When 4 pM PglC was
reacted with 80 pM UDP-diNAcBac in the absence of Pren-P,
0.75 uM UMP was generated in 20 min (Fig. 24). The amount of
UMP release was significantly above the lower limits of UMP de-
tection measurable using the UMP-Glo reagent (~0.05 pM) (25)
and corresponded to conversion of 20% of the PglC. Release of
UMP was proportionate to PglC concentration up to at least 10 pM
(Fig. 24, inset) and dependent on the presence of both PglC and
UDP-diNAcBac (Fig. 24). Further analysis showed that UMP re-
lease in the first half reaction, in the presence of 1 uM PglC and
80 pM UDP-diNAcBac, was complete in less than 5 s (SI Appendix,
Fig. S2). The PglC reaction was also carried out in the presence
of a noncognate NDP-sugar, UDP-GIcNAc, which is the pre-
ferred substrate for several other PGTs including WecA (10, 11,
27) and the avian GPT (26, 28). When 4 pM PglC was reacted
with 80 pM UDP-GIcNAc, only a trace of UMP (0.13 uM) was
detected (Fig. 24). This shows that PglC accepts UDP-GIcNAc
as a substrate, albeit with far poorer efficiency relative to UDP-
diNAcBac, and underscores that the UMP release is substrate
dependent and enzyme catalyzed.

The possible copurification of PglC with endogenous Pren-P (29)
was rigorously assessed, as residual Pren-P could account for the
observed UMP release in the reaction of PglC with UDP-diNAcBac,
in the absence of exogenous Pren-P. Radioactivit ;f -based assays
were performed by reacting PglC with UDP-["H]-diNAcBac
(8, 30), wherein contamination with copurifying Pren- P in the PglC
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Fig. 2. UMP release in the reaction of PglC with UDP-diNAcBac. (A) In the

absence of Und-P 0.75 pM, UMP was released in the reaction of 4 uM PgIC
with 80 pM UDP-diNAcBac in 20 min. Under similar conditions, control ex-
periments afforded 0.01-0.13 pM UMP. (Inset) Correlation of UMP release
with PglC concentration (2-10 pM). (B) In the absence of M92+, negligible
UMP (0.04 pM) was produced. When the assay was supplemented with 5 mM
Mg?*, 0.66 uM UMP was released. Assays were carried out in duplicate. Error
bars represent mean + SD.
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preparation would manifest as a transfer of radioactivity from
UDP-[*H]-diNAcBac to Pren-P to generate the organic-soluble
Pren-PP-[ *H]-diNAcBac (7, 8). When 10 uM PglC was reacted
with 65 uM UDP-[*H]-diNAcBac (5.4 mCi/mmol, corresponding
to 12,000 dpm/nmol) and the reaction was extracted with chlo-
roform-methanol, minimal radioactivity (317 + 54 dpm) at a level
comparable to that (315 + 25 dpm) in the organic extract of a
PglC-free control reaction was observed. The radioactivity in the
organic extracts in both experiments was extremely low compared
with the total radioactivity (29 nmol of 65 yM UDP-[’H]-
diNAcBac, 34,800 dpm) supplied in the assay. Together, these
results demonstrate that the PglC in the UMP release experiments
did not contain residual endogenous Pren-P at a level that could
obscure the results. In a complementary experiment, UMP-Glo
was used to quantify the UMP produced in a similar reaction that
also contained 10 pM PglC and 80 uM UDP-diNAcBac. In this
case, 2.2 pM UMP was detected in the reaction. If an equivalent
amount of P-diNAcBac had been transferred to Pren-P in the
radioactivity-based assay, this would have resulted in the transfer of
radioactivity (918 dpm) to the organic extract. Together, these
experiments ruled out the presence of confounding levels of en-
dogenous Pren-P in the purified PglC.

Validation of enzyme homogeneity is critical. Previously,
mechanistic studies on MraY suggested that this polytopic PGT
followed a ping-pong mechanism involving a covalent enzyme—
substrate intermediate (4, 18, 19). This was based on evidence
derived from tracer studies showing exchange of radiolabeled
UMP into the NDP-sugar substrate in the absence of an exoge-
nous Pren-P (18), kinetic analysis (19), and the apparent detection
of an enzyme—substrate covalent intermediate (4). However, these
studies were carried out using crude or partially purified enzyme
preparations, which would have suffered from contamination with
endogenous Pren-P, thus complicating the analyses. Recently,
isotope exchange studies performed on purified WecA and MraY
support a one-step, ternary complex mechanism (21, 22).

UMP release in the first half of the reaction (Fig. 1B) occurs in
the absence of Pren-P, and thus suggests the intermediacy of a
covalent enzyme—substrate intermediate. This result represents a
significant departure from the known mechanisms of the poly-
topic PGT superfamily such as MraY, WecA, and GPT, which
follow a one-step ternary complex mechanism that does not in-
volve a covalent enzyme intermediate (21, 22, 26).

Essentiality of Mg?* in UMP Release in the Reaction of PgIC with UDP-
diNAcBac. Mg>* is an essential cofactor in polytopic PGTs such
MraY (4, 31), WecA (10, 32), and GPT (26, 28), and in dual
domain PGTs such as WbaP (33) and PglC (7). Our recent se-
quence alignment and mutagenesis analyses on dual domain
PGTs (8) highlight an adjacent, highly conserved Asp-Glu dyad
(D92/E93 in C. jejuni and D93/E%4 in C. concisus) as possible
Mg?* coordinating residues that might serve a key function in the
dual domain PGTs. Interestingly, previous biochemical studies
on other PGT mutants have also identified adjacent conserved
acidic residues in the dual domain WbaP (D382/E383) and the
polytopic WecA (D90/D91), and these residues have been im-
plicated in coordinating to Mg** (32, 33).

As proposed for MraY and WecA (4, 21), the essential Mg>*
in PglC may coordinate to the diphosphate of the NDP-sugar
substrate and to acidic residues. In this case, Mg®* coordination
would neutralize the electrostatic repulsion between the nega-
tively charged phosphate and acidic residues, as observed in the
catalysis of phosphotransferase enzymes of the HAD superfamily
(34). Moreover, coordination of Mg”* to the diphosphate group
could assist in substrate orientation for catalysis and also increase
the electrophilicity of the a-phosphate in the NDP-sugar by
polarizing the P-O bond for the subsequent nucleozphilic attack.
Such effects would be reminiscent of the role of Mg** in enzymes
such as phosphoenolpyruvate carboxykinase (35, 36) and DNA
gyrase B (37).

We investigated the essentiality of Mg®* in the PglC reaction
in the absence of Pren-P and in the presence of UDP-diNAcBac

Das et al.

to establish the catalytic relevance of UMP release as an “on
path” process. PglC assays with UDP-diNAcBac were carried out
with apoenzyme and Mg?*-free buffers. Under these conditions,
when assays were carried out using 4 pM PglC and 80 pM
UDP-diNAcBac, negligible UMP release was detected using
UMP/CMP-Glo (Fig. 2B), confirming that UMP release was
Mg**-dependent. On addition of 5 mM Mg**, ~90% of the
enzyme activity was recovered (Fig. 2B). Therefore, Mg** plays
an indispensable role in the half reaction of PglC with UDP-
diNAcBac (Fig. 1B).

Structural analysis of PglC in complex with cofactors and
ligands would be necessary to define the mechanistic course of
the PglC reaction. However, based on precedence with other
Mg**-dependent phosphoryl transfer enzymes, it is likely that the
Mg?* plays a role in activating the UDP-sugar for a-phosphate
nucleophilic attack by the conserved Asp in the Asp-Glu dyad and
that the adjacent Glu residue may assist in UMP release and Pren-P
attack to complete the reaction.

Radioactivity-Based UMP-Exchange Analysis. Tracer studies, pre-
viously used to probe the mechanisms of MraY and WecA (18-21),
were also applied to PglC. Specifically, we examined the reaction of
PglC with UDP-diNAcBac in the presence 5'-[2-'“C] UMP and
absence of Pren-P. Because of the reversible nature of this step,
exogenous UMP should be incorporated into UDP-diNAcBac. To
probe exchange, 10 pM PglC was reacted with 100 pM UDP-
diNAcBac in the presence of 100 pM 5'-[2-'*C] UMP (50 mCi/mmol,
corresponding to 111,000 dpm/nmol) in the assay. After 1 h, the
components of the reaction were separated by RP-HPLC, and the
fractions were quantified by scintillation counting. This analysis
showed exchange of ~50% radioactivity of 5'-[2-'*C] UMP with the
UMP moiety of the UDP-diNAcBac substrate (Fig. 34). In the
absence of PglC, no radioactivity exchange was observed, confirming
that the UMP exchange was enzyme-dependent. Furthermore, in-
cubation of PglC with UDP-GIcNAc in the presence of 5'-[2-14C]
UMP did not reveal significant incorporation of 5'-[2-'*C] UMP into
UDP-GIcNAc (Fig. 34). These studies demonstrate that PglC cat-
alyzes exchange of externally added UMP into UDP-diNAcBac in a
substrate-specific manner in the absence of Pren-P. Overall, these
results diverge from the recent reports on similar tracer experiments
carried out on the polytopic PGTs, which showed that Pren-P was
indispensable for UMP exchange reactions (21).

LC-MS/MS Analysis of the Covalent Enzyme-Substrate Intermediate.
Complementary experiments provide evidence supporting a
ping-pong mechanism for PglC catalysis; however, a unique and
unequivocal feature of such a mechanism is the formation of a
covalent enzyme-substrate intermediate. On the basis of strong
precedent from mechanistic studies on enzymes such as phos-
photransferases (38, 39) and P-type ATPases (40), wherein the
formation of a covalent aspartyl-phosphate has been demonstrated,

A 80000 B UDP-GlcNAC
UmMP
60000 — PgIC + UDP-diNAcBac + 5'-[2-4CJUMP
~—— UDP-diNAcBac + 5'-[2-“CJUMP
= — PgIC +5"-[2-*CJUMP BB
—— PgIC + UDP-GlcNac + 5'-[2-*C]JUMP -GiNAcBac
£ 40000 gl [2-%C]

UDP-diNAcBac

0 4 8 12 16 2 0 4 8 12 B 20

Retention time (min) Retention time (min)

Fig. 3. Radioactivity-based UMP-exchange assays. (A) Incubation of 10 pM
PgIC with 100 pM UDP-diNAcBac in the presence of exogenous 100 pM
5'-[2-"%C] UMP led to incorporation of ~50% radioactivity of 5'-[2-'*C] UMP
into UDP-diNAcBac (black). Control reactions in the absence of the enzyme
(red) or with 100 pM UDP-GIcNAc (magenta) instead of UDP-diNAcBac did
not show radioactivity incorporation. (B) HPLC traces of UDP-GIcNAc, UMP,
and UDP-diNAcBac.
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we hypothesized that a conserved acidic residue of PglC might
serve as an active-site nucleophile in a chemically analogous step.
In this case, nucleophilic attack on the a-phosphate of UDP-
diNAcBac would afford an acyl phosphosugar-enzyme intermedi-
ate. However, although acyl phosphate intermediates are widely
recognized, the corresponding acyl phosphosugar intermediate is
unprecedented and its stability is unknown. To investigate interme-
diacy of a covalent adduct, MS-based experiments were carried out.
Initial studies involved incubation of PglC with UDP-diNAcBac and
direct analysis of the reaction mixture by LC-MS. However, this
approach was unsuccessful for direct detection of a covalent inter-
mediate, potentially as a result of lability under the experimental
conditions. Therefore, a chemical trapping approach, following pro-
tocols used in the study of phosphotransferases (38) was adopted. In
this method, PglC was incubated with UDP-diNAcBac, followed by
treatment of the sample with sodium borohydride (NaBHy). In this
case, the acyl phosphosugar intermediate, if generated, would be
reduced to the corresponding protein-based alcohol, which would be
amenable to protease digestion and MS analysis. Experiments were
carried out by reacting PglC with UDP-diNAcBac, recovering the
protein by precipitation, followed by NaBH, treatment. LC-MS/MS
analysis of the LysC digested samples revealed a modified peptide,
8L IRSLSLDELPQLFNVIK'®, with a molecular weight decreased
by 13.9793 Da (Fig. 4) relative to the mass of the native peptide. This
observation supports reduction of either an aspartyl or glutamyl
phosphosugar derivative to the corresponding alcohol in the unique
PglC peptide. Subsequent fragmentation of the modified peptide and
analysis of the resulting b and y ions (Fig. 4; SI Appendix, Table S1)
allowed identification of D93 as the modified residue. This result
strongly supports D93 as the active-site nucleophile that reacts with
UDP-diNAcBac to generate an acyl phosphosugar enzyme inter-
mediate, which is reduced by NaBH, to generate homoserine. This
finding was consistent among various samples generated by incu-
bating PglC with different amounts of UDP-diNAcBac. MS-based
analysis of samples that had not been exposed to the UDP-sugar did
not exhibit modification of the *’LIRSLSLDELPQLFNVIK'®
peptide (SI Appendix, Fig. S3 and Table S2).

The MS analysis also showed a peak at a later retention time
characterized by a mixed MS/MS spectrum (SI Appendix, Fig.
S4). The peptide-mixture was an order of magnitude less abun-
dant relative to the aforementioned modified peptide (SI Ap-
pendix, Table S3). Interestingly, one of the peptides in the mixture
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Fig. 4. Mass spectrometric analysis of the covalent enzyme-substrate in-
termediate. Analysis was performed on a LysC digest of PglC that had been
reacted with UDP-diNAcBac and then treated with NaBH,. The PglC-derived
peptide ®6LIRSLSLDELPQLFNVLK'®® was identified as the modified peptide
with a mass reduction of 13.9793 Da, which was determined from the ob-
served mass of the peptide 1,043.13 Da (Inset with isotopic masses, z = +2).
The MS/MS spectrum of the peptide exhibited several b and y ions, charac-
teristic of D93 modification in the peptide.
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was also the **LIRSLSLDELPQLENVIK'® peptide with the
same modification on D93. The second peptide was a similar
species, “*LIRSLSLDELPQLFNVIK'®, but with modification
on E94. This observation suggests that in a minor population of
the enzyme, phosphosugar migration may have occurred be-
tween adjacent acidic residues before NaBH, reduction during
sample processing.

Support for a Ping-Pong Mechanism from Kinetic Analysis. Kinetic
experiments were performed to assess the initial rate of PglC-
catalyzed reactions as a function of each of the substrates. For
each reaction, the rate was measured by quantifying UMP pro-
duction using UMP-Glo (25) (SI Appendix, Table S4). The initial
reaction rates were fit to a variety of alternate kinetic mecha-
nisms (SI Appendix, Methods, Figs. S5 and S6, and Tables S5 and
S6 for details of the mathematical and statistical procedures).
Based on a combination of statistical model selection measures
(41-43), including in particular the nonsymmetrical confidence
interval estimation (profile-t) method (44-46) (SI Appendix, Fig.
S7), the ping-pong model was selected as the most plausible
candidate. Adherence to the ping-pong mechanism is graphically
illustrated in Fig. 5 by a set of intersecting straight lines in the
Eadie-Hofstee plot. Together, the analysis suggests that PglC
catalysis very likely occurs through a ping-pong mechanism.
The steady-state kinetic parameters obtained from the global
fitting are ko = 1,540 + 120 min~" (~26 s™'); Kin(una-py = 9.9 +
1.1 pM; Kinupp-diNAcBac) = 22.9 + 2.5 uM (kcal/Km(Unng) =259 x
10° M™"s™" and kea/Kim(upp-dinacBae) = 1.12 x 10° M~1s7h).
Kinetic analyses were performed by using the software package
DynaFit (47, 48).

Conclusions

PGT enzymes catalyze the first membrane-committed step in
biosynthetic pathways of diverse glycoconjugates. The complex
biomolecules produced in these pathways play critical roles in
eukaryotic biology and bacterial survival, communication, and
pathogenesis. The current studies reveal that the mechanism of
PglC, a prototypic dual domain PGT, differs significantly from
that of the polytopic PGTs that have been described to date. For
example, MraY and WecA, members of different families of the
polytopic PGTs, catalyze phosphoglycosyl transfer via the in-
termediacy of a ternary complex (21, 22). In contrast, our studies,
involving several complementary lines of evidence, support a
ping-pong mechanism with the intermediacy of a covalent acyl
phosphosugar enzyme derivative at Asp93 in the C. concisus
PglC. Asp93 is essential for catalysis and features in a highly
conserved AspGlu dyad found in thousands of dual domain
PGTs, including all three identified subfamilies (8). In addition,
we provide clear evidence for the catalytic relevance of a discrete
first step in the PGT reaction by quantifying UMP release and
monitoring exchange of exogenous UMP with the UDP-sugar in
the presence and absence of native substrate, substrate analogs,
and the Mg?* cofactor.

Understanding the mechanism of dual domain PGTs has
fundamental and practical implications. Questions certainly
emerge as to why the PGT superfamilies evolved independently
and whether the existence of PGTs with topologically different
architectures might provide an advantage. Now, experiments can
be designed to probe whether the identity of the PGT might fa-
cilitate recruitment or “sorting” of enzymes and substrates into
specific pathways, providing an advantage with respect to pathway
efficiency and fidelity (49). For example, many bacteria express
polytopic WecA and MraY homologs that catalyze biosynthesis of
Pren-PP-linked glycans on the cytosolic face of the inner mem-
brane, yet in those same bacteria, dual domain PGTs, which are
involved in multistep capsular polysaccharide or glycoprotein
biosynthesis, occur in the same cellular location. It is also in-
triguing that the major biosynthetic pathway in eukaryotes to use a
PGT is the dolichol pathway for N-linked protein glycosylation,
and this pathway exclusively exploits the polytopic PGTs, which
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Fig. 5. Initial rate kinetic analysis of PgIC. Initial rates (v, vertical axis) were
fit to alternative kinetic mechanisms (S/ Appendix, Methods). The best-fit
theoretical curves corresponding to the ping-pong kinetic mechanism are
shown in the Eadie-Hofstee coordinates [horizontal axis: initial rate v divided
by the substrate concentrations (Pren-P)]. The values on the x-axis are mul-
tiplied by 1,000. Symbols and best-fit lines correspond to fixed concentra-
tions of UDP-diNAcBac. The intersection point on the horizontal axis
illustrates the involvement of the ping-pong mechanism.

are WecA homologs. Indeed, the dual domain PGTs seem to be
found exclusively in bacteria (1, 8).

Knowledge of the mechanism of the dual domain PGTs will
also add important insight into inhibitor development, particularly
because these enzymes are as yet structurally uncharacterized.
Pathway-specific dual domain PGT inhibitors would represent
valuable tools for unraveling key glycoconjugate biosynthesis
pathways and potential leads toward the development of thera-
peutic agents to mitigate the virulence of microbial pathogens.

In conclusion, these studies provide an intriguing example of the
evolution of alternative solutions to challenges in catalysis. A challenge
that is, in this case, constrained as the enzymes initiate sequential
biochemical pathways that are localized at the membrane interface.
Evolutionary pressures, including originating from different protein
scaffolds, may have led to the adoption of different PGT reaction
mechanisms in structurally and topologically distinct enzyme
superfamilies.

Materials and Methods

Materials. All standard chemical and biochemical reagents were obtained at
the highest purity possible. The 5'-[2-*C] UMP (Cat. ARC 1230) was purchased
from American Radiolabeled Chemicals, Inc. Ultrapure UDP-GIcNAc (Cat. V7071)
and the UMP/CMP-Glo glycosyl transferase assay reagent were obtained
from Promega.

Expression and Purification of PgIC from C. concisus. PglC was expressed and
purified as described in the S/ Appendix (S| Appendix, Methods and Fig. S1).
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Measurement of UMP Using UMP-Glo. UMP/CMP-Glo (Promega) was used for
measuring UMP, as described previously (25). Briefly, at the end of the re-
action, a 15-pL aliquot was quenched with the UMP-Glo reagent, mixed
gently, and transferred to a 96-well plate (Corning; white, flat bottom,
nonbinding surface, half area). A SynergyH1 multimode plate reader (Bio-
tek) was used to measure luminescence. The 96-well plate was shaken inside
the plate reader chamber at 237 cpm at 25 °C in the double orbital mode for
16 min, followed by 44 min incubation at the same temperature, after which
time the luminescence was recorded (gain: 200, integration time: 0.5 s).
Conversion of luminescence to UMP concentration was carried out using a
standard curve (25).

UMP Release in the Reaction of PgIC with UDP-diNAcBac. Assays were per-
formed with 4 uM PgIC and 80 pM UDP-diNAcBac at room temperature for
20 min in assay buffer containing 50 mM Hepes at pH 7.5, 150 mM Nacl,
5 mM MgCly, 0.1% Triton X-100, and 10% DMSO. PgIC was varied from 2 to
10 uM for measuring the concentration dependence of UMP release. A
similar assay with 1 pM PglIC and 80 uM UDP-diNAcBac was carried out with
quenching at shorter times (5, 15, 30, and 60 s) (S/ Appendix, Fig. S2). Control
assays were performed in the absence of PglC and UDP-diNAcBac, and also in
the presence of 4 uM PgIC and 80 pM of UDP-GIcNAc.

Radioactivity-Based Assays to Investigate the Presence of Pren-P in Purified
PgIC. Assays were performed in quadruplicate in 45 pL volume by reacting
10 pM PglC with 65 pM UDP-[?H]-diNAcBac (5.4 mCi/mmol, corresponding to
12,000 dpm/nmol). The [H] label was incorporated in the C4’-N-acetyl
moiety as described previously (30). Control experiments were carried out in
the absence of PgIC. Reactions were incubated for 20 min at room tem-
perature and then quenched with 1 mL CHCl3:MeOH (2:1). The lower organic
layer was washed thoroughly with 6 x 400 pL PSUP (Pure Solvent Upper
Phase composed of 235 mL H,0O, 240 mL MeOH, 15 mL CHCl;, and 1.83 g
KCl). The resulting organic and aqueous layers were combined with 5 mL
OptiFluor (PerkinElmer) and 5 mL EcolLite (MP Biomedicals) scintillation flu-
ids, respectively, and radioactivity was measured using scintillation counting
(Beckman Coulter LS 6500). The low level of radioactivity observed in the
organic extracts of both reactions is ascribed to the partial solubility of
UDP-[3H]-diNAcBac in the organic phase.

Measuring the Effect of Mg?* on UMP Release. Assays were performed using
PglC that had been treated with Chelex 100 resin (Bio-Rad, Cat. 143-2832,
sodium form) to remove divalent metal ions from the enzyme. A sample of
70 uM PgIC (200 pl) was treated twice with 14 mg resin for 10 min at 4 °C,
followed by centrifugation at 2,000 x g for 2 min to separate the resin. In
addition, the assay buffer (50 mM Hepes at pH 7.5, 150 mM NadCl, 0.1%
Triton X-100, and 10% DMSO) and UDP-diNAcBac solution were treated
with Chelex. Assays were performed in a 15-pL volume at room temperature
for 20 min by reacting 4 pM PgIC with 80 pMUDP-diNAcBac in the presence
of 0.5 mM EDTA to remove any residual Mg>* from the reaction. After the
reaction, samples were boiled for 10 min to inactivate PgIC, cooled to room
temperature, and centrifuged at 14,000 x g for 10 min. The resulting solu-
tions were then supplemented with 0.5 mM Mg®* to saturate the EDTA
before addition of the UMP-Glo reagent to the solutions for UMP mea-
surement. Control assays were also performed with the addition of 5 mM Mg?>*.

Radioactivity-Based UMP Exchange Assays. Assays were performed in 25 pL
volume by reacting 10 pM PgIC with 100 pM UDP-diNAcBac in the presence
of 100 pM 5'-[2-"C] UMP (50 mCi/mmol) for 1 h at room temperature. The
samples were then boiled for 10 min, followed by centrifugation at 14,000 x g
for 10 min to remove the precipitated protein. Separation of a 10-pL aliquot
of the reaction was carried out by RP-HPLC (C18 column, YMC-Pack-ODS-A,
250 x 4.6 nm |.D.; Cat. AA12505-2546WT) on a Waters 600 system coupled to a
UV detector. A buffer containing 50 mM ammonium formate at pH 4.2 was
used as the eluent after a previously reported protocol (21) at an isocratic flow
(1 mU/min). Elution fractions were combined with EcoLite liquid scintillation
mixture (5 mL mixture/mL fraction), and radioactivity was measured using
scintillation counting. Control experiments were performed by systematically
eliminating PgIC or UDP-diNAcBac from the assay. Control assays were also
performed with 10 uM PgIC and 100 pM UDP-GIcNAc in the presence of
100 uM 5'-[2-'4C] UMP.

LC-MS Analysis of PgIC Reaction with UDP-diNAcBac. Assays were performed
by incubating varying amounts of PgIC (4-70 uM) with 100 pMUDP-diNAcBac
in a 25-pL reaction for various times (5 s—20 min) at room temperature. After
the reaction, the samples were analyzed by LC-MS, which involves elution of
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the sample through a C18 column using a water (0.1% TFA): acetonitrile
(0.1% TFA) gradient.

LC-MS/MS Analysis of the Covalent Enzyme-Substrate Intermediate in the PgIC
Reaction. Assays were performed by reacting 100 pL of 70 uM PgIC (160 pg)
with various concentrations of UDP-diNAcBac (70, 140, and 280 pM) at room
temperature for 20 min. A control experiment was also performed in the
absence of UDP-diNAcBac. Assays were quenched with ice-cold trichloro-
acetic acid (to 16%) and kept on ice for 20 min to precipitate the protein. To
complete precipitation, the samples were further incubated at 30 °C for
10 min, followed by incubation on ice for 5 min. The precipitate was sepa-
rated by centrifugation (10,000 x g for 10 min) at 4 °C, washed with 3 x 400 pL
10 mM ice-cold HCI, dried under vacuum, and dissolved in 20 uL DMSO. To
this solution, 15 pL 0.1 M NaBH,4 in DMSO was added and incubated at 30 °C
for 10 min, followed by addition of 1 mL ice-cold perchloric acid (0.44 M). The
mixture was incubated on ice for 30 min, followed by centrifugation at
10,000 x g for 20 min at 4 °C. The resulting precipitate was washed with
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3 x 400 pL 10 mM ice-cold HCl, dried under vacuum, and resuspended in 50-pL
buffer containing 25 mM Tris at pH 8, 1 mM EDTA. Methods for LysC digestion
and LC-MS/MS analysis are detailed in the S/ Appendix, Methods.

PgIC Kinetics. The UMP-Glo assay was used to explore the kinetics of the PglC
reaction. Assays were performed at room temperature for 15 min in 15 pL
volume. A standard PgIC assay contained 0.2 nM PgIC in assay buffer con-
taining 50 mM Hepes at pH 7.5, 150 mM NaCl, 5 mM MgCl,, 0.1% Triton
X-100, and 10% DMSO and combinations of various concentrations UDP-
diNAcBac (2.5-20 pM) and Und-P (3.75-30 pM). Assays were carried out
in duplicate.
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