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Background: UDP-glucose dehydrogenase (Ugd) from E. coli K-12 is reported to be activated by tyrosine phosphorylation.
Results: Ugd displayed NAD substrate inhibition that could be relieved by the addition of a nucleotide triphosphate in the

absence of kinase.

Conclusion: Nucleotide triphosphates are allosteric activators of Ugd.
Significance: Tyrosine phosphorylation is not required for Ugd activation.

UDP-glucose dehydrogenase (Ugd) generates UDP-glucu-
ronic acid, an important precursor for the production of many
hexuronic acid-containing bacterial surface glycostructures. In
Escherichia coli K-12, Ugd is important for biosynthesis of the
environmentally regulated exopolysaccharide known as colanic
acid, whereas in other E. coli isolates, the same enzyme is
required for production of the constitutive group 1 capsular
polysaccharides, which act as virulence determinants. Recent
studies have implicated tyrosine phosphorylation in the activa-
tion of Ugd from E. coli K-12, although it is not known if this is a
feature shared by bacterial Ugd proteins. The activities of Ugd
from E. coli K-12 and from the group 1 capsule prototype (sero-
type K30) were compared. Surprisingly, for both enzymes, site-
directed Tyr — Phe mutants affecting the previously proposed
phosphorylation site retained similar kinetic properties to the
wild-type protein. Purified Ugd from E. coli K-12 had significant
levels of NAD substrate inhibition, which could be alleviated by
the addition of ATP and several other nucleotide triphosphates.
Mutations in a previously identified UDP-glucuronic acid allos-
teric binding site decreased the binding affinity of the nucleo-
tide triphosphate. Ugd from E. coli serotype K30 was not inhib-
ited by NAD, but its activity still increased in the presence of
ATP.

UDP-glucuronic acid (UDPGA)? is an essential substrate for
biosynthesis of several important glycoconjugates. In multicel-
lular eukaryotes, UDPGA is a precursor for the synthesis of
proteoglycans and glycosaminoglycans (1). In both Gram-pos-
itive and Gram-negative bacteria, UDPGA is a substrate in the
production of many bacterial surface glycostructures, including
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capsular polysaccharides (CPSs), secreted exopolysaccharides,
lipopolysaccharides (LPSs), and teichuronic acids. Bacterial
surface glycoconjugates are often critical virulence factors, so
UDPGA synthesis can have a direct effect on bacterial patho-
genicity. For instance, UDPGA is essential for the formation of
hexuronic acid-containing CPSs that often protect bacteria
from phagocytosis (2, 3). It is also required to synthesize 4-ami-
noarabinose, which is used to modify the lipid A core of some
bacterial LPSs, resulting in resistance to polycationic com-
pounds (4). UDP-glucose dehydrogenase (Ugd) is the enzyme
responsible for generating the activated nucleotide sugar from
UDP-glucose (UDPG), coincident with the reduction of NAD
(5). The enzyme is conserved in prokaryotes and eukaryotes (6).
Human Ugd forms a hexameric ternary complex (7) that can be
regulated by feedback inhibition of a downstream product,
UDP-xylose (8). Bacterial Ugd enzymes exist as dimers (9-11).
In recent years, the structures of a few bacterial homologs of
Ugd have been determined, and the kinetics and modes of reg-
ulation have been investigated. In the context of this study, the
structure of Klebsiella pneumoniae Ugd (Fig. 1B), in complex
with substrate and cofactor (11), is particularly important. One
form of regulation that has come under scrutiny is activation of
bacterial Ugd by tyrosine phosphorylation by bacterial tyrosine
kinases (BY-kinase) (12).

Bacterial BY-kinases are frequently found as part of the
machinery catalyzing the assembly of a large and diverse subset
of extracellular polysaccharides (12—14). They are sometimes
found as a domain of a subfamily of polysaccharide co-poly-
merase proteins associated with capsular and exopolysaccha-
ride production systems. These proteins possess a transmem-
brane modulator domain and a cytoplasmic catalytic domain
with tyrosine kinase activity. In Escherichia coli, these two
domains are consolidated into a single polypeptide (designated
Wzc) (15, 16), but the domains are encoded as separate poly-
peptides in Gram-positive bacteria (12). In E. coli capsule sys-
tems, the polysaccharide co-polymerase protein transmem-
brane domain interacts with an octameric outer membrane
channel (Wza) to form part of the export system for completed
polysaccharides (17, 18). The purified BY-kinase domains from
Bacillus subtilis (YwqC, the transmembrane modulator, and
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PtkA, the kinase) have been reported to phosphorylate the B.
subtilis Ugd homolog (Ugdy,) in vitro, resulting in an ~2-fold
increase in Ugdy, activity (19). This result led to the proposal
that phosphorylated Ugdy, is the active form of the enzyme.
Similar experiments implicated phosphorylation in the regula-
tion of Ugd activity in E. coli K-12 (20).

E. coliisolates may contain two BY-kinases. The Wzc protein
is part of the assembly pathway for serotype-specific group 1
capsular polysaccharides, or colanic acid, which is produced by
isolates lacking group 1 capsules, including E. coli K-12 (21).
Colanic acid is an environmentally regulated exopolysaccha-
ride, which is activated by the Rcs regulon (22). Group 1 CPSs
are constitutively expressed virulence determinants (23) and
are encoded by gene clusters that occupy the same chromo-
somal location as the colanic acid genes (24). Consequently,
possession of colanic acid and group 1 capsule assembly
machinery appears to be mutually exclusive. The second BY-ki-
nase, Etk, is encoded at an unlinked locus that is not expressed
in all isolates (25) but can contribute to the formation of group
1 CPSs (26). Etk and Wzc are structural homologs (27, 28).

The ugd gene is located near the colanic acid/group 1 CPS
locus. It has been proposed that Ugd from E. coli K-12 (Ugdy ;)
can be phosphorylated by either Etk or Wzc (29); phosphory-
lation by Wzc is correlated with production of colanic acid,
whereas phosphorylation by Etk promotes the synthesis of
4-aminoarabinose for lipid A modification. This study was ini-
tially undertaken to investigate the possible role of Ugd phos-
phorylation in the production of a constitutively expressed
CPS. In vitro characterization indicated a significant difference
in the activities of the two Ugd homologs; Ugd, _,, displays
significant levels of NAD substrate inhibition, although Ugd
from E. coli serotype K30 (Ugdys,) does not. We could not
establish an obvious role for phosphorylation in modulating
activity of Ugd, but kinetic analyses revealed a novel mecha-
nism of activation that is NTP-dependent.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Conditions—The
bacterial strains and plasmids used in this study are listed in
Table 1. All bacterial cultures were grown at 37 °C in lysog-
eny broth media (30) containing arabinose (0.02—0.1%),
galactose (0.04%), and antibiotics (kanamycin at 50 pug/ml
and/or ampicillin at 100 pwg/ml and/or chloramphenicol at
34 pg/ml), as required. For plasmid nomenclature, ApR,
KmR, CmR, and GmR represent ampicillin resistance, kana-
mycin resistance, chloramphenicol resistance, and gentam-
icin resistance, respectively.

Construction of Chromosomal Deletion Mutants in E. coli
W3110 and E. coli E69—E. coli CW G876, a derivative of E. coli
K-12 strain W3110 containing Awzc Aetk and ugd::kan muta-
tions, was constructed using the ARed recombinase system (31)
in a multistep process. Each gene was first completely replaced
with a kanamycin resistance cassette, and then the cassette was
excised using the pCP20 helper plasmid (32), before subsequent
genes were deleted. The kanamycin resistance cassette was not
removed from the chromosome in the final mutant strain as the
marker had no bearing on subsequent experiments. Gene dele-
tions were confirmed by PCR.
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TABLE 1
Bacterial strains and plasmids
Description Ref.
Strains

E.coli $80d deoR lacZAM 1S endAl recAl

DH5«a hsdR17 (rie my ) supE44 thi-1 gyrA96
relAl A (lacZYA-argF)U169 F~

E. coli Prototroph, serotype O9a:K30:H12 L. Orskov

E69

E.coli F~ A" IN (rruD-rrnE)1 rph-1

W3110

CWG285  E69 wzcysy:aacCl; wza,,,,,:aadA (polar 26
on etp and etk); Gm~, Sp*

CWG875  E69 AgalE ugd:aaCl; Gm® This study

CWG876  W3110 Awzc Aetk ugd::kan; Km® This study

Plasmids

pBAD18, Arabinose-inducible expression vectors; 56

pBAD24, Km"® or Ap® or Cm"®

pBAD33

pWQ173 Allelic exchange suicide vector with pheS 23
gene; Cm®

pWQ500 pHC?79 derivative containing E. coli E69 57
chromosomal region surrounding
resArczor AP®

pWQ629 pUC19 derivative containing E. coli E69 37,58
chromosomal region surrounding
ugdeso

pWQ728 pWQ173 derivative containing ugd;,, This study
interrupted with gentamicin resistance
cassette at Sacl site; Gm®, Cm~®

pWQ729 pBAD24 derivative expressing This study
His,-Ugd, ;. Ap®

pWQ730 pBAD24 derivative expressing This study
Hiss-Ugdicsor APR

pWQ731 pWQ729 derivative containing Y71F This study
mutation; Ap®

pWQ732 pWQ730 derivative containing Y71F This study
mutation; Ap®

pWQ733 pWQ729 derivative containing K323A This study
mutation; Ap®

pWQ734 pWQ729 derivative containing R324A This study
mutation; Ap®

pWQ735 pWQ729 derivative containing KR — AA  This study
mutations at residues 323-324; Ap®

pWQ736 pBAD18 derivative expressing This study
Hisg-Wzey ., residues 447-704; Ap®

pWQ737 pBAD18 derivative expressing This study
Hisg-Wzcy,, residues 447-704; Ap®

pWQ738 pBAD33 derivative expressing This study
His,-Ugd, ;5 Cm®

pWQ739 pBAD33 derivative expressing This study

Hisg-Ugdycso; Cm®

Mutation of ugd in E. coli serotype K30 affected growth of the
organism, presumably due to the accumulation of incomplete
capsular polysaccharide repeat units. This led to the accumula-
tion of second-site suppressor mutants, as seen in comparable
biosynthetic systems (33, 34). To make CWG875, an E. coli
serotype K30 (strain E69) derivative with a ugd deletion, the
galE gene was first deleted to generate a strain where K30 cap-
sular polysaccharide production was conditional. GalE (UDP-
galactose-4-epimerase) is required for synthesis of the precur-
sor for the galactose residues for the K30 repeat units, one of
which is the first sugar of the repeat unit (35). The deletion of
galE stops the synthesis of the CPS at the initial step of building
the repeat unit on a carrier lipid thereby preventing the produc-
tion of any synthesis intermediates whose accumulation could
affect cell fitness and/or survival. To provide permissive condi-
tions for K30 antigen production, the absence of GalE is over-
come by addition of galactose to the growth medium (36). The
galE gene was replaced with the kanamycin resistance cassette
using the ARed recombinase system, and the cassette was
excised, as above. The ugd,;, gene was disrupted with a gen-
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tamicin resistance cassette, using a suicide delivery vector
(pWQ173), using a method reported elsewhere (23). Under
nonpermissive conditions for CPS synthesis, the #gd mutation
was tolerated. This provided a background where function of
plasmid-encoded Ugd proteins could be tested in vivo based on
their ability to restore CPS production under permissive
conditions.

Amplification and Mutagenesis of ugd Gene—The ugd ,,
gene was PCR-amplified from E. coli DH5« genomic DNA with
primers JB2 and JB6 that incorporate the coding sequence for
an N-terminal hexahistidine (Hisy) tag. The resulting PCR
product was cloned into pBAD24 to generate pWQ729. The
ugds, gene was amplified from pWQ629 (37), incorporating
the His, tag and cloned into pBAD24, generating pWQ?730. The
QuikChange mutagenesis protocol (Stratagene/Agilent Tech-
nologies) was used to make site-directed mutants of Ugdy ,,
and Ugd,,,. Mutagenic primer pairs (primer sequences avail-
able upon request) were synthesized by Sigma, and DNA was
amplified using Pfu Ultra DNA polymerase (Stratagene/Agilent
Technologies). Mutations were confirmed by DNA sequencing
at the Advanced Analysis Centre (University of Guelph).

DNA fragments encoding His,-tagged Ugdy ;, and Ugd,,
were excised from pWQ729 and pWQ730, respectively, by
digestion with BamHI and HindIIl and then cloned into
pBAD33 producing pWQ738 and pWQ739, respectively.
These pPBAD33-based plasmids were compatible with the rcsA-
containing pWQ500 for co-transformations of W3110.

Ugd Purification—His,-tagged Ugd,_;, and Ugd,,, proteins
were expressed and purified primarily from CWG876 (excep-
tions to this are noted where relevant). Overnight cultures were
diluted 1:50 into 1 liter of lysogeny broth media and grown at
37 °Ctoan Agyo = 0.4-0.6, at which time arabinose was added
to a final concentration of 0.02%. After 3 more hours of growth
at 37 °C, cells were collected by centrifugation at 5,000 X g for
10 min at 4 °C. Cell pellets were resuspended in 20 mm sodium
phosphate, pH 7.0, containing Complete Mini, EDTA-free pro-
tease inhibitor tablets (Roche Diagnostics), RNase (0.375
mg/ml, Roche Diagnostics), and DNase (0.375 mg/ml, Roche
Diagnostics). The cells were then lysed by sonication. After cen-
trifugation (1 h at 100,000 X g) to remove cell debris and unbro-
ken cells, the lysate was incubated with nickel-nitrilotriacetic
acid resin (Qiagen) for 1 h with mixing at 4 °C. The resin was
poured into a column, and the flow-through was collected.
Loosely bound proteins were removed with sequential washes
of Buffer A (50 mm Tris-HCI, pH 7.5, 300 mm NaCl, 10 mm
B-mercaptoethanol, and 10% glycerol) containing increasing
concentrations of imidazole (10 and 40 mm). Ugd was then
eluted with Buffer A containing 250 mm imidazole. The elution
buffer in the protein samples was replaced with Buffer B (50 mm
Tris-HCI, pH 7.5, containing 100 mm NaCl, 1 mm EDTA, 1 mMm
DTT, and 10% glycerol) by passage over a PD-10 desalting col-
umn (GE Healthcare). Protein concentration was determined
using protein assay (Bio-Rad).

Ugd Activity and Kinetics Analysis—The UDP-glucose dehy-
drogenase activity of Ugd was measured using a version of a
spectrophotometric assay (38), modified to facilitate the use of
96-well plates. The dehydrogenase reaction contained Buffer C
(100 mm glycine, pH 9.5, 100 mm NaCl, 0.1 mg/ml acetylated
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BSA, and 10% glycerol). NAD and UDPG were varied as
required (maximal concentrations were 5 mm for both). Reac-
tions were monitored by absorbance at 340 nm in a tempera-
ture-controlled BMG FLUOStar OPTIMA plate reader. K,
K, and V,_, values were calculated using the GraphPad
Prism4 software program (GraphPad Software, Inc.), by fitting
the data to the equation ¥ = VX (K, + X«(1 + X/K,))),
where Y is the enzyme velocity; X is the substrate concentra-
tion; V., is the maximum enzyme velocity; K,,, is the Michae-
lis-Menten constant, and K; is the substrate inhibition con-
stant. K,, and K; values are expressed in the same units as the
substrate concentration (X). Reactions were performed in trip-
licate (unless otherwise noted).

For pretreatment with kinase, nucleotides, and/or cation
additives, purified Ugd (1 pg of Ugd per 125 ul reaction) was
incubated for 10 min at 37 °C with the appropriate additive in
the presence of Buffer B. To measure the dehydrogenase activ-
ity, 30 ul of the pretreatment reactions (or an equivalent con-
centration of Ugd) was combined with reaction mixture in a
final volume of 200 ul.

SDS-PAGE and Western Blotting—Proteins were examined
by SDS-PAGE using 10% resolving gels. K30 CPS production
was monitored by immunoblotting of proteinase K-treated
whole-cell lysates (39). SDS-PAGE and immunoblotting with
anti-K30 antibodies (40) were performed as described previ-
ously (41).

In Vivo Phosphorylation Status of Ugd—Production of cola-
nic acid was induced in wild-type E. coli K-12 strain, W3110,
with the introduction of plasmid pWQ500, encoding the tran-
scriptional regulator ResA (57). Overexpression of His,-tagged
Ugd proteins (encoded on plasmids pWQ738 and pWQ739) in
cells carrying pWQ500 was also done to improve the detection
of a potential tyrosyl-phosphorylated Ugd. Cell lysates were
separated by SDS-PAGE, and proteins were visualized by
immunoblotting with antibodies specific to phosphotyrosine
(PY20, Sigma).

Structural Model of Ugd, ,,—The model of Ugd, ;, was
generated by SWISS-MODEL using the “automated mode.”
The template was provided by the structure of the protein from
K. pneumoniae (Ugdy,) in complex with NAD and uridine
5’-monophosphate (PDB 3PLR (11)). To obtain a better repre-
sentation of a molecule of UDPG in the active site, the structure
of Ugdy, in complex with UDPGA (PDB 3P]G) was aligned to
the Ugdy ,, model by PyMOL (PyMOL Molecular Graphics
System Version 0.99rc6, Schrédinger, LLC), and an oxygen
atom on C6 of the glucose moiety of UDPGA molecule was
removed.

RESULTS

Ugd, ,» Can Functionally Replace Ugd ., in Biosynthesis of
K30 CPS—The Ugd proteins from E. coli K-12 and the K30
serotype strain, E69 (hereafter referred to as Ugdy ;, and
Ugd, 5, respectively), are recently diverged homologs sharing
82% sequence identity and 93% similarity (Fig. 1A). Both pro-
teins possess the Tyr-71 residue, which is the proposed site of
tyrosine phosphorylation in Ugd, ;, (29). However, there is
some sequence diversity in the region of this residue (Fig. 1A4),
giving rise to the possibility that the two proteins may differ in
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FIGURE 1. Sequence alignment and complementation of CWG875 by Ugd,_,, and Ugd,,. A, amino acid sequences were aligned by Clustal (59). Identical
and similar residues are highlighted in black and gray, respectively (by Boxshade). The proposed site of tyrosine phosphorylation (Tyr-71) isindicated by a green
asterisk. Lys-323 and Arg-324 are indicated by yellow and blue asterisks, respectively. B, model of Ugdy_,, displayed as a dimer (protomers colored light blue and
pink). NAD (red sticks), UDPG (purple sticks), and tyrosine 71 (green sticks) are displayed. Lys-323 and Arg-324 are colored yellow and blue, respectively. C, surface
representation of the model of Ugdy_;, colored as in B. D,immunoblotting of proteinase K-treated cell lysates of CWG875 expressing Ugd homologs (and Y71F
mutants of each) probed with antibodies specific for the K30 capsular polysaccharide. See Table 1 for plasmid assignments. Plasmid pBAD24 was used for

sample labeled vector.

either the efficiency or the effects of phosphorylation at this
position. Activity of Ugd,, is required for the production of
K30 CPS in E. coli E69, so CPS production from a ugd deletion
strain reflects the in vivo functioning of plasmid-encoded Ugd
proteins. An additional AgalE mutation in this background
made CPS production conditional on addition of galactose to
the growth medium (see “Experimental Procedures”).

Expression of His,-tagged Ugd, ;, restored K30 CPS pro-
duction in CWG875 (AgalE Augd), as shown by immunoblot-
ting cellular extracts with K30-specific antibodies (Fig. 1D).
Therefore, any regulatory elements required for Ugd, ,, are
met in the group 1 capsule-producing background. Surpris-
ingly, a Tyr — Phe mutation at the proposed site of phosphory-
lation, Tyr-71, did not have any detectable effect on the ability of
Ugdy _;, to function in K30 CPS synthesis. In previous reports, a
Ugdy ;, Y71F mutant showed very low activity in vitro (29).
In addition, when examined in an E. coli K-12 background
where colanic acid expression was activated, the Y71F
mutant protein resulted in drastically reduced levels of cola-
nic acid and a corresponding loss of the mucoid colony phe-
notype. In CWG875, the Tyr-71 residue of Ugd,, was also
not essential for K30 CPS production. In the context of a
constitutively expressed capsular polysaccharide, the pro-
posed phosphorylation site of Ugd was therefore not
required in either of the Ugd homologs.

Ugd Is Active in the Absence of Phosphorylation—These
results suggested that either redundant phosphorylation sites
exist or that Ugd phosphorylation is not required for K30 cap-
sule production. To rule out the possibility of phosphorylation

S
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occurring on a different residue in Ugd, the genes encoding the
only two known BY-kinases in E. coli K-12 were deleted to gen-
erate strain CWG876 (W3110 Awzc Aetk ugd::kan). The dehy-
drogenase activities of purified Ugd proteins isolated from
CWG876 were analyzed at fixed substrate concentrations (Fig.
2A). Consistent with the in vivo activities of the Y71F mutants,
both Ugd homologs expressed in the kinase-deficient back-
ground were enzymatically active, although the activity of
Ugdy ,, was considerably lower than Ugd,,. The activity of
Ugdy ,, isolated from CWG875 (i.e. a BY-kinase-positive
strain) was indistinguishable from the same protein prepared
from the kinase-deficient background. Furthermore, we could
not detect any phosphorylation of Ugdy ,, in vivo in E. coli
under conditions where the wzc kinase gene was derepressed
and colanic acid production was activated by the overexpres-
sion of the transcriptional regulator RcsA (data not shown).
Ugd Activity Is Stimulated by Triphosphate Esters—It was
previously reported that incubation of Ugdy ;, with the kinase
domain of Wzc and ATP resulted in a modest increase in Ugd
activity (20). We observed similar results (data not shown), but
this was inconsistent with the results described above. To
investigate this phenomenon in more detail, the contents of the
phosphorylation reactions were examined systematically. Sur-
prisingly, an ~6-fold increase in Ugd,_,, activity was observed
when only ATP was added to the reaction (Fig. 2A4). A substan-
tial increase in Udg,, activity was also observed when ATP
was added, but in this case, the increase was not as large, possi-
bly because Ugd,5, has a higher basal activity than Ugd_;,. To
rule out the possibility that enzyme activation resulted from
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FIGURE 2. Activation of Ugd dehydrogenase activity. A, activities of Ugdy_,, and Ugds, purified from CWG876 were monitored over 10 min in the presence
or absence of 1 mm ATP, at fixed concentrations of 5 mm NAD and 5 mm UDPG. The activity of Ugdy_,, purified from CWG875 was included as a control for a
BY-kinase-positive strain. B, other nucleotides and pyrophosphate were tested for the ability to affect Ugdy_,, activity. All were added to a concentration of 1
mm. The slope of a line produced by plotting the A5, versus time (as in A) was calculated and normalized to the “no additive” reaction, which was arbitrarily set
to 100%. All reactions were tested in triplicate (except for the Ugdys, reaction, which was done in duplicate), and standard deviations are shown as error bars.
The NAD and UDPG substrates were fixed at 5 mm for all reactions (except for the reaction with added UDPG).

trace amounts of phosphorylation by the activity of a contami-
nating kinase, the effect of AMPPNP was examined. This non-
hydrolyzable analog of ATP also caused an increase in the activ-
ity of Ugdy ,,, although to a lower extent than ATP (Fig. 2B).
Other nucleotides were tested for the ability to activate Ugd,.
12; all of the tested nucleotide triphosphates (including dATP)
were able to increase the activity of Ugdy ,,. In contrast, nucle-
otide diphosphates and the nucleotide sugar substrate, UDPG,
did not affect the activity. Consistent with product inhibition
observed with other Ugd homologs (11, 42), UDPGA caused a
decrease in Ugdy_;, activity. As any tested NTP (or ANTP) was
able to cause the activity increase, and NDP was not able to
activate, the triphosphate ester moiety appears to be the shared
“activating” feature. Highlighting the importance of the phos-
phate groups, pyrophosphate was able to increase the activity to
an intermediate level (on par with AMPPNP).

Kinetic Parameters for Ugd Dehydrogenase Activity—The
demonstrable lack of requirement for a kinase in Ugd activation
indicated that there is some other underlying mechanism for
the NTP-dependent activation of Ugd,_;,. To investigate this
further, the kinetics of the enzyme were analyzed. At a fixed
UDPG concentration, the dehydrogenase activity of Ugd, ;,
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FIGURE 3. NAD kinetics for Ugdy_,, and Ugd,,. The initial reaction veloci-
ties of Ugdy_;, and Ugd,, were calculated over a range of NAD concentra-
tions at a fixed UDPG concentration (5 mw). Lines representing the best fit of
substrate inhibition kinetics were plotted for both homologs. Error bars rep-
resent the standard deviation of reactions done in triplicate.

decreased at NAD concentrations above 1 mm (Fig. 3), indicat-
ing substrate inhibition. A kinetic model that includes substrate
inhibition gave a satisfactory fit for the plot of activity versus
NAD concentration and resulted in a calculated K ; for NAD of
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TABLE 2

Kinetic parameters for NAD of Ugdy_,, and Ugd,;, isolated from
CWG876

Keat K., K.
st mum mm
Ugdy 1, 7.1*05 0.62 £ 0.07 1.4 *0.2
Ugd,cso 4.2 *0.2 0.31 £0.03 87+ 16
Ugdc ;, Y71F* 7.3 09 0.50 £ 0.10 14 +0.3
Ugdy ;, K323A 2.7 +0.2 0.43 £ 0.05 2.8+ 04
Ugdycy, + [ATP] (um)
25 59+ 04 0.45 £ 0.05 2.6 +0.3
50 6.2 £04 0.62 = 0.06 2.8 04
100 53%+02 0.45 £ 0.03 54 *= 0.7
250 51*+0.3 0.45 £ 0.04 134 + 3.7
500 5002 0.35 £ 0.03 249 +79
750 56 *0.3 0.44 £ 0.04 30.9 £15.2
1000 5502 0.38 £ 0.03 474 *=27.0

“Ugdy_1, Y71F was tested in duplicate; all others were tested in triplicate.

TABLE 3

Kinetic parameters for NAD of Ugd,_,, isolated from wild-type and
BY-kinase deletion strains

Keat K, K

st mm mm
Wild-type E69 57+ 04 0.45 = 0.05 1.3 0.2
CWG285 54+ 04 0.35 = 0.04 1.5*+0.2
Wild-type W3110 6.1 04 0.45 = 0.04 19*0.2
CWG876 7.1%0.5 0.62 = 0.07 1.4 *£0.2

1.4 = 0.2 mm (Table 2). Conversely, the activity of Ugdy,
reached a plateau at high concentrations of NAD, and the
resulting plot conformed more closely to classical Michaelis-
Menten kinetics. When analyzed with a substrate inhibition
model, the Ugd, 5, K; for NAD was five times higher than that
for Ugdy ;, (Table 2). In summary, there may be some NAD
substrate inhibition for Ugdy,, but it plays a relatively minor
role at the concentrations used in these experiments. The other
kinetic parameters were relatively similar for the two homologs
(see Table 2). Additionally, Ugd, ,, purified from wild-type
serotype K30 and wild-type W3110 (both of which contain
endogenous etk and wzc genes) showed kinetic parameters vir-
tually identical to Ugdy_,, purified from related BY-kinase dele-
tion strains, CWG285 and CW G876 (Table 3).

Consistent with the ability of the Y71F mutant of Ugdy ,, to
substitute in vivo for wild-type protein, the kinetic parameters
of this mutant were similar to the wild-type protein (Table 2).
However, the purified Ugdy ;, Y71F mutant protein was highly
prone to aggregation and loss of activity in the absence of glyc-
erol in the reaction buffer (Fig. 4). To overcome any potential
problems with aggregation, glycerol was included in the buffers
in all of the experiments presented here (unless otherwise
noted).

To determine whether the NTP-dependent activation of
Ugdy_;, influenced the kinetics of the dehydrogenase, the NAD
reduction kinetics were analyzed in the presence of increasing
ATP (Fig. 5). As the concentration of ATP increased, the sub-
strate inhibition due to NAD diminished, resulting in a corre-
sponding ATP-dependent increase in K; for NAD (Table 2). At
higher ATP concentrations, the activity plot for Ugdy_;,
appeared to follow Michaelis-Menten kinetics. Replacing ATP
with AMPPNP or pyrophosphate had a similar effect on the
NAD substrate inhibition (data not shown), consistent with the
observation that this effect is not specific to ATP.
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FIGURE 4. Stability of Ugdy_,,. Wild-type and Y71F mutant Ugdy_,, proteins
were incubated at 37 °C in the presence/absence of glycerol (gro, 10% v/v
final concentration) for the times indicated. Samples were subjected to cen-
trifugation at maximum speed (16,100 X g) for 5 min in a microcentrifuge.
The resulting supernatants were separated by SDS-PAGE and stained with
Simply Blue (Invitrogen).
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FIGURE 5. ATP addition removes the NAD substrate inhibition of Ugdy_,,
in a concentration-dependent manner. The substrate inhibition kinetics of
Ugdy_,, were monitored and plotted, as in Fig. 3, with increasing ATP concen-
trations. There was an outlier at 100 um NAD for the 750 um ATP run that was
removed.
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During assay optimization, it was found that the inclusion of
MgCl, in the reaction buffer could reverse the NTP-dependent
activation of Ugdy ;,, in a concentration-dependent manner
(Fig. 6A). This was not specific to Mg>" as a similar effect was
found for other divalent cations, including Ca®>*, Mn>", Zn*>™,
and Ni** (data not shown). Monovalent cations did not affect
Ugdy ,, activity (data not shown). Chelating the divalent cation
with EDTA (Fig. 6) (or EGTA, data not shown) restored the
NTP-dependent activation of Ugdy ;.

Mutagenesis of a Putative Allosteric Binding Site on Ugdy ,,—
The structure of Ugd from K. pneumoniae NTUH-K2044
(Ugdy,) has been determined (11). Ugd,,, shares 83% sequence
identity and 93% sequence similarity with Ugd,_,, and only
differs from Ugd,3, by three amino acids. The Ugd,,-UDPGA
complex structure (PDB 3PJG) contained an additional mole-
cule of UDPGA bound at a second site, distinct from the cata-
Iytic site. This second UDPGA-binding site lies between the
C-terminal Rossmann fold domain (UDP-glucose binding) and
the helical subdomain linking this domain to the N-termi-
nal NAD-binding Rossmann fold domain (11). In the Ugd,,-
UDPGA structure, the conformations of Cys-253, Lys-256, and
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FIGURE 6. Effect of ATP, Mg2™*, and EDTA on Ugd,_,, activity. The activity
of Ugdy_,, was calculated relative to the no additive control, as in Fig. 2B,
with increasing ATP, Mg?*, and EDTA. All reactions were performed in
triplicate.

Asp-257, all critical for catalysis (60, 61), were shifted out of the
catalytic site, and this state of Ugd was therefore proposed to
represent the structural state of the enzyme under conditions of
known product inhibition (11). Because UDPGA, NAD, and the
various nucleotide triphosphates share a common nucleotide
structure, it is reasonable to hypothesize that all of these mole-
cules share a single allosteric binding site. This site is defined by
the presence of a cluster of basic residues, including Lys-323
and Arg-324 of Ugd,, (Fig. 1C), which hydrogen bonds to the
pyrophosphate linkage of UDPGA. Each of these critical basic
residues was replaced (individually and together) with alanine.
The R324A single and KR — AA double mutants of Ugd, ;,
purified in much lower amounts relative to wild type; they were
prone to degradation and had negligible activity (data not
shown). However, the K323A mutant purified similar to wild-
type Ugdy_;,, with respect to both yield and stability (data not
shown). NAD kinetics for the K323A mutant were similar to
wild-type Ugdy ,, (Table 2), albeit with a slightly lower k_,,.
When NAD and UDPG were kept constant and ATP was var-
ied, a velocity versus ATP concentration plot generated curves
that fit Michaelis-Menten kinetics for both the wild-type and
K323A mutant proteins (data not shown). The maximal veloc-
ities were similar (k. = 4.6 = 0.1 and 3.3 £ 0.2 wmol of
NADH/min/mg for wild-type and K323A mutant proteins,
respectively) but the ATP concentration at one-half the maxi-
mum velocity was about 6-fold higher for the K323A mutant
(Ky, = 0.14 £ 0.01 and 0.83 £ 0.16 mm ATP, wild-type and
mutant proteins, respectively). The higher Ky, value caused by
the K323A mutation could therefore be explained by a lower
binding affinity for ATP compared with Ugd, ..

DISCUSSION

Ugd synthesizes a critical precursor for the biosynthesis of
many bacterial glycans. Although the Ugd homologs from two
strains of E. coli share a high degree of sequence conservation,
they show different kinetic properties; substrate inhibition due
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to NAD was only a significant factor for Ugdy_;,. The kinetics of
Ugdy;o could be modeled to include NAD substrate inhibi-
tion (Fig. 3 and Table 2), but the inhibitory effect was very
limited for this homolog and is unlikely to have a profound
effect on its in vivo activity. The measured cellular concen-
tration of NAD in E. coli is in the range of 0.8-1.5 mm
depending on the growth phase (43), which is at or slightly
below the K; NAD for Ugdy_;, (1.4 = 0.2 mM). The inhibi-
tory effect of NAD at these cellular concentrations will likely
impinge on Ugd,_,, activity.

In previous studies, purified, nonphosphorylated Ugdy ;,
was found to have relatively low basal activity (20, 29), but the
reaction buffers for those experiments included 5 mm NAD.
Based on the kinetic data presented here, the low basal activity
could be explained by the substrate inhibition due to the high
levels of NAD in the reaction mixtures. Lacour et al. (29) also
found that Ugd,_,, Y71F was folded properly but was almost
completely inactive. In this study, inclusion of glycerol in the
reaction buffers was essential to stabilize the Y71F mutant and
maintain activity. Under these conditions, the mutant and wild-
type enzymes possess comparable kinetic properties (Table 2),
including NTP-dependent activation

The mechanism of NAD substrate inhibition is not known
for Ugdy_,,. There are several models available to explain sub-
strate inhibition (44), but one attractive model for Ugd ,
invokes the possibility that multiple molecules of NAD enter
the active site. The structure of Ugdy, (which shares 93%
sequence similarity with Ugdy_;,) has been solved from a co-
crystal of the enzyme with NAD, revealing that the binding
pocket for NAD is relatively open (11). At high concentrations
of NAD, multiple molecules of the cofactor may fit into the site
in nonproductive geometries, giving rise to the observed
decrease in dehydrogenase activity. Ugd,, shares a higher
degree of conservation with Ugd,,, (differing by only three
amino acids), consistent with the proposal that the capsule bio-
synthesis/export genes lie in a region that may have been hori-
zontally transferred between E. coli and K. pneumoniae (24).
Ugd,, is much less susceptible to NAD substrate inhibition, so
the open binding site as observed in Ugd,,, is not sufficient by
itself to cause substrate inhibition. Additional structural differ-
ences in the Ugd_;, NAD binding pocket may account for the
observed differences in substrate inhibition. However, binding
of NAD to an allosteric site that negatively impacts the catalytic
site is another possible mechanism to explain the substrate
inhibition of Ugd,(_;,.

Allosteric regulation of Ugd is a well established phenome-
non. In particular, Ugd,, shows product inhibition by UDPGA,
where UDGPA binds a second pocket adjacent to the catalytic
site, and reorganizes several key catalytic residues (11). The
compromised binding of ATP (and, to a lesser extent, NAD) in
the UDPGA allosteric site of the K323A mutant argues that all
three effectors share a common, or overlapping, binding site(s).
In particular, it is interesting to note that the uracil-binding
portion of this pocket interacts with the nucleotide via Phe-345
and the aliphatic portion of Lys-323, but the pocket does not
form hydrogen bonds directly to the nucleotide and is suffi-
ciently open that pyrimidines or purines should be accommo-
dated. This suggests a model where diverse nucleotides can
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Lys323
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FIGURE 7. Conceptual model for Ugd regulation. A, in the presence of high concentrations of UDPGA or NAD (shown), these molecules can bind in the
regulatory site. Through interactions with residues such as Lys-256 and Asp-257, the mobile loop, including a11, is stabilized in a conformation where Cys-253
is misplaced from the catalytic site, resulting in a conformation that is not competent for turnover (this conformation is seen in UDPGA-bound Ugd,,, PDB 3PJG
(11)). B, if a nucleotide triphosphate is bound in this site (ATP depicted), then interactions mediated by the y-phosphate with residues on a11 (most likely
Lys-256 and Lys-259) stabilize this region as a long a-helix in an alternative conformation. This conformation is seen in NAD plus UDP-bound Ugdy,, (PDB 3PLR
(11)), except that ATP was modeled in analogy to the second UDPGA in 3PJG. In this conformation, Cys-253 is correctly positioned for attacking the aldehyde
moiety of UDPG, and catalysis can proceed. Note that this conformation is likely also stable in the absence of NTP binding, as catalysis is not dependent upon

the presence of NTPs under low NAD concentrations.

bind at this site, with one of two potential effects. Binding
UDPGA or NAD results in the preferential stabilization of the
catalytic loop in a conformation incompatible with efficient
turnover (Fig. 7). Alternatively, binding of ATP or related tri-
nucleotides may fail to stabilize the unproductive conforma-
tion of this loop, while still competing with NAD and
UDPGA for the same binding site. Interactions formed by
Asp-257 and Lys-259 with the sugar hydroxyls of UDPGA
(and possibly also the ribose of NAD) may be critical deter-
minants in whether the unproductive conformation of the
catalytic loop is stabilized. Differences in susceptibility to
inhibition may reflect the relative stability of the catalytic
loop in its two possible conformations.

Kinetic analysis of Ugd,_;, demonstrated that the NTP-de-
pendent activation and NAD substrate inhibition were linked,
i.e. the addition of NTP offset the effect of substrate inhibition
in a concentration-dependent manner (Fig. 5 and Table 2). The
NTP-dependent activation was not nucleotide base-specific as
both UTP and ATP could activate Ugd,_;,. The lack of activa-
tion with NDP addition indicated that the triphosphate moiety
was important. However, because pyrophosphate was shown to
act as a moderate activator, it is conceivable that only the ter-
minal diphosphate (8- and 7y-phosphates of the NTP) is
required. An alternative model is that the third phosphate is
required to compensate for unfavorable interactions mediated
by the nucleotide. Divalent cations greatly reduce the effective-
ness of ATP in relieving inhibition, probably because the NTP-
cation complex lacks sufficient electronegativity to bind favor-
ably in the highly electropositive binding pocket.

The concentration of ATP required to remove substrate
inhibition is lower than the reported intracellular concentra-
tion of 3 mm for E. coli (45), so it is likely that any substrate
inhibition of Ugdy_;, would be diminished in vivo, especially
considering that the source of stimulation is not confined to
ATP (Fig. 2B). However, confidently assessing the contribu-
tions is difficult because the competing effects are further com-
plicated by the concentration of free Mg>* in E. coli (reported
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to be between 1 and 2 mm (46)), which would at least partly
attenuate the NTP-dependent stimulatory effect. Any local var-
iation in the concentrations of ATP and Mg>" (and NAD) in the
microenvironments of Ugd, ;, could also exert an effect. In
essence, small alterations in the local concentrations for any of
these molecules could enable the modulation of Ugd activity
affecting the production of UDPGA and subsequent down-
stream products (e.g. extracellular polysaccharide).

The data reported here indicate that, in contrast to previous
publications (20, 29), phosphorylation of Tyr-71 is not required
for Ugd activity. The structure of Ugd,, (which shares high
sequence identity with Ugdy_;,) positions Tyr-71 relatively
deep within the NAD-binding site (Fig. 1C) (11). There is some
evidence that BY-kinases bind their substrates as extended pep-
tides. In the crystal of the tyrosine kinase domain of the Staph-
ylococcus aureus Wzc homolog, CapB, the tyrosine-rich C ter-
minus of one monomer adopted an extended conformation to
bind in the active site of an adjacent monomer (47). Therefore,
phosphorylation of Tyr-71 in Ugd would require local unfold-
ing to place the tyrosine in the catalytic site of the kinase.
In contrast, phosphorylation of UDP-N-acetylmannosamine
dehydrogenase (Cap50) by the Cap5B BY-kinase from S.
aureus occurs at a tyrosine residue that is surface-exposed in
the solved structure (48). The activity of the modified enzyme is
increased 2—3-fold above the basal (unmodified) level. The Ugd
homolog from B. subtilis (Ugdy,) could be phosphorylated in
vitro leading to an increase (2-fold) in dehydrogenase activity
(19). Although no structure is available for Ugdy,, a structural
model generated by structure-based sequence alignment
located the proposed tyrosine residue on the surface of the pro-
tein (49), potentially making it accessible to kinase. Consistent
with this, phosphorylated Ugd;, was identified in a phospho-
proteomics study (50), although it was not clear if it was the
tyrosine or an adjacent serine that was phosphorylated. Ugd,_;,
was not identified in a similar phosphoproteomics study in
E. coli, but it is unclear whether the BY-kinases were active
under the conditions used (51); notably, neither of the auto-
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phosphorylating BY-kinases (Etk and Wzc) (25, 52) were
detected in the phosphoproteome under the same conditions.
The absence of any effect of Tyr-71 mutations could be
explained by phosphorylation at a different site. For example,
TuaD (another Ugd homolog in B. subtilis involved in teichu-
ronic acid production) was activated upon phosphorylation but
does not have a tyrosine residue in the position equivalent to
the Tyr-71 of Ugdg, (19). However, we were unable to identify
conditions that gave convincing phosphorylation of Ugd,, or
Ugdy_;, in the E. coli K30 background, despite clear activity for
Wzcy s, (data not shown). Also, induction of colanic acid pro-
duction in wild-type E.coli K-12 strain, W3110, caused
increased wzc expression, but no concomitant phosphorylation
of Ugd was detected (data not shown). Low level, nonspecific
phosphorylation of Cap50 was reported and interpreted as a
reflection of the flexibility of the Cap5B kinase (48). Whether
this extends to Wzc/Etk is unclear. The regulation of extracel-
lular polysaccharide production is a complex process. The data
reported here indicate that different homologs of Ugd exhibit
altered properties in two isolates of E. coli despite a highly con-
served sequence. The regulation of ugd in E. coli K-12 is a mul-
tilayered process. In some bacteria, the ugd gene itself is regu-
lated by as many as three different phosphorelay systems. In
E. coli, ugd,_,, was found to be within the top 10 genes that
were up-regulated by the ResC/YojN/RcsB/ResA phosphorelay
system as part of the Rcs regulon (53); the regulon includes a
wide range of genes associated with cell envelope assembly and
homeostasis, including colanic acid production (22). Ugdy ;5
regulation is also impacted by both PmrA/PmrB and PhoP/
PhoQ, and this may influence the need for RcsA (54). The data
presented here demonstrate that unique features of the
enzyme kinetics of Ugdy_;, also provide an additional level
of post-translational control, potentially allowing instanta-
neous response to particular environmental cues. In con-
trast, group 1 CPSs are constitutively expressed in E. coli and
K. pneumoniae, where they are important virulence factors.
The cpslocus is not responsive to ResC/YojN/ResB/(ResA) (23)
in E. coli with group 1 CPSs. Enhanced CPS production in these
strains results from Recs-mediated up-regulation of the galF
gene, whose product is implicated in the biosynthesis of a UDP-
glucose precursor (55). The sequences upstream of ugd,. ,, and
ugds, differ, with the latter lacking an evident PmrA box (data
not shown) suggesting different regulation. In these bacteria,
Ugdy,, is active under conditions where Rcs-mediated up-reg-
ulation is not anticipated, and it lacks the subtle modulation of
activity seen in Ugdy_;,. Why two Ugd homologs from different
E. coli strains would differ in post-translational regulatory
properties remains unclear.
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