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Abstract

Campylobacter jejuni is a pathogenic organism that can cause campylobacteriosis in children and 

adults. Most commonly, campylobacter infection is brought on by consumption of raw or 

undercooked poultry, unsanitary drinking water, or pet feces. Surrounding the Campylobacter 
jejuni bacterium is a coat of sugar molecules known as the capsular polysaccharide or CPS. The 

capsular polysaccharide can be very diverse among the different strains of C. jejuni and this 

diversity is considered important for evading the host immune system. Modifications to the CPS of 

C. jejuni NCTC 11168 include O-methylation, phosphoramidylation, and amidation of 

glucuronate with either serinol or ethanolamine. The enzymes responsible for amidation of 

glucuronate are currently unknown. In this study, Cj1441, an enzyme expressed from the CPS 

biosynthetic gene cluster in C. jejuni NCTC 11168, was shown to catalyze the oxidation of UDP-

α-D-glucose into UDP-α-D-glucuronic acid with NAD+ as the cofactor. No amide products were 

found in an attempt to determine whether the putative thioester intermediate formed during the 

oxidation of UDP-glucose by Cj1441 could be captured in the presence of added amines. The 

three-dimensional crystal structure of Cj1441 was determined in the presence of NAD+ and UDP-

glucose bound in the active site of the enzyme (PDB id: 7KWS). A more thorough bioinformatic 

analysis of the CPS gene cluster suggests that the amidation activity is localized to the t-terminal 

half of Cj1438, a bifunctional enzyme that is currently annotated as a sugar transferase.
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Introduction

Campylobacter jejuni is a zoonotic organism commonly found in the intestinal tracts of 

poultry, cattle, and dogs. Infection of C. jejuni in humans leads to campylobacteriosis, which 

is the leading cause of gastroenteritis in the United States, accounting for 1.3 million new 

cases per year.1 Most commonly, infection by C. jejuni is brought on by consumption of raw 

or undercooked poultry, unsanitary drinking water, unpasteurized milk, or pet feces.2 C. 
jejuni is also implicated in Guillain-Barré syndrome (GBS) where ~40% of new GBS cases 

are preceded by a C. jejuni infection.3, 4 Attached to the exterior of C. jejuni is a polymeric 

coat of sugar molecules known as the capsular polysaccharide (CPS). The sequence of 

monosaccharides that comprise the CPS in C. jejuni can be quite diverse among the different 

strains of this bacterium and this diversity contributes to the evasion of the host immune 

system and epithelial attachment. More than 60 different strains of C. jejuni are known to 

exist.5, 6

The CPS from C. jejuni NCTC 11168 is comprised of D-glycero-L-gluco-heptose, D-

glucuronic acid, D-N-acetyl-galactose and D-ribose (Figure 1).7, 8 These sugars are further 

decorated by methylation, phosphoramidylation, and amidylation. The catalytic activities of 

four enzymes (Cj1415, Cj1416, Cj1417, Cj1418) that are partially responsible for the 

phosphoramidate modification in C. jejuni NCTC 11168 have been elucidated.9–13 We, and 

others, have functionally characterized seven other enzymes that are required for the 

biosynthesis of the D-glycero-L-gluco-heptose moiety (Cj1152, Cj1423, Cj1424, Cj1425, 

Cj1427, Cj1428, and Cj1430) in C. jejuni NCTC 11168.14–17 Knockout studies have shown 

that when the gene for Cj1423 from C. jejuni NCTC 11168 is deleted, the heptose sugar is 

no longer present in the capsular polysaccharide.7, 18, 19 In the same study, a knockout of the 

gene for Cj1441 resulted in a complete loss of the capsule. The gene cluster that encodes for 

most, but not all, of the enzymes required for the biosynthesis of the CPS of C. jejuni NCTC 

11168 is presented in Figure 2.

Unfortunately, relatively little is known about the biosynthesis of the glucuronamide moiety 

in the CPS of the NCTC 11168 (HS:2) and NCTC 12517 (HS:19) strains of C. jejuni. In 

strain NCTC 11168 the glucuronamide moiety is formed from either serinol (2-amino-1,3-

propanediol), or ethanolamine,7, 20 whereas in NCTC 12517 the amide bond is only formed 

with serinol.21 The enzymes most likely involved in the biosynthesis and formation of the 

glucuronamide moiety to the growing polysaccharide chain include Cj1435, Cj1436, 
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Cj1437, Cj1438, and Cj1441 for HS:2. The genes for these five enzymes are found in the 

CPS gene cluster of strain NCTC 11168 and close homologues (except for Cj1436) are 

found in strain NCTC 12517 (HS:19).22 Cj1435 is predicted to be a haloacid dehalogenase 

(HAD) phosphatase, Cj1436 and Cj1437 are predicted to be pyridoxal phosphate (PLP) 

containing enzymes, Cj1438 is likely a glycosyltransferase, and Cj1441 is a putative UDP-

glucose 6-dehydrogenase.

UDP-glucose 6-dehydrogenase from Streptococcus pyogenes catalyzes the double NAD+-

dependent oxidation of UDP-D-glucose to UDP-D-glucuronic acid.23–26 The reaction 

mechanism has been shown to occur by the initial oxidation of UDP-D-glucose (1) to the 

corresponding aldehyde intermediate (2) at C6.24 The aldehyde intermediate is tightly bound 

and not released to solution. The second oxidation step proceeds with the addition of a 

cysteine thiolate to form a thiohemiacetal intermediate (3) that is followed by a second 

hydride transfer to form a thioester intermediate (4) that is subsequently hydrolyzed by an 

activated water molecule to form the ultimate product glucuronic acid (5). This 

transformation is summarized in Scheme 1.

The source of the primary amine necessary for amide bond formation in the CPS of C. jejuni 
is likely controlled by the activity of the two PLP containing enzymes (Cj1437 and Cj1436). 

PLP can be used in a number of reaction types including transamination, decarboxylation, 

and racemization.27 It is hypothesized here that Cj1436 uses PLP to decarboxylate L-serine 

or L-serine-phosphate to form ethanolamine or ethanolamine phosphate, while Cj1437 

functions to transaminate dihydroxyacetone phosphate (DHAP) to form serinol phosphate.
28, 29 In the absence of an obvious amide bond forming enzyme in the putative gene cluster 

for the biosynthesis of the CPS of C. jejuni, one must look at alternative chemical strategies. 

One potential scenario is the nucleophilic attack of an amine substrate with the thioester 

intermediate that is postulated to occur during the reaction catalyzed by UDP-glucose 6-

dehydrogenase to form the corresponding UDP-glucuronamide (6) as illustrated in Scheme 

1.25, 30 This transformation could occur instead of the “normal” attack by an activated water 

molecule. This reaction is similar to that catalyzed by glyceraldehyde 3-phosphate 

dehydrogenases, where a thioester intermediate is attacked by phosphate to form 1,3-

diphosphoglycerate. However, the enzyme directly responsible for amide bond formation 

may occur outside of the gene cluster for formation of the CPS in C. jejuni.

To test our proposal for formation of the glucuronamide moiety of the CPS from C. jejuni 
we have we have cloned and expressed the gene for Cj1441. The enzyme has been purified, 

crystallized, and the three-dimensional structure determined. The catalytic properties of the 

enzyme have been determined in the presence and absence of amine substrates with NAD+ 

and UDP-D-glucose.

Materials and Methods

Cloning, Expression, and Purification of Cj1441.

The gene for Cj1441 (UniProt id: Q0P8H3) was cloned from the genomic DNA of C. jejuni 
NCTC 11168 (ATCC-700819D-5). Expression tests of the cloned gene for Cj1441 exhibited 

low levels of expression, so the gene for Cj1441 was codon optimized and synthesized by 
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GenScript (Piscataway, NJ). The synthesized DNA served as the starting template for PCR 

using Phusion DNA polymerase (New England Biolabs). For all genes, primers were 

designed that incorporated NdeI and XhoI restriction sites and the resulting fragments were 

digested at 37 °C and ligated into a pET31b expression vector, which carried a C-terminal 

hexahistidine tag.

The pET31b vector was used to transform BL21 Escherichia coli cells (Novagen). The cells 

harboring the pET31b-Cj1441 plasmid were cultured in lysogeny broth with 100 mg/L 

ampicillin. The cells were grown at 37 °C with shaking and induced with 1.0 mM isopropyl 

β-D-1-thiogalactopyranoside when the optical density reached 0.9 at 600 nm. The cells were 

allowed to express protein at 21 °C for 18 h after induction and then harvested by 

centrifugation at 15,000 rcf at 4 °C. The cell pellet was then resuspended in loading buffer 

(50 mM HEPES/K+,300 mM KCl, 20 mM imidazole, pH 8.0) and lysed with sonication. 

The sonicated cells were centrifuged at 25,000 rcf at 4 °C before the cell lysate was passed 

through a 0.45 μm filter. The sample was loaded onto a prepacked 5-mL HisTrap (GE 

Healthcare) nickel affinity column. The protein was eluted from the column using 50 mM 

HEPES/K+, pH 8.0, 300 mM KCl, and 250 mM imidazole over a gradient of 25 column 

volumes. The resulting protein was pooled and dialyzed against 10 mM HEPES/K+ pH 8.0, 

and 200 mM KCl. The protein was concentrated to 22 mg/mL and flash frozen using liquid 

nitrogen before being stored at −80 °C. Approximately 10 mg of protein was obtained per 

liter of cell culture.

Mass Spectral Analysis.

Samples of the reaction catalyzed by Cj1441 were tested in 50 mM ammonium bicarbonate 

and allowed to incubate for 2 h at 25 °C in the presence of dithiothreitol, UDP-glucose and 

NAD+. The samples were also tested in the presence and absence of ethanolamine 

phosphate, ethanolamine, serinol-phosphate or serinol. The resulting solution was filtered 

through an GE Healthcare Vivaspin 500 10kDa filter and the flow through was analyzed 

using a Thermo Scientific Q Exactive Focus mass spectrometer in ESI (negative) mode.

Reaction Stoichiometry.

To determine the stoichiometry of the Cj1441-catalyzed reaction, solutions consisting of 1.0 

μM Cj1441, 2.0 mM NAD+, 1.0 mM DTT, 50 mM triethanolamine pH 8.7, and variable 

concentrations of UDP-glucose from 10 to 100 μM were incubated for 60 min to enable the 

reaction to go to completion. The concentration of the NADH was determined from the 

absorbance at 340 nm.

Determination of Kinetic Constants.

The kinetic constants for Cj1441 were determined by following the reduction of NAD+ to 

NADH at 340 nm at 25 °C with a Spectramax340 UV-visible spectrophotometer using. 

Assays were performed in 50 mM triethanolamine/K+, at pH 8.7, 200 mM KCl, and 1.0 mM 

DTT in 96-well NucC plates. The reaction was initiated with the addition of 150 nM Cj1441 

to the reaction well. Kinetic constants were determined with a fixed level of NAD+ (2.0 mM) 

and variable levels of UDP-glucose (0.01 mM to 2.0 mM) as well as a fixed level of UDP-

glucose (5.0 mM) and varying levels of NAD+ (0.05 mM to 4.0 mM). The kinetic 
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parameters were determined by fitting the initial rates to eq. 1 using GraFit 5, where v is the 

initial velocity of the reaction, Et is the enzyme concentration, kcat is the turnover number, 

[A] is the substrate concentration, and Km is the Michaelis constant.

v/Et = kcat(A)/(Km + A) (1)

Sequence Similarity Network for COG1004.

The identifiers were used to generate a sequence similarity network using the Enzyme 

Function Initiative – Enzyme similarity tool and Option D.31, 32 The full network was 

downloaded and used to create a sequence similarity network using Cytoscape 3.7.2.33 The 

edges of the network were set to 45% sequence identity using the Cytoscape filter function.

Crystallization of Cj1441.

Crystallization conditions were initially surveyed by the hanging drop method of vapor 

diffusion using a sparse matrix screen from Wizard 3+4 purchased from Molecular 

Dimensions. The wild-type enzyme was tested in complex with 5.0 mM UDP-glucose and 

5.0 mM NAD+ at room temperature. X-ray diffraction quality crystals appeared after two to 

three days and were subsequently grown by mixing, in a ratio of 1:1, the protein sample at 

23 mg/mL and the crystallization buffer. The initial crystallization conditions were 30% 

pentaerythritol ethoxylate, 50 mM ammonium sulfate, 50 mM BIS-TRIS, at pH 6.5 and 21 

°C. These preliminary crystals were tested for diffraction, before being optimized. The 

crystallization conditions used to grow the samples for data collection were 5.0 mM UDP-

glucose, 5.0 mM NAD+, 1.0 mM DTT, 32% pentaerythritol ethoxylate, 50 mM ammonium 

sulfate, 50 mM BIS-TRIS, pH 6.5, and 200 mM NaCl. The crystals used for data collection 

were roughly 50 × 50 microns in size.

Diffraction data were collected at the Stanford Synchrotron Radiation Light Source (SSRL), 

Beamline 14–1, on an Eiger 16M detector at 100K. The data were integrated, scaled, and 

merged.34 Merged observed intensities were then imported into the Phenix reflection file 

editor where an Rfree set was assigned using the default settings.35 Relevant X-ray data 

collection statistics are listed in Table 1. The unit cell was determined to be P21 with cell 

edges of a = 43.79, b = 148.78, and c = 62.34 and angles of α = 90.0, β = 107.5, and γ = 

90.0. The structure was determined using PHASER from the PHENIX suite and using PDB 

id: 1DLJ as the search model with 49% sequence identity.36, 37 The structure was built using 

COOT and iterative rounds of refinement using PHENIX refine in the PHENIX suite 

reduced the Rwork and Rfree to 19.0% and 25.6%, respectively, from 46 to 2.09 Å resolution.
35, 38 Refinement statistics are listed in Table 1.

Results

Sequence Similarity Network for UDP-glucose Dehydrogenase.

Cj1441 is a member of COG1004 and the sequence similarity network (SSN) is presented in 

Figure 3 at a percent identity cutoff of 45%.32 Cj1441 clusters with other known UDP-

glucose 6-dehydrogenases, including those from S. pyogenes, and E. coli. The enzymes 
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denoted as UDP-mannose dehydrogenases segregate with one another in a group that is 

separated from those enzymes that have been shown to catalyze the oxidation of UDP-

glucose. Of the 2883 enzymes in COG1004, ~600 of them cluster in the same group as 

Cj1441. In this group are examples from other pathogenic bacteria, including E. coli 
O157:H7 and E. coli O6:H1. Cj1441 and the UDP-glucose 6-dehydrogenases from S. 
pyogenes and E. coli O157:H7exhibit a 47% and 51% sequence identity, respectively.

Kinetic Analysis of Cj1441.

Cj1441 was shown to catalyze the reduction of NAD+ to NADH in the presence of excess 

UDP-glucose by following the change in absorbance at 340 nm. To measure the reaction 

stoichiometry, Cj1441 was mixed with excess NAD+ (2.0 mM) and variable amounts of 

UDP-glucose (10 – 100 μM). The reaction was followed to completion and the amount of 

NADH formed was determined from the change in absorbance at 340 nm. On average the 

ratio of NADH formed at equilibrium with the initial UDP-glucose concentration was 

determined to be 2:1. This value matches the predicted value from the reaction mechanism 

presented in Scheme 1.

The apparent kinetic constants for the oxidation of UDP-glucose by Cj1441 were 

determined by variation of the UDP-glucose concentration at a fixed concentration of NAD+ 

(5.0 mM) and then variation of the NAD+ concentration at a fixed concentration of UDP-

glucose (5.0 mM). The plot for the variation of UDP-glucose is presented in Figure 4. The 

apparent kcat values are 0.80 to 1.1 s−1, with kcat/Km values of 4.2 × 103 M−1 s−1 and 4.8 × 

103 M−1 s−1 for the variation of UDP-glucose and NAD+, respectively. To determine 

whether or not the addition of potential amine substrates to the reaction mixtures could alter 

the rate of NAD+ reduction, UDP-glucose was varied at a fixed concentration of NAD+ and 

the apparent kinetic constants determined for the oxidation of UDP-glucose. Within 

experimental error the addition of either ethanolamine, ethanolamine phosphate, serinol, or 

serinol phosphate had no measurable effect on the catalytic properties of Cj1441. The 

apparent kinetic constants are presented in Table 2.

Verification of Reaction Products.

The products of the reaction catalyzed by Cj1441 were analyzed by negative ion ESI mass 

spectrometry. As a control, commercial UDP-glucuronic acid was shown to have an m/z 

value of 579.02, identical to the calculated value of 579.02. Cj1441 was subsequently 

incubated with NAD+, DTT, and UDP-glucose and the products were analyzed similarly 

with m/z values of 565.04 (UDP-glucose), 579.02 (UDP-glucuronate) and 664.11 (NADH). 

Amidated products were not observed in any of the mass spectra when ammonia, 

ethanolamine, serinol, ethanolamine phosphate, or serinol phosphate were added to the 

reaction mixtures (Figures S1 – S6).

Crystallization and Structure Determination of Cj1441.

Cj1441 crystallized as a dimer in the asymmetric unit and was solved by molecular 

replacement using UDP-glucose 6-dehydrogenase from S. pyogenes (PDB id: 1DLJ) as the 

search model. Cj1441 co-crystallized with UDP-glucose and NAD+ in the active site and the 

structure was determined to a resolution of 2.09 Å. The Cj1441 monomer contains 393 

Riegert and Raushel Page 6

Biochemistry. Author manuscript; available in PMC 2022 March 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



amino acids and the dimeric form of the enzyme is presented in Figure 5. The enzyme 

consists of two major domains, each containing an α/β fold. The N-terminal domain 

contains a Rossmann fold bearing the conserved GXGXXG motif between residues 7 and 

12, in addition to six parallel β-strands arranged in the canonical order (3, 2, 1, 4, 5, 6). The 

two subunits were aligned using Pymol and they superimpose with a root mean square 

deviation of 0.3 Å.39 The overall buried surface area between the dimeric interface was 

calculated using PISA to be 2504 Å2 (http://pdbe.org/pisa). The two α/β domains of the 

protein are linked to one another by a 48 Å long central α-helix from residues Asp191 

through Asn223. The N-terminal domain (residues 1–191) is responsible for binding the 

NAD+ cofactor. The C-terminal domain (residues 223–393) binds UDP-glucose using a 

similar α/β fold. The defining difference between the two domains of the protein is the lack 

of the Ω loop from residues 301–317. A structural comparison of Cj1441 with the UDP-

glucose 6-dehydrogenase from S. pyogenes (PDB id: 1DLJ) is shown in Figure S7.

Binding Site for NAD+.

The N-terminal domain of the protein is primarily responsible for binding the NAD+ 

cofactor. The binding site for NAD+ is marked by the β1-α1 turn of the Rossmann fold that 

directly interacts with the adenine ribose. With the exception of a small portion of the 

adenine ring, which is buried in the interior of the protein, the vast majority of the cofactor is 

exposed to solvent. This may enable the cofactor to be readily exchangeable, which is 

consistent with the two-fold oxidation mechanism.40 Additionally, the nicotinamide ring is 

in the syn conformation, as determined previously for the enzyme from S. pyogenes (PDB 

id: 1DLI) and Klebsiella pneumoniae (PDB id: 3PLR).37, 40 The residues directly 

responsible for binding the coenzyme are Val11, Gly12, Asp31, Lys36, Ala59, Thr85, 

Thr120, and Arg316. Additionally, four ordered waters interact with the cofactor to help 

orient and bind the cofactor to the protein surface. UDP-glucose points directly toward the si 
face of the nicotinamide ring. There are six residues that are apparently conserved across all 

UDP-glucose 6-dehydrogenases involved in NAD+ binding.41 These include the three 

glycine residues from the Rossmann fold, a Thr83/Pro84 pair which interacts with the 

adenine ring, and Arg316, which forms a salt bridge with the pyrophosphate of the 

nucleotide (Figure 6a).

Binding of UDP-glucose.

UDP-glucose primarily interacts with the C-terminal domain of Cj1441. The protein 

crystallized at pH 6.5 which explains, in part, why UDP-glucose, rather than UDP-

glucuronate, is present in the active site since the reaction equilibrium favors the substrates 

at low pH (Figure S8). Cys255 is located 3.6 Å from C6 of UDP-glucose, which is sufficient 

to facilitate nucleophilic attack with the aldehyde intermediate and formation of a thioester 

intermediate during the catalytic cycle (Scheme 1).25 Additionally, C4 of the nicotinamide 

ring is positioned 3.2 Å from C6 of UDP-glucose to facilitate hydride transfer (Figure 7). 

UDP-glucose is held in place by interactions with Asn203, Leu145, Lys199, Glu147, 

Tyr244, Gly252, Asn246, Ser248, and Arg371. Arg238 from the adjacent subunit is found 

on a flexible loop near the dimeric interface and is capable of interacting with the C2’ and 

C3’ hydroxyl groups of the UDP-glucose (Figure 6b).
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Binding of the uridine nucleotide moiety of UDP-glucose is facilitated by the C-terminal 

domain through backbone interactions with residues 244–252. Of the 6 hydrogen bonds 

formed with the UMP portion of the substrate, only two of them are from amino acid side 

chains (Ser248, and Tyr244). The rest of the interactions are made through hydrogen bond 

interactions with the carbonyl oxygens and amide nitrogens of the protein backbone. The 

glucose 1-phosphate binding region is rather compact compared to the UMP binding region, 

consisting of only 4 residues (Phe144-Glu147). There is an additional hydrogen bond 

provided by Asn203 on the central helix.

Other Amide Bond Forming Enzymes.

A bioinformatic search was conducted in an attempt to find additional candidates for the 

amide bond forming enzyme within the CPS of C. jejuni. The initial probe focused on the 

LOS region of the C. jejuni genome. Specifically, we searched for regions of genes that 

might contain a ligase domain that would be capable of catalyzing amide bond formation. 

Generally, these bonds are formed through the use of an ATP-grasp domain, so our 

investigation focused on finding genes that contained such a region. It was subsequently 

determined that the LOS of E. coli L19 and Shigella boydii type 8 contained a 

glucuronamide moiety with serinol.42–44 The appropriate gene clusters within these 

organisms contained a phosphatase (WfdQ), a PLP-dependent transaminase (WfdP), and a 

putative transferase with an ATP-grasp domain (WfdR). This discovery led to the 

interrogation of the sugar transferases of unknown specificities in the capsular 

polysaccharide cluster of C. jejuni. We identified a putative glycosyltransferase (Cj1438) in 

the gene cluster of C. jejuni NCTC 11168 that also contains an ATP-grasp domain at the C-

terminal half of the protein. This enzyme has all of the necessary residues to bind ATP when 

compared to other ATP-grasp enzymes, including those homologs in E. coli L19 and S. 
boydii type 8.

DISCUSSION

The putative UDP-glucose 6-dehydrogenase (Cj1441) from C. jejuni NCTC 11168 was 

successfully purified to homogeneity after recombinant expression in E. coli. We 

demonstrated that the enzyme requires two equivalents of NAD+ and that the ultimate 

product is UDP-D-glucuronate (5). The enzyme was crystallized in the presence of UDP-D-

glucose and NAD+, and the three-dimensional structure subsequently determined to a 

resolution of 2.09 Å. However, attempts to demonstrate amide bond formation through 

nucleophilic attack of added amines on the proposed thioester intermediate (4) were 

unsuccessful (Scheme 1). Therefore, it is highly unlikely that this enzyme is directly 

responsible for formation of the glucuronamide moiety found in the CPS of C. jejuni NCTC 

11168 (Figure 1). However, it remains possible that amines other than the ones tested are 

required for amide bond formation.

How then is the glucuronamide moiety actually synthesized for the HS:2 capsule? A cursory 

look at the annotations of the enzymes derived from the C. jejuni NCTC 11168 gene cluster 

(Figure 2) for the biosynthesis of the CPS does not identify any obvious candidates. 

However, we have previously demonstrated that Cj1152 can be used for the biosynthesis of 
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GDP-D-glycero-D-manno-heptose in C. jejuni NCTC 11168 and thus genes outside of this 

specific gene cluster are required for the biosynthesis of the CPS.16 In this specific case, 

Cj1152 catalyzes the hydrolysis of phosphate from D-glycero-α-D-manno-heptose-1,7-

bisphosphate for the biosynthesis of lipooligosaccharides (LOS) in C. jejuni.45 However, no 

amide bonds are formed in the LOS of C. jejuni and thus the missing enzyme is not to be 

found there.

The aminoglycerol modification within the CPS of C. jejuni NCTC 11168 (HS:2) is, 

however, also found in other structurally elucidated polysaccharide capsules including those 

from C. jejuni NCTC 12517 (HS:19),46, 47 V. cholerae H1122,48 E. coli O143, S. boydii type 

8,42, 43 and E. coli L19.44 The capsule from C. jejuni NCTC 12517 is presented in Figure 8. 

Comparison of the gene clusters for the biosynthesis of the capsular polysaccharides in C. 
jejuni NCTC 11168 (HS:2) and C. jejuni NCTC 12517 (HS:19) highlights the production of 

enzymes of nearly identical function (Table 3). These proteins include the eight enzymes 

known to be responsible for the O-methyl phosphoramidate decoration of the capsule 

[Cj1415 through Cj1421 in C. jejuni NCTC 11168 (HS:2) and HS19.01 through HS19.07 in 

C. jejuni NCTC 12517 (HS:19)].9–13, 49, 50 Except for HS19.07 and Cj1421/Cj1422, the 

sequence identities for these proteins are ≥97%. The other relevant homologous enzymes 

include Cj1435 (HAD phosphatase), Cj1437 (PLP-dependent amino transferase) and Cj1441 

(UDP-glucose 6-dehydrogenase) where the amino acid sequence identity is >55%. The two 

putative sugar transferases (Cj1438 and Cj1434) are less similar to their apparent 

counterparts for assembly of the HS19 capsule (34 and 21% identical to HS19.11 and 

HS19.08, respectively). This is quite reasonable since the acceptor/donor pairs are not 

identical in the two capsules.

On further inspection the putative sugar transferase (Cj1438) is particularly interesting 

because the N-terminal half of this protein is homologous to a large number of other 

functionally characterized GT2 family of sugar transferases,51–54 whereas the C-terminal 

half of the enzyme shows significant similarity to TupA.55 TupA is an enzyme from the 

ATP-grasp family that is important for amide bond formation during the synthesis of the 

teichuronopeptide where an amide bond is formed between glucuronate and polyglutamate.
56 This observation suggests that the C-terminal half of Cj1438 harbors the catalytic 

machinery for amide bond formation with glucuronate. This conclusion is also supported by 

the high sequence identity between the C-terminal half of Cj1438 (residues 420 – 776) with 

the C-terminal half of HS19.11 (residues 471 – 832) and the TupA-like sequence found in 

the gene cluster for capsule formation in E. coli O143 (WfdR). The residues responsible for 

the binding of ATP are clearly conserved (Figure S9).

Our proposal for the assembly of the glucuronamide moiety of the HS2 capsule in C. jejuni 
NCTC 11168 utilizes the catalytic function of Cj1437 as a PLP-dependent aminotransferase 

to convert dihydroxyacetone phosphate to serinol phosphate. Cj1435 functions to hydrolyze 

the phosphorylated product to serinol, and then Cj1438 catalyzes the ATP-dependent amide 

bond formation between UDP-glucuronate and serinol. However, the exact order of these 

chemical transformations is clearly not known at this time. It is quite possible that amide 

bond formation does not occur until after the glucuronate has been incorporated into the 
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growing polysaccharide and the phosphatase does not have to function until after amide 

bond formation. One possibility is highlighted in Scheme 2.

CONCLUSIONS

The putative UDP-glucose 6-dehydrogenase (Cj1441) from C. jejuni NCTC 11168 was 

purified to homogeneity and shown to catalyze the oxidation of UDP-D-glucose to UDP-D-

glucuronate in the presence of NAD+. The enzyme does not facilitate the nucleophilic attack 

of added amines with the proposed thioester intermediate and thus this enzyme is not 

responsible for formation of the glucuronamide moiety in the HS:2 capsular polysaccharide. 

The enzyme was crystallized in the presence of NAD+ and UDP-glucose, and the three-

dimensional structure determined to a resolution of 2.09 Å. The positioning of the hydroxyl 

group attached to C6 of UDP-glucose is ideal for hydride transfer to C4 of the bound NAD+. 

A bioinformatic analysis of the respective gene clusters for the biosynthesis of the HS:2 and 

HS:19 capsular polysaccharides in C. jejuni suggests that the catalytic activity for amide 

bond formation for assembly of the glucuronamide moiety resides in the C-terminal domain 

of Cj1438 from C. jejuni NCTC 11168.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Structure of the repeating unit in the capsular polysaccharide of C. jejuni NCTC 11168. The 

amide attached to the glucuronamide moiety is highlighted in red.
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Figure 2: 
Gene cluster for biosynthesis of the CPS in C. jejuni NCTC 11168. Enzymes of unknown 

function are colored grey. Enzymes responsible for the biosynthesis of the glucuronamide, 

heptose, and galactosyl moieties are colored green, yellow, and purple, respectively. 

Enzymes required for the methyl phosphoramidate modification are colored blue. Enzymes 

necessary for the export of the capsule are colored orange.
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Figure 3. 
Sequence similarity network for COG1004. Each node in the network represents a single 

sequence and each edge (depicted as lines) represents the pairwise connection between two 

sequences at a sequence identify better than 45%. The maroon colored circle represents 

Cj1441 in Group 2. Group 2 contains the UDP-glucose 6-dehydrogenases from E. coli 
0157:H7, E. coli K12, E. coli O6:H1 and S. pyogenes. The red circles are examples 

annotated as mannose 6-dehydrogenases. The yellow circles are functionally characterized 

enzymes from Uniprot.org.
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Figure 4. 
Michaelis-Menten plot for the oxidation of UDP-glucose catalyzed by Cj1441 at 25 °C. The 

reaction mixture contained saturating conditions of NAD+ (2.0 mM) and 1.0 mM DTT. The 

solid line represents the fit of the data to eq 1.
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Figure 5. 
(A) Ribbon diagram of Cj1441 homodimer. Chain A is shown in pale green, and Chain B is 

shown in pale blue. UDP-glucose is depicted in green and NAD+ is displayed in yellow. (B) 

Ribbon diagram of Cj1441 monomer where the N-terminal domain is pale blue and the C-

terminal domain is shown in tan. The alpha helix at the dimer interface is shown in light 

green.
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Figure 6. 
Cartoon representations of the binding sites for NAD+ and UDP-glucose. Potential hydrogen 

bonding interactions (<3.2 Å) are shown in black. (A) Binding site for NAD+ (colored 

yellow) in the N-terminal domain of the protein. (B) Binding site for UDP-glucose (colored 

green) in the C-terminal domain of the protein. Additional details are provided in the text.
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Figure 7. 
Ligand interactions between NAD+ and UDP-glucose in the active site of Cj1441. The 

nicotinamide portion of NAD+ is presented in yellow and the glucose portion of UDP-

glucose is shown in green. The catalytic cysteine is 3.6 Å from C6 of the glucose moiety. 

NAD+ is 3.2 Å from C6 of the glucose moiety of the substrate.

Riegert and Raushel Page 21

Biochemistry. Author manuscript; available in PMC 2022 March 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8: 
Structure of the repeating unit for the capsular polysaccharide from C. jejuni NCTC 12517 

(HS:19). C2 of the glucuronamide moiety can be derivatized with L-sorbose.
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Scheme 1: 
Mechanism for the reaction catalyzed by UDP-glucose 6-dehydrogenase. Shown with the 

red arrow is a potential mechanism for the formation of the UDP-glucuronamide (6) via 

nucleophilic attack of an amine with the thioester intermediate.
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Scheme 2: 
Proposed reactions for the catalytic activities of Cj1435, Cj1437, Cj1438, and Cj1441.
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Table 1:

X-ray Data Collection Statistics and Model Refinement Statistics.

Cj1441 with NAD+ and UDP-glucose

resolution limits 46.4 – 2.09

(2.14 – 2.09)
b

Space Group P21

Unit Cell

a (Å) 43.79

b (Å) 148.78

c (Å) 62.34

α (°) 90.00

β (°) 107.52

γ (°) 90.00

number of independent reflections 43332 (4336)

completeness (%) 96.6 (97.9)

redundancy 12.8 (4.1)

avg I/avg σ(I) 11.3 (1.43)

Rsym (%)
a 4.1 (41.5)

resolution limits (Å) 46.4 – 2.09

cR-factor (overall)%/no. reflections
19.3/43332

R-factor (working)%/no. reflections 19.0/ 41328

R-factor (free)%/no. reflections 25.6/ 2004

number of protein atoms 6285

number of ligands (NAD or UDP-glucose) 4

number of water molecules 180

average B values (Å2)

protein atoms 48.5

ligand NAD+, UDP-glc 38.6, 49.1

solvent 45.7

weighted RMS deviations from ideality

bond lengths (Å) 0.008

bond angles (°) 1.04

general planes (°) 0.006

Ramachandran regions (%)

most favored 96.5

additionally allowed 3.3

generously allowed 0.3

a
Rsym = (∑|I - |/ ∑ I) × 100.
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b
Statistics for the highest resolution bin.

c
R-factor = (Σ|Fo − Fc|/Σ|Fo|) × 100 where F0 is the observed structure-factor amplitude and Fc is the calculated structure-factor amplitude.
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Table 2.

Steady State Kinetic Constants for Cj1441
a

fixed substrate variable substrate (mM) kcat

(s−1)
Km

(μM)
kcat/Km

(M−1 s−1)

NAD+

(5.0 mM)
UDP-glucose
(0.05 – 3.0)

1.10 ± 0.02 210 ± 8.0 5200 ± 180

UDP-glucose (5.0 mM) NAD+

(0.05 – 3.0)
0.80 ± 0.02 190 ± 12 4200 ± 290

ethanolamine (2.0 mM)
NAD+ (5.0 mM)

UDP-glucose
(0.05 – 3.0)

0.90 ± 0.04 300 ± 14 3000 ± 190

ethanolamine-P (2.0 mM)
NAD+ (5.0 mM)

UDP-glucose
(0.05 – 3.0)

0.80 ± 0.03 210 ± 11 3800 ± 210

serinol (2.0 mM)
NAD+ (5.0 mM)

UDP-glucose
(0.05 – 3.0)

0.80 ± 0.03 230 ± 15 3500 ± 240

serinol phosphate (2.0 mM)
NAD+ (5.0 mM)

UDP-glucose
(0.05 – 3.0)

0.80 ± 0.03 200 ± 11 4000 ± 220

a
pH 8.7, 25 °C
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Table 3:

Sequence identities in similar proteins for assembly of CPS in HS:2 and HS:19.

C. jejuni NCTC 11168 (HS:2) C. jejuni NCTC 12517 (HS:19)

Protein Uniprot function Protein Uniprot sequence identity

Cj1415 Q0P8J9 kinase HS19.01 Q6EF72 98

Cj1416 Q0P8J8 transferase HS19.02 Q5M6N1 98

Cj1417 Q0P8J7 hydrolase HS19.03 Q5M6N0 97

Cj1418 Q0P8J6 glutamine kinase HS19.04 Q5M6M9 98

Cj1419 Q0P8J5 methyl transferase HS19.05 Q5M6M8 98

Cj1420 Q0P8J4 methyl transferase HS19.06 Q5M6M7 98

Cj1421 Q0P8J3 phosphotransferase HS19.07 Q5M6M6 47

Cj1422 Q0P8J2 phosphotransferase HS19.07 Q5M6M6 49

Cj1434 Q0P8I0 sugar transferase HS19.08 Q5M6M5 21

Cj1435 Q0P8H9 phosphatase HS19.09 Q5M6M4 65

Cj1437 Q0P8H7 aminotransferase HS19.10 Q5M6M3 55

Cj1438 Q0P8H6 sugar transferase HS19.11 Q5M6M2 36

Cj1441 Q0P8H3 dehydrogenase HS19.12 Q5M6M1 56
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