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Abstract

The capsular polysaccharide (CPS) structure of Campylobacter jejuni contributes to its robust
fitness. Many strains contain heptose moieties in their CPS units. The precursor heptose is GDP-bp-
glycero-a-b-manno-heptose, from which modifications to the stereochemistry at C3, C4, C5, and
C6, as well as additions of methyl and phosphoramidate groups lend to the hypervariability of the
C. jejuni CPS structures. Synthesis of GDP-p-glycero-a.-o-manno-heptose has been described
previously, but using enzymes from Aneurinibacillus thermoaerophilus DSM 10155. Here we
describe the complete synthesis of GDP-p-glycero-a.-b-manno-heptose using enzymes from C.
JejuniNTCC 11168: Cj1152, Cj1423, Cj1424, and Cj1425. Our results yield kinetic parameters
for these enzymes and outline a successful strategy for milligram-gram scale synthesis of GDP-b-
glycero-a-p-manno-heptose. This achievement is critical for the characterization of other
carbohydrate tailoring enzymes, which are expected to utilize GDP-p-g/ycero-a-p-manno-heptose
for the biosynthesis of more complex carbohydrates in the CPS of C. jejuni.
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Introduction

Campylobacter jefuniis a Gram-negative pathogenic bacterium commonly found in chickens
and is the leading cause of bacterial gastrointestinal infections in the United States (1, 2).
The enhanced pathogenicity of C. jejuniis due to its high adaptability, growing antibiotic
resistance, and ability to evade the host immune response (2). These factors have made C.
Jejuni a specific target for the development of novel antimicrobial agents. Like many Gram-
negative bacterial species, C. jejuni displays several carbohydrate-based structures on the
surface of the cell, including lipooligosaccharides (LOS) and capsular polysaccharides
(CPS). These polysaccharides are critical for the integrity and maintenance of the bacterial
cell wall and the evasion of the host immune response upon infection (3, 4). Disrupting the
synthesis of these carbohydrate structures drastically lowers the pathogenicity of C. jejuni
and thus the enzymes responsible for the synthesis of these carbohydrates are potential
therapeutic targets (5). Heptose residues are common components of both the LOS and CPS
of many C. jejuni strains (3, 4).

The LOS structure contains three main components: the outer core comprised of short
oligosaccharides, the inner core, and the lipid A anchor into the cellular membrane. Unlike
the lipopolysaccharide (LPS) structures found in most bacteria, the LOS of C. jejunilacks
the O-antigen component normally found in the outer core region. The oligosaccharides of
the outer core are highly variable among different C. jejuni strains with at least 12 different
structures identified (6, 7). Typically, these structures contain sialic acids, which mimic the
oligosaccharide structures found on gangliosides. This feature may help with the evasion of
the host immune response and lead to the triggering of autoimmune mechanisms, which may
result in Guillain-Barre syndrome (6, 8). Unlike the high variability of the outer core, the
inner core region of the LOS is highly conserved among characterized serotypes and has
been shown to be comprised of a single 3-deoxy-p-manno-octulosonic acid (Kdo) residue,
which is attached to the lipid A anchor and two heptose carbohydrates (8, 9). The heptose
residues have been shown to be L-glycero-o-manno-heptose, which is the same carbohydrate
found in other Gram-negative bacteria, including Escherichia coli and Salmonella (9).

The capsular polysaccharide (CPS) is composed of repeating units of monosaccharides
joined by glycosidic linkages. In C. jejuni, the CPS is critical for colonization and
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pathogenicity (10). The CPS is hypervariable among C. jejuni strains in which at least 47
different serotypes have been identified (2). The repeating CPS structure of C. jejuniNCTC
11168 is shown in Scheme 1. This CPS unit contains several unique features including a 2-
amino-2-deoxyglycerol or ethanolamine derivative of glucuronic acid and two instances of
O-methyl phosphoramidate modification. The CPS contains a single heptose moiety,
identified as p-glycero-L-gluco-heptose (11, 12).

The CPS and LOS polysaccharides of C. jejuni contain heptose residues of different
configurations, but the starting material, in all cases, is predicted to be subsequently
transformed to p-glycero-b-manno-heptose by separate biosynthetic pathways (Scheme 2)
(9, 13). The starting material is predicted to be p-affro-heptulose-7-P (more commonly
known as p-sedoheptulose-7-P). The LOS pathway utilizes the g-anomer of ADP-b-glycero-
p-manno-heptose, whereas the CPS pathway utilizes the a-anomer of GDP-p-g/ycero-p-
manno-heptose. The enzymes used to synthesize ADP-b-glycero-p-b-manno-heptose are
predicted to be Cj1149, Cj1150, and Cj1152. In the context of the LOS biosynthetic
pathway, Cj1149 (GmhA) and Cj1152 (GmhB) have been experimentally investigated by
knockout mutation analysis (5). The catalytic activity of Cj1150 (HIdE) has been inferred
based on the genomic context and sequence identity to previously characterized enzymes (9,
14).

For the CPS pathway, several publications describe the biosynthesis of GDP-p-g/ycero-a.-p-
manno-heptose (15-18). However, these investigations have all used enzymes from
Aneurinibacillus thermoaerophilus DSM 10155, where p-glycero-b-manno-heptose is found
as a modification to an S-layer glycoprotein (13). The protein sequences of Cj1423, Cj1424,
and Cj1425 share 48%, 70%, and 55% sequence identity with their A. thermoaerophilus
homologues, HAAC (Uniprot: QQAGY6), GhmA (Uniprot: Q9AGY7), and HddA (Uniprot:
Q9AGY8), respectively. The genomic context of the C. jejuniNCTC 11168 enzymes and A.
thermoaerophilus homologues differ as well. C. jejuniNCTC 11168 lacks a nearby
phosphatase enzyme and contains a second heptose isomerase enzyme, GhmA (Cj1149), in
its genome (5). Interestingly, Cj1149 and Cj1424 only share 46% sequence identity, but were
predicted to catalyze the same reaction on the same substrate. Given these differences, we
decided to experimentally characterize the catalytic functions of Cj1423, Cj1424, Cj1152,
and Cj1425. Moreover, the product of the Cj1423 through Cj1425 catalyzed reaction
pathway is anticipated to be GDP-p-glycero-a-b-manno-heptose, which appears to be the
starting material for all of the known heptoses used in the CPS of C. jejuni (19). Therefore, it
is essential that significant amounts of this product can be produced such that the
biosynthetic pathways for the other heptoses in C. jejuni can be elucidated. Here, we outline
our bioinformatic analysis of the enzymes responsible for the biosynthesis of the heptose
moieties found in the CPS of C. jejuni, establish that the starting material of this pathway is
p-altro-heptulose-7-P, and present a preparative method for enzymatic synthesis of GDP-b-
glycero-a-b-manno-heptose.
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Materials and Methods

Materials and Equipment.

All materials used in this study were obtained from Sigma-Aldrich, Carbosynth, or GE
Healthcare Bio-Sciences, unless stated otherwise. £. colistrains XL1 Blue, Rosetta (DE3),
and BL21-Gold (DE3) were obtained from New England Biolabs. NMR spectra were
collected on a Bruker Avance I11 400 MHz system equipped with a broadband probe and
sample changer. Mass spectrometry samples were collected on an MDS-Sciex 4000 Qtrap
system or a Thermo Scientific Q Exactive Focus system run in the negative ion mode. UV
spectra were collected on a SpectraMax340 UV-visible plate reader using 96-well NucC
plates. p-Mannoheptulose and L-galactoheptulose were obtained from Emmanuel Zissis via
the laboratory of W. W. Cleland (University of Wisconsin-Madison). L-Galactoheptulose-7-P
was synthesized as previously described (20).

Bioinformatic Analysis of Heptose Formation in C. jejuni.

The protein FASTA sequences for 484 completely sequenced C. jejuni strains were obtained
from the NCBI assembly database (21). These genomes were compiled into a custom C.
Jejuni sequence database using the command-line applications provided by NCBI (22). The
protein sequences for Cj1423, Cj1424, Cj1425, and Cj1152 were used as BLAST search
queries against the custom database containing all protein FASTA sequences for the 484
strains of C. jejuniwith only the top result returned. Sequence identity comparisons for all
four genes were used to draw conclusions about the molecular structure of the CPS for
individual C. jejunistrains.

Sequence Similarity Networks and Genome Neighborhood Analysis.

Sequence similarity networks (SSN) were generated by directly submitting FASTA
sequences to the EFI-EST webtool (23). Genome neighborhoods were generated by
submitting the UniProt codes for KpsF and KpsC of the various strains to the EFI-GNT
webtool (24). If UniProt codes for KpsF or KpsC for the strain of interest were unavailable
(e.g. HS3), the genome neighborhood was constructed manually using the available
sequence information gathered from the NCBI database. All network layouts were created
and visualized using Cytoscape 3.4 (25).

Cloning of ¢j1423, cj1424, cj1425, and cj1152.

The DNA for ¢f1423 (Uniprot ID: QOP8J1) was chemically synthesized and codon
optimized by Genscript (Piscataway, NJ). Initial expression tests with the non-codon
optimized gene showed little to no expression in BL21-Gold (DE3) or Rosetta (DE3) cell
lines. From the chemically synthesized DNA fragment, ¢j1423 was amplified using the
primer pair:

5’- ATATAGGATCCATGCAGGCGATCATTC-3’

5’- GCATGCTCGAGTTAGTTGTTAATCAGAAAGTGATAGTAATC -3’
The gene for ¢j1424 (Uniprot ID: QOP8J0) was amplified using the primer pair:

5’- AGCGCGGATCCATGGAGAATTTAAATTCCTATATAAAAGGACAT-3’
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5’- TATGCCTCGAGTTATTGCTTGCAAGAAAAACCTTTACCA-3’

The gene for ¢j1425 (Uniprot ID: QOP819) was amplified using the primer pair:
5’- AGCGCGGATCCATGGAGAATTTAAATTCCTATATAAAAGGACAT -3’
5’- TATGCCTCGAGTTAAATTCTCCATGATTTAACCCCCTC -3’

The gene for ¢j1152 (Uniprot ID: Q6TG07) was amplified using the primer pair:
5’-GCGCGGGATCCATGTTTATTTTCTTTTTAAAAAAGCTATATTATAATG-3’
5-GCTAGCTCGAGTTAAATATCCTTTTCCTTAAAAAAGTTC-3’

All genes were amplified using the genomic DNA of C jejuniNCTC 11168 (ATCC
700819D-5) as the template. For all primers, restriction sites for BamHI and Xhol
(underlined) were introduced into the forward and reserve primers, respectively. These
restriction sites allowed for the addition of an A-terminal 6x-His-tag in the pET30a+
expression vector for all four enzymes. Procedures for gene amplification, restriction digest,
ligation, and plasmid isolation were followed as previously reported (26). Plasmids were
fully sequenced to confirm correctly cloned genes in the appropriate vector.

Cloning of gmhB and tktA.

Several different growth and expression conditions were attempted for Cj1152, but only a
small amount of protein was able to be purified. As a result, GmhB from E. coliwas used as
a substitute for Cj1152 in large-scale reactions. The gene for GmhB (Uniprot ID: P63228)
was amplified from the genomic DNA of £. coli K12 with the primer pair:

5°- ATTATGGATCCATGGCGAAGAGCGTACCC -3’

5’- GCTAGAAGCTTTCATTGTGCCGGTTTTTGCTG -3’
Restriction sites for BamHI and Hindlll (underlined) were introduced into the forward and
reserve primers, respectively.
The gene for transketolase A, (Uniprot ID: P27302) was amplified from the genomic DNA
of £. coli K12 with the primer pair:

5’- ATGCTGGATCCATGTCCTCACGTAAAGAGCTT -3’

5- ATTATGCGGCCGCTTACAGCAGTTCTTTTGCTTT -3’

Restriction sites for BamHI and Notl (underlined) were introduced into the forward and
reserve primers, respectively. For both constructs, these restriction sites allowed for the
addition of an A-terminal 6x-His-tag in the pET30a+ expression vector. There were no
changes to gene amplification, restriction digest, ligation, or plasmid isolation as outlined
previously (26). Plasmids were sequenced to confirm the correctly cloned genes in the
vector.

Expression and Purification of Enzymes.

Recombinant plasmids containing the ¢j1423, ¢j1424, cj1425, gmhB, or tktA genes were
used to transform £. coliBL21 (DE3) cells using the method of heat-shock (27). Conditions
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for expression and purification were followed as previously published with the following
minor adjustments (26), except for Cj1152. For the expression of all proteins studied, except
Cj1152, cells were grown in lysogeny broth (LB) medium at 37 °C until ODggg = 0.6
followed by the addition of 1.0 mM isopropy! p-thiogalactoside (IPTG) to induce protein
expression for 4-5 h at 37 °C. Growth and expression of the genes for Cj1423 and Cj1425
proceeded with no other additions to the growth medium. During growth of cells containing
the plasmid for Cj1424, 1.0 mM zinc acetate was added, and during the expression of gmhB
and tktA, 1.0 mM MgCl, was included in the medium. All enzymes were purified as
outlined previously (26). Briefly, cells were resuspended in 50 mL of 50 mM HEPES/K*,
pH 8.5 with 250 mM KCI and 10 mM imidazole and then lysed by sonication at 4 °C. Cell
debris was removed by centrifugation at 12,000 g for 20 min followed by passing the cell
lysate through a 0.45 pum filter attached to a syringe. This solution was loaded onto a 5-mL
HisTrap HP (GE Healthcare) nickel affinity column and eluted from the column using 50
mM HEPES/K*, pH 8.5, with 250 mM KCL and 500 mM imidazole over a gradient of 30
column volumes. Fractions containing the purest samples based on SDS-PAGE gel
electrophoresis were pooled and buffer exchanged by dialysis into 50 mM HEPES/K™, pH
8.5 with 250 mM KCIl overnight at 4 °C. Protein was concentrated using Vivaspin 20
centrifugal concentrators (GE Healthcare) and the final concentration of enzyme determined
by absorbance at 280 nm. The extinction coefficients were estimated based on the protein
sequence including the His-tag and linkers (28). The extinction coefficients used were as
follows: Cj1423 (Egg = 18,000 M~ cm™1); Cj1424 (Eogp = 9,315 M~ cm™1); Cj1425 (Eg
= 47,455 M1 cm™1); GmhB (Ezgp = 24,075 M~1 cm™1); and TktA (Ezgp = 94,770 M1 cm
~1). Yields of purified Cj1423 were 50-60 mg, 150-200 mg for Cj1424, 100-150 mg for
Cj1425, 50-75 mg of GmhB, and 50-100 mg of TktA from 2.0 L of culture.

For Cj1152, Rosetta (DE3) E£. coli cells were transformed with plasmid containing the gene
for Cj1152 by electroporation and plated on LB media containing 1% agar and 50 pg/mL
kanamycin. A 20-mL starter culture supplemented with 50 pg/mL kanamycin and 25 pg/mL
chloramphenicol was inoculated with a single colony and grown overnight at 37 °C. This
starter culture was used to inoculate 2x 1 L of Terrific Broth (TB) containing 1.0 mM
MgCl,, 1.0 mM zinc acetate, 50 pg/mL kanamycin and 25 pg/mL chloramphenicol and
allowed to grow at 37 °C until ODggg = 0.4 was reached. IPTG was added to a final
concentration 100 pM and protein was expressed for 16 h at 18 °C. Cell were harvested by
centrifugation at 7,000 g for 10 min and the cell pellet (~30 g) was stored at =80 °C until
purification. Protein purification was followed as outlined above. The final concentration of
enzyme was determined by absorbance at 280 nm. The extinction coefficient for Cj1152 was
Esgo = 12,295 M~1 cm™ and includes the His-tag and linker sequence. Final yield of
purified for Cj1152 was 12 mg per 1.0 L of cell culture.

Enzymatic Synthesis of p-altro-heptulose-7-P (1).

p-Altro-heptulose-7-P (p-sedoheptulose-7-P) was synthesized following a procedure
outlined previously (18, 29). In general, 60 mg (0.22 mmol) of b-ribose-5-P was mixed with
a 1.5 molar excess of hydroxypyruvate (0.33 mmol) in 4.5 mL of 50 mM HEPES/K™* buffer,
pH 7.4. To this solution, 0.5 mM thiamine pyrophosphate (TPP) and 1.0 mM MgCl, were
added. Transketolase A (10 pM) was added and the reaction monitored by 3P NMR
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spectroscopy for 2-4 h. After the reaction was complete, TktA was removed by
centrifugation filtration and p-a/tro-heptulose-7-P was purified by anion-exchange
chromatography as described previously (20, 26). The net yield of p-a/fro-heptulose-7-P was
approximately 60 mg or 80%. The structure of p-aftro-heptulose-7-P was confirmed by 13C
NMR spectroscopy and mass spectrometry.

Determination of Kinetic Constants for Cj1424 and Cj1425.

For Cj1424 and Cj1425, the kinetic constants for product formation were determined by
monitoring the oxidation of NADH to NAD* at 340 nm using a coupled assay for kinase
activity as described previously at 30 °C (20). For Cj1424, 0.5-2 uM of enzyme was used in
the presence of a 10-fold excess of Cj1425. For Cj14525, 1-2 uM of enzyme was used in the
presence of a 10-fold excess of Cj1424. Enzyme was added to the wells containing p-a/tro-
heptulose-7-P (0-4000 uM) and other assay components (pyruvate kinase, lactate
dehydrogenase, ATP, PEP, and MgCl,). The equilibrium constant for the conversion of p-
altro-heptulose-7-P to p-glycero-a-b-manno-heptose-7-P catalyzed by Cj1424 was
determined to be 0.22 by 3P NMR and 1H NMR spectroscopy. The equilibrium constant
was used to correct the initial substrate concentrations for b-g/ycero-a.-b- manno-heptose-7-P
with Cj1425. The values of A5 and Aqqi/ Ky Were determined by fitting the initial velocity
data to eq. 1 using GraFit 5, where vis the initial velocity of the reaction, £ is the enzyme
concentration, A4t is the turnover number, and Kj, is the Michaelis constant.

vIE, = kAl (K, + A) @

Synthesis of p-Glycero-a-p-manno-heptose-1,7-bisphosphate.

p-ribose-5-P (0.24 mmol) was mixed with 0.48 mmol hydroxypruvate (2-fold excess) with 2
mM TPP and 10 mM MgCl, in 50 mM HEPES/K* buffer, pH 7.4. TktA (3 uM) was added
to the solution and allowed to incubate for 1 h. After 1 h, 0.24 mmol of PEP and ATP (1.0
mM final concentration) was added to the p-a/tro-heptulose-7-P solution with 30 pM Cj1424
and Cj1425 and 10 U of pyruvate kinase. After 24 h, o-glycero-o-manno-heptose-1,7-
bisphosphate (3) was purified by anion exchange chromatography as described previously
and quantified by 31P NMR using an internal standard (20).

Determination of Kinetic Constants for Cj1152.

Kinetic constants for Cj1152 were determined using a malachite green phosphate detection
assay. A 0.0012% (w/v) malachite green solution and an 11% Tween 20 solution were
prepared as described previously (30). A 4.2 % (w/v) of ammonium molybdate solution was
prepared as described previously (31). Fresh color reagent solution was prepared by mixing
1 mL of malachite green solution, 0.45 mL of ammonium molybdate solution, and 0.05 mL
of Tween 20. Cj1152 (1 uM) was mixed with various concentrations of 3 (20-1000 pM) in
50 mM HEPES/K™ buffer, pH 7.4 with 1 mM MgCl, added to a total volume of 200 uL. At
30 or 60 s time intervals, 20 or 50 WL aliquots were removed and added to 96-well plate
containing 200 or 170 pL of 50 mM HEPES/K* buffer, pH 7.4. The lower concentration
range of substrate (20-200 uM) used long time points (60 s) and larger aliquots (50 pL) of

Biochemistry. Author manuscript; available in PMC 2020 September 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Huddleston and Raushel Page 8

reaction. To each well, 30 pL of fresh color reagent solution was added to give a total
volume of 250 pL. A total of eight time points were collected for up to 4-8 min. The color
reagent was allowed to develop for 20 min before reading Aggg with a UV-vis
spectrophotometer. Absorbance data were converted to concentration of phosphate using a
standard curve generated using a commercial phosphate standard solution (Sigma Aldrich).
Observed rates of product formation were obtained from the slope of a linear fit of the
amount of product versus time. The resulting observed rates were plotted versus substrate
concentration and fit to eq. 1 yielding kinetic constants for Azt and Agat/ K-

Synthesis of pb-Glycero-a-p-manno-heptose-1-P (4).

p-altro-heptulose-7-P (0.050 mmol) was mixed with 0.055 mmol ATP and 0.055 mmol
MgCl, (10% excess over p-altro-heptulose-7-P) in 50 mM HEPES/K™ buffer, pH 7.4. To this
solution, 20 uM of Cj1424 and Cj1425 and 6 uM GmhB were added. After 1 h, the reaction
was complete, yielding p-glycero-a.-b-manno-heptose-1-P. Enzymes where removed by
centrifugal filtration and p-glycero-a-p-manno-heptose-1-P was purified by anion exchange
chromatography as described previously (20).

Determination of Kinetic Constants for Cj1423.

Kinetic constant for Cj1423 were determined by 3P NMR spectroscopy and HPLC anion
exchange chromatography. For 31P NMR experiments, Cj1423 (200 nM) was mixed with 6.0
mM GTP, 6 mM MgCly, and 5.0 mM b-glycero-a.-b-manno-heptose-1-P into 50 mM
HEPES/K* buffer, pH 7.4. One unit of yeast pyrophosphatase (Sigma Aldrich) was included,
allowing the reaction to proceed to completion. NMR spectra were collected every 2.5 min
for 1 h. The initial data were fit to a linear equation with the slope equal to Az, For the
HPLC method, a previously development methodology was followed (32). Briefly, Cj1423
(10 nM) was mixed with various concentrations of o-g/ycero-a.-o-manno-heptose-1-P (0.1
8.0 mM) in 50 mM HEPES/K™*, pH 7.4 containing 1.0 mM GTP, 2.0 mM MgCl, and 1.0 U
of pyrophosphatase. Every 12 min, a 100 pL aliquot was removed and injected into a
BioRad FPLC system fitted with a 1.0 mL Resource Q Column (GE Healthcare). The
column was washed with 10 mM triethanolamine, pH 8.0, and the products were eluted with
a linear gradient of 10 mM triethanolamine, pH 8.0 and 2.0 M KCI. The products were
monitored by the change in absorbance at 255 nm and quantified by relative peak area
integration. Each reaction was conducted at 25 °C with a minimum of five time points for
each concentration collected. The amount of product was plotted versus time and fit to a
linear equation with the resulting slope equal to the rate of product formation. Subsequently,
the observed rate of product formation was plotted versus the substrate concentration and
fitted to eq. 1 to yield the steady-state kinetic constants for A5 and Agqi/ K-

Preparative Scale Synthesis of GDP-p-glycero-a-p-manno-heptose (5).

The synthesis of GDP-p-g/ycero-a.-b-manno-heptose was conducted by addition of Cj1423,
Cjl1424, Cj1425, GmhB, and TktA to a single reaction vessel. For this, 330 mg (0.8 mmol)
of p-ribose-5-P and 254 mg (1.6 mmol) hydroxypyruvate were mixed with 50 mM
HEPES/K* buffer, pH 7.4 containing 2.0 mM TPP, and 100 mM MgCL,. ATP (650 mg, 0.6
mmol) and 332 mg (0.63 mmol) GTP were dissolved in 500 mM HEPES/K™* buffer, pH 7.4
and added to the above mixture to a final volume of 12 mL. The enzymes TktA, Cj1424,

Biochemistry. Author manuscript; available in PMC 2020 September 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

RESULTS

Bioinformatic Analysis of Heptose Containing Polysaccharides.

Huddleston and Raushel Page 9

Cjl1425, GmhB, and Cj1423 were added to be a concentration of 20 UM each. One unit of
pyrophosphatase was included. The reaction was followed by 3P NMR spectroscopy. After
24 h, the reaction was approximately 80% complete and no additional product formation
was observed over the next 24 h. After 48 h, 20 U of recombinant shrimp alkaline
phosphatase (rSAP, New England BioLabs) was added and the reaction monitored over a
period of 5 h. Test reactions shows that rSAP will dephosphorylate the remaining p-ribose-5-
P, ATP, ADP, and GTP with no measurable loss of GDP-p-glycero-a-p-manno-heptose in 72
h. With only free phosphate and GDP-b-g/ycerc-a-b-manno-heptose visible by 3P NMR
spectroscopy, all of the enzymes were removed by centrifugal filtration using a 6-mL
Vivaspin 10 kDa filter. GDP-b-glycero-a-p- manno-heptose was purified by DEAE anion
exchange chromatography using the same method as outlined previously (20, 26). Fractions
were monitored by UV-Vis spectroscopy by measuring the absorbance at 255 nm. The final
yield of GDP-p-glycero-a-b-manno-heptose was 192 mg (~50% net yield).

The structurally characterized oligosaccharides of the CPS contained within the sequenced
strains of C. jejuni exhibit an array of chemical modifications. To better understand the
sequence diversity among the enzymes responsible for the synthesis of b-g/ycero-o-manno-
heptose, a bioinformatic analysis was conducted. The complete FASTA protein sequences
for 484 strains of C. jejuniwere retrieved from the NCBI and compiled into a local custom
database. The genomes were annotated as either “complete” or “scaffold” assembly level by
NCBI. The sequences for Cj1423, Cj1424, Cj1425, and Cj1152 from C. jejuniNCTC 11168
were used as BLAST queries against the local database. The BLAST results and sequence
similarity network construction show that 373 out of 484 strains of C. jejunihave protein
sequences that share 88% sequence identity or higher to a// four genes within their genomes
(Figure S1). There are seven additional strains that have genes that share at least a 66%
sequence identity to a// four genes. A total of 482 out of the 484 strains have sequences that
share greater than 83% sequence identity with Cj1152 and 57% sequence identity to Cj1424.
This result is mostly likely due to the isomerase (GmhA) and phosphatase (GmhB)
requirement for the synthesis of the heptose moiety found in the inner core region of the
LOS structure. It is important to note that not all C. jejuni strains have a heptose moiety in
their CPS structure. A total of 99 of the 484 strains do not contain homologs with greater
than 34% sequence identity to either Cj1425 or Cj1423. The strains that are known to lack a
heptose moiety in their CPS (e.g. HS1/HS44, HS6/7, and HS19) are found among the 99
strains without homologs to either Cj1425 or Cj1423. Based on the high sequence
conservation of each of the four genes among the 373 C. jejuni strains, the starting material
for the synthesis of the ultimate heptose moiety in the CPS of C. jejuniwill most likely be
the same GDP-heptose carbohydrate from which a variety of possible modifications can be
synthesized.

Catalytic Activity of Cj124 and Cj1425.

The gene for Cj1424 was cloned, expressed, and the enzyme purified to homogeneity. The
protein was tested for catalytic activity with p-a/tro-heptulose and p-a/tro-heptulose-7-P (1)
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by monitoring the changes in the H and 3P NMR spectra. b-A/tro-heptulose-7-P was
synthesized using transketolase A (TktA), o-ribose-5-P, hydroxypyruvate (HPA), thiamine
pyrophosphate (TPP), and MgCl, (Figure 1a). The experiments containing o-a/tro-heptulose
with Cj1424 showed no new resonances for the formation of products after 24 h (data not
shown). However, in the presence of p-altro-heptulose-7-P, a new resonance at 4.78 ppm
(Figure 1b) appears, corresponding to the formation of b-g/ycero-o-manno-heptose-7-P (2).
The equilibrium constant for the isomerization of p-a/tro-heptulose-7-P to o-glycero-o-
manno-heptose-7-P was determined to be 0.22. This value agrees with the previously
estimated equilibrium constant for this reaction using GmhA from A. thermoaerophilus (13).
Due to the unfavorable equilibrium constant, direct measurement of the kinetic constants for
this reaction were not attempted. However, the kinetic constants for the reaction catalyzed by
Cj1424 were obtained using a coupled assay in the presence of excess Cj1425 (vida infra),
which enabled the reaction to be followed spectrophotometrically by monitoring the
formation of ADP with pyruvate kinase/lactate dehydrogenase in the presence of PEP (Table
1). L- Galacto-heptulose, L-galacto-heptulose-7-P (20), and p-manno-heptulose were also
tested as initial substrates for the Cj1424/Cj1425 catalyzed reaction sequence, but no activity
was observed.

The gene for Cj1425 was cloned and expressed, and the protein purified to homogeneity. In
the presence of the Cj1424 isomerase, p-altro-heptulose-7-P (1) and MgATP, Cj1425
catalyzes the phosphorylation of b-g/ycero-o-manno-heptose-7-P (2) to yield b-glycerc-a.-p-
manno-heptose-1,7-bisphosphate (3). A new 3P NMR resonance for the phosphate at C1 is
observed at 2.18 ppm (Figure 1c). The kinetic constants for Cj1425 were obtained using a
coupled enzyme assay in the presence of excess Cj1424 and p-altro-heptulose-7-P (Table 1).
For this experiment, the steady state concentration of the substrate (o-g/ycero-o-manno-
heptose-7-P, 2) was defined by the thermodynamic equilibrium constant observed for the
isomerization of p-a/tro-heptulose-7-P using an excess of Cj1424 (Kgq = 0.22).

Catalytic Activity of Cj1152.

Initial attempts to express Cj1152 showed a significant loss of soluble protein compared to
Cjl1424 and Cj1423. Multiple conditions were screened, including variations of cell lines,
IPTG concentrations, temperature, and media, with best conditions for Cj1152 expression
determined to be in Rosetta (DE3) £. coli cells grown in Terrific Broth (TB) with 0.1 mM
IPTG for 16 h at 18 °C. In the presence of MgCl, (1.0 mM), Cj1152 catalyzes the
dephosphorylation of b-glycero-o-manno-heptose-1,7-bisphosphate (3) to yield p-g/ycero-p-
manno-heptose-1-P (4) as shown in Figure 1d. The formation of P; is observed at 2.71 ppm
with retention of the resonance for the phosphoryl group attached to C1. Kinetic constants
for Cj1152 were obtained by quantifying free phosphate formation over time using the
malachite green assay. The kinetic constants are summarized in Table 1.

Cj1152 shares 32% sequence identity with GmhB from E. col/i, which has been shown to
function in the same LOS biosynthetic pathway as Cj1152 (17). Previously, GmhB was
shown to catalyze the dephosphorylation of both the a- and B-forms of b-glycero-o-mannoc-
heptose-1,7-bisphosphate (17). Kinetic constants for this enzyme for both o-g/ycero-a.-p-
manno-heptose-1,7-bisphosphate and o-glycero-p-p-manno-heptose-1,7-bisphosphate have

Biochemistry. Author manuscript; available in PMC 2020 September 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Huddleston and Raushel Page 11

been reproduced in Table 1. Due to the small amount of soluble Cj1152 produced and slow
rate of dephosphorylation compared to GmhB, GmhB was cloned and purified and used as a
substitute for Cj1152 in all other reactions requiring the production of p-g/ycero-a-p-
manno-heptose-1-P (4).

Catalytic Activity of Cj1423.

Similar to Cj1152, the expression of the gene for the production of Cj1423 was problematic
in both £. coli (DE3) BL21 and E. coli Rosetta cell lines. Under all conditions tested, no
expression of native Cj1423 protein was observed. Similar problems were described
previously for the Cj1423 homolog, GmhD from A. thermoaerophilus (13). As a result, the
gene for Cj1423 was codon optimized (GeneScript), chemically synthesized, and cloned into
a pET30a expression vector. This construct yields significant improvement in the expression
of Cj1423, and ~30 mg of Cj1423 was able to be purified from 1 L of media. In the presence
of p-glycero-a-p-manno-heptose-1-P (4) and MgGTP, Cj1423 catalyzes the formation of
GDP-b-glycero-a.-b-manno-heptose (5). The equilibrium constant is approximately 0.24. In
the presence of pyrophosphatase, the reaction proceeds to completion (Figure 2a). Cj1423
was shown to utilize ATP, UTP, and CTP as substitutes for GTP in the presence of
pyrophosphatase, but the rates are significantly slower (Figures S2a—d for GTP, ATP, UTP,
and CTP, respectively). Cj1423 will also combine a-p-mannose-1-P with GTP to form GDP-
a-p-mannose (Figure S2e). Kinetic constants for Cj1423 were determined using two
different experiments. The formation of product was followed by 3P NMR spectroscopy
and a plot of the concentration of GDP-b-glycero-a.-p-manno-heptose as a function of time
gave an apparent Ay of 3.0 + 0.3 s™1. However, this assumes that 5.0 mM b-g/ycero-a.-o-
manno-heptose-1-P (4) and 5.0 mM MgGTP were saturating. The reaction was repeated and
product formation was determined by anion exchange chromatography. The concentration of
p-glycero-a.-p-manno-heptose-1-P (4) was varied from 0.1 to 8.0 mM at a fixed
concentration of 1.0 mM GTP (1). The resulting values of the kinetic constants are
summarized in Table 1.

Preparative Scale Synthesis of GDP-p-glycero-a-p-manno-heptose.

The apparent widespread utilization of GDP-b-g/ycero-a.-p-manno-heptose as the entry
point for the biosynthesis of heptoses of various stereochemical arrangements makes it an
attractive molecule to obtain in significant quantities. Two experimental trials were utilized
to determine the effectiveness of synthesizing this intermediate using the combined catalytic
activities of Cj1423, Cj1424, and Cj1425. In the first example, all three enzymes were
mixed, along with pyrophosphatase and GmhB from £. co/f and the required cofactors and
co-substrates (ATP, GTP, and MgCly) in a single reaction vessel. The reaction was initiated
by the addition of p-a/tro-heptulose-7-P, and GDP-b-g/ycero-a.-p-manno-heptose (5) was
efficiently formed (Figures S3a and S3b). Moreover, the reaction could be initiated directly
from p-ribose-5-phosphate and hydroxypyruvate in the presence of TktA and TPP to yield
GDP-b-glycero-a-p-manno-heptose. The final yield of GDP-p-glycero-a.-b-manno-heptose
from p-ribose-5-P and hydroxypyruvate in a single reaction vessel was 60% after 72 h
(Figure 2b—f). GDP-p-glycero-a-p-manno-heptose was purified by DEAE anion exchange
and separated from the remaining compounds after incubation with recombinant shrimp
alkaline phosphatase (rSAP) to degrade all remaining phosphate containing compounds.
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rSAP does not measurably degrade GDP-p-glycero-a.-b-manno-heptose over 72 h. The 1H
and 13C NMR spectra for GDP-p-glycero-a-b-manno-heptose are shown in Figure S4.

Discussion

Heptoses are key components of many extracellular structures including the LOS and CPS
units of C. jejuni. The requirement for two p-aftro-heptulose-7-P isomerases and the
apparent absence of a nearby phosphatase raised a question about p-a/tro-heptulose-7-P as
the predicted starting material for the Cj1423/Cj1424/Cj1425 cluster of enzymes in C. jejuni
NCTC 1168. A bioinformatic analysis of 484 strains of C. jejunirevealed that approximately
77% of these strains contain the appropriate enzymes for the biosynthesis of a heptose.
Moreover, this analysis showed that all of these enzymes are highly similar (>88%) to one
another (Figure S1) suggesting that the starting material, the intermediates, and ultimate
product are the same (Scheme 3).

Assays with Cj1424 show that p-aftro-heptulose-7-P (1) is a substrate, while no activity was
observed with p-affro-heptulose. Catalytic activity of Cj1424 with p-aftro-heptulose-7-P, but
not p-altro-heptulose, confirms the requirement for a phosphatase to remove the phosphate
group from C7. The equilibrium constant for the isomerization of p-a/tro-heptulose-7-P to p-
glycero-b-manno-heptose-7-P (2) is 0.22, which agrees with previously reported results
using homologs of Cj1424 (13). Although the measured specificity constant (kqat/ Kmn) and
turnover number (kq5t) for Cj1424 are not large, these values are similar to the kinetic
constants for the £, co/ihomologue, GmhA, which were previously reported to be 0.44 s™1
and 500 M1 s71 for A.yt and et/ K, respectively (33).

Cj1425 was shown to phosphorylate p-g/ycero-b-manno-heptose-7-P (2) resulting in a single
anomer of p-glycero-o-manno-heptose-1,7-bisphosphate. The configuration at C1 was
previously shown to be of the a-configuration (9, 13, 17). This is different from the LOS
heptose synthesis pathway where the dual-function enzyme HIdE (Cj1150) catalyzes the
formation of p-glycero-p-p-manno-heptose-1,7-bisphosphate. Kinetic constants for Cj1425
are slightly higher than Cj1424 with a turnover number of 0.48 s™1 and a specificity constant
of 4200 M~1s7L,

A previous report demonstrated that a knockout of Cj1152 affected the production of both
the LOS and CPS in C. jejuni (5). Based on this observation, it was concluded that Cj1152 is
required to dephosphorylate the a- and p-anomers of o-g/ycero-o- manno-1,7-bisphosphate
in both biosynthetic pathways. A previous bioinformatic study suggested that bacterial
species with two heptose synthesis pathways, as found in C. jejuni, is relatively rare, and
these species commonly utilize two phosphatase enzymes, one for each pathway (17). To
experimentally demonstrate the ability of Cj1152 to dephosphorylate o-g/ycero-a.-p-
manno-1,7-bisphosphate (3), the enzyme was purified and characterized. A 3P NMR
experiment showed that Cj1152 catalyzes the dephosphorylation of compound 3 to yield b-
glycero-a-p-manno-heptose-1-P (4). The rate of turnover (k) of Cj1152 is about 40-fold
slower than the value reported for the £. co/i GmhB phosphatase with 3. However, the
preferred substrate for GmhB is p-glycero-p-p-manno-1,7-bisphosphate, which is about 100-
fold better than 3 (comparing values of A,/ Kin). Homologues of these phosphatases tend to
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show evolved anomer specificity based on their function in the cell (i.e. degradation of a- or
B-anomers p-glycero-o-manno-1,7-bisphosphate) (17).

The native gene for Cj1423 could not be expressed in £. colicell lines and needed to be
codon-optimized for protein expression. Cj1423 was shown to combine GTP and p-glycero-
a-D-mannoc-heptose-1-P (4) yielding GDP-bp-glycero-a.-p-manno-heptose (5). Cj1423 will
slowly accept ATP and UTP as a substitute for GTP. It will also accept CTP, but the reaction
is very slow with only a small amount of product observed after 72 h of incubation (Figure
S2d). The turnover number for Cj1423 was shown to be the fastest of the three enzymes with
a kgt = 3.0 s7L and 1.4 s~ determined by 31P NMR and HPLC, respectively.

Significant quantities of GDP-p-glycero-a.-o-manno-heptose (5) can be generated from this
pathway in a single reaction vessel starting from p-a/tro-heptulose-7-P (1) or p-ribose-5-P
and hydroxypyruvate upon the addition TktA and relevant cofactors. Since GDP-p-g/ycero-
a-p-manno-heptose is the expected starting point for all of the other heptose moieties in the
CPS of C. jejuni, the ability to efficiently generate a significant amount of GDP-p-glycero-
a-D-mannoc-heptose is valuable for the analysis of the other enzymes involved in heptose
biosynthesis for the assembly of the CPS in C. jejuni. As of May 2019, the CPS structures of
12 C. jejuni serotypes (Figures S5-S16) have been reported (11). From these 12 structures, 9
contain heptose residues with 13 different heptose variations identified (Scheme 4).
Methylation and phosphoramidate modifications enable more variations to these heptose
structures (not shown).

All of the CPS gene clusters for these serotypes contain enzymes with high sequence
identity (>88%) for the four enzymes described above (Cj1423, Cj1424, Cj1152, and
Cj1425) (Figures S5-S16) and thus GDP-p-g/ycero-a-b-manno-heptose (5) is the most
likely starting point in the biosynthesis of each of these different heptose molecules (13, 15,
19, 34). Heptoses that are dehydrated at C6 appear to be synthesized through a GDP-6-
deoxy-4-keto-p-/yxo-heptose (6) intermediate (15, 34) whereas the other heptoses are likely
to be synthesized from a GDP-b-glycero-4-keto-b- lyxo-heptose intermediate (7) (19). For C.
Jejuni strain 81-176, it has been shown that DhahA (Cjj1426) catalyzes the formation of
GDP-6-deoxy-4-keto-b-1yxo-heptose (6) via the oxidation, dehydration and reduction of
GDP-p-glycero-a.-p-manno-heptose (15, 34). Unfortunately, the enzyme that catalyzes the
putative formation of GDP-p-glycero-4-keto-p- lyxo-heptose (7) has not been identified (19).
These two transformations are summarized in Scheme 5.

In this report, we have shown that the four enzymes from C. jejuniNCTC 11168, Cj1423,
Cjl424, Cj1425, Cj1152 are responsible for the initial synthesis of GDP-p-g/ycero-a.-o-
manno-heptose (5). The pathway utilizes p-affro-heptose-7-P (1) and requires the action of a
dual-function phosphatase, Cj1152, found in the LOS gene cluster. A bioinformatic analysis
of sequence identities show that there is high sequence conservation among these four genes
in all C. jejuni strains that have heptose residues in their CPS structures. These results
suggest that the starting material, intermediates, and final product of the pathway are the
same for all C. jejunistrains. We have also shown the ability to generate significant
quantities of the final product, GDP-p-glycero-a-p-manno-heptose (5), in a single reaction
vessel. This result is critical for mechanistic characterization of the subsequent enzymes of
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the various heptose biosynthetic pathways and the enzymes responsible for the modifications
to the heptose-containing polysaccharides (e.g. changes in stereochemistry and addition of
methyl and phosphoramidate groups).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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31p NMR spectra for the synthesis of p-g/ycero-a-b-manno-heptose-1-P (4) starting from -
altro-heptulose-7-P (1). (a) 3P NMR spectrum of p-altro-heptulose-7-P (1). (b) p-glycero-o-
manno-heptose-7-P (2) formed from the addition of Cj1424 to p-altro-heptulose-7-P. (c) p-
glycero-a-b-manno-heptose-1,7-bisphosphate (3) formed after the addition of Cj1425 and
MgATP to p-glycero-b-manno-heptose-7-P. (d) o-glycerc-a-b-manno-heptose-1-P (4)
formed after the addition of Cj1152 to p-glycero-a.-p-manno-heptose-1,7-bisphosphate.
Additional details are provided in the text.
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Figure 2.
31p NMR spectra for the time course of the preparative-scale biosynthesis of GDP-p-

glycero-a-b-manno-heptose from p-ribose-5-P. (a) GDP-b-glycero-a.-b-manno-heptose (5)
after the addition of Cj1423, GTP, and pyrophosphatase to b-g/ycero-a.-b-manno-heptose-1-
P. (b) Spectrum of p-ribose-5-P with p-a/tro-heptulose-7-P added for reference. (c) 1 h after
addition of all enzymes (TktA, Cj1423, Cj1424, Cj1425, GmhB, and pyrophosphatase) and
co-factors as described in the text. (d) 6 h. (e) 24 h. (f) 48 h. (g) GDP-b-glycero-a.-o-mannc-
heptose after rSAP degradation of remaining phosphate compounds (ATP/ADP, GDP, p-
altro-heptulose-7-P) and anion-exchange column purification. The shift in the phosphate
resonance is due to the change in pH after ammonium bicarbonate has been removed by
acidification and then neutralized (final pH ~6).
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HO

OH HO

Scheme 1:
Structure of the CPS unit of C. jefuniNCTC 11168.
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Scheme 2.
Proposed synthesis of two heptose molecules found in the LOS and CPS.
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Scheme 3:
Synthesis of GDP-b-glycero-a-p-manno-heptose (5) in C. jejuniNCTC 11168
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Observed variations in the heptose residues of the CPS from C. jejuni.
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GDP
NAD(P)*
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OH
GDP-6-deoxy-4-keto GDP-p-glycero- GDP-D-glycero-
a-D-lyxo-heptose (6) a-D-manno-heptose (5) 4-keto-u-D-lyxo-heptose (7)

Scheme 5:
Metabolic fate of GDP-b-glycero-a.-p-manno-heptose (5).
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Table 1.

Steady-state Kinetic parameters for Cj1424, Cj1425 and Cj 1423°

Enzyme Substrate Keat 6D K (UM)  Keae/Kn (M71571)
cjra2a? D-altro-heptulose-7-P (1) 014001 320£25 (4.4 0.4)x 102
Cj1425b D-glycero-D-manno-heptose-7-P (2)° 048+001 103+9  (4.7+0.4)x 103

Cj1152d D-glycero-a-D-manno-heptose-1,7-bisphosphate (3)  0.12+0.01 186+25 (6.5 1.0) x 10?
Gmhe®  D-glycero-a-D-manno-heptose-1,7-bisphosphate (3) 46+0.1 67+1 (7.0+0.1) x 104
Gmhe® D-glycero-B-D-manno-heptose-1,7-bisphosphate 36.0+02 50+01 (7.2+0.2)x108

le423f D-glycero-a.-D-manno-heptose-1-P (4) 135+004 495+65 (2.7+0.4)x 108

a . _
Errors were calculated from the standard deviation of the fitting results.

bReactions were monitored by UV coupled assay at pH 7.4 and 30 °C in the presence of NADH (300 uM), MgCl2 (5 mM), ATP (2 mM), PEP (1.0
mM), 1 U of lactate hydrogenase and pyruvate kinase.

c . L .
The substrate for Cj1425, D-glycero-D-manno-heptose-7-P (2), was generated /n situ using a 10-fold excess of Cj1424 and D-altro-heptulose-7-P
(1). Kinetic constants were determined from the calculated concentrations of (2) using the equilibrium constant of 0.22 for the Cj1424 catalyzed
reaction.
d . . . . . .
Reaction was followed by discontinuous UV assay using malachite green free phosphate detection at pH 7.5 at 25°C.

eReactions were monitored at pH 7.5 and 25 °C as previously reported (17).

fReaction was monitored by HPLC at pH 7.4 and 25 °C with GTP (1.0 mM), MgClI2 (2.0 mM) and pyrophosphatase (1 U).
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