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Abstract

Campylobacter jejuni , a leading cause of gastroenteritis, produces a capsular polysaccharide that
is derivatized with a unique O-methyl phosphoramidate (MeOPN) modification. This modification
contributes to serum resistance and invasion of epithelial cells. Previously, the first three
biosynthetic steps for the formation of MeOPN have been elucidated. The first step is catalyzed by
a novel glutamine kinase (Cj1418), which catalyzes the ATP-dependent phosphorylation of the
amide nitrogen of L-glutamine. L-Glutamine phosphate is used by CTP:phosphoglutamine
cytidylyltransferase (Cj1416) to displace pyrophosphate from CTP to generate CDP-L-glutamine,
which is then hydrolyzed by y-glutamyl-CDP-amidate hydrolase (Cj1417) to form cytidine
diphosphoramidate (CDP-NH>). Here we show that Cj1415 catalyzes the ATP-dependent
phosphorylation of CDP-NH, to form 3’-phospho-cytidine-5’-diphosphoramidate. Cj1415 will
also catalyze the phosphorylation of adenosine diphosphoramidate (ADP-NH,) and uridine
diphosphoamidate (UDP-NH5) but at significantly reduced rates. It is proposed that Cj1415 be
named cytidine diphosphoramidate kinase.
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INTRODUCTION

Campylobacter jejuni, a Gram-negative pathogenic bacterium, is a leading cause of
gastroenteritis worldwide (1,2). C. jejuni, while pathogenic in humans, is commensal in
chickens, and thus contaminated poultry have become a common source of human infections
(3). While most C. jejuniinfections result in gastroenteritis, rare cases are linked to the
occurrence of the autoimmune disease, Guillain-Barré syndrome (4). Like many other
organisms, C. jejuni produces a capsular polysaccharide (CPS) that aids in host colonization,
evasion of immune responses, and serum resistance (5,6). Over 34 CPS gene clusters have
been published, and it is believed that each strain produces a unique CPS (7). Currently, the
structures of at least 10 C. jejuni capsular polysaccharides have been physically
characterized (8). The CPS of C. jefuniNCTC 11168 consists of a four-carbohydrate
repeating unit that is decorated with a unique O-methyl phosphoramidate (MeOPN)
modification (9,10). Approximately 70% of all C. jejuni strains contain the MeOPN moiety
attached to their CPS. In the CPS of C. jejuniNCTC 11168, the 2-acetamido-2-deoxy-p-D-
galactofuranose and D-glycero-a-L-gluco-heptopyranose sugars are derivatized with the
methyl phosphoramidate group (Scheme 1).

A cluster of 35 genes has been identified in C. jejuniNCTC 11168 that is primarily
responsible for the biosynthesis and export of the CPS (11). Eight genes in this cluster
(Cj1415through Cj1422) have been predicted to be responsible for the biosynthesis and
transfer of the MeOPN modification to the sugar backbone (10). Enzymes with the locus
tags Cj1421 and Cj1422 have been implicated in the transfer of the phosphoramidate moiety
to their respective sugar targets (10). Cj1422 is required for the attachment of the MeOPN
group to D-glycero-a-L-gluco-heptopyranose whereas Cj1421 is needed for modification to
2-acetamido-2-deoxy-p-D-galactofuranose (10). Cj1419 and Cj1420 are annotated as SAM-
dependent methyltransferases and are believed to be responsible for methylation of the
phosphoramidate group (10). The other four enzymes, Cj1415, Cj1416, Cj1417, and Cj1418
are required for the biosynthesis of the phosphoramidate group of MeOPN, and if any of the
four genes for these enzymes are deleted, all of the MeOPN maodifications are lost (10).

Recently, we have functionally characterized the first three enzymes in the biosynthesis of
the phosphoramidate modification in C. jejuni (12,13). In the first reaction, Cj1418 catalyzes
the ATP-dependent phosphorylation of L-glutamine on the amide nitrogen to make L-
glutamine phosphate (12). This product is utilized by Cj1416 to displace pyrophosphate
from MgCTP to form CDP-L-glutamine (13). Cj1417 then catalyzes the hydrolysis of CDP-
L-glutamine to produce L-glutamate and cytidine diphosphoramidate (CDP-NH5). These
reactions are summarized in Scheme 2.

Cj1415 is currently annotated as an adenylyl sulfate kinase from cog0529 (14). While most
members of this family of enzymes are bifunctional adenylyl sulfate synthases/adenylyl
sulfate kinases, the closest functionally characterized homolog to Cj1415 is the
monofunctional CysC from £. coli (14). CysC catalyzes the ATP-dependent phosphorylation
of the 3’-hydroxyl group of adenylyl sulfate (APS) forming 3’-phosphoadenosine 5 -
phosphosulfate (PAPS), a molecule that is ultimately used in the transfer of sulfate to various
acceptors (Scheme 3). Since CysC is the closest functionally characterized homolog to
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Cj1415, we postulate that Cj1415 will phosphorylate the 3"-hydroxyl group of cytidine
diphosphoramidate (1) to synthesize a new cofactor for the transfer of phosphoramidate
groups to various acceptors.

MATERIALS and METHODS

Materials

All chemicals and buffers were purchased from Sigma-Aldrich, unless otherwise specified.
CDP, UDP and CTP were purchased from Alfa Aesar. ADP was purchased from TCI
Chemicals. Dpnl was obtained from New England Biolabs. Primestar HS Polymerase was
purchased from Takara Industries. The plasmid used for the expression of Cj1415 from
Campylobacter jefuniNCTC 11168 was obtained from Professor Christine Szymanski of the
University of Georgia.

Gene Expression and Enzyme Purification

The plasmid for the expression of Cj1415 (UniProt: QOP8J9) with a C-terminal
polyhistidine purification tag was used to transform Rosetta (DE3) £. coli cells by
electroporation. Five-mL cultures of LB medium supplemented with 50 pg/mL kanamycin
and 25 pg/mL chloramphenicol were inoculated with a single colony and grown overnight at
37 °C. These cultures were used to inoculate 1 L of LB medium (50 ug/mL kanamycin and
25 pg/mL chloramphenicol) and then incubated at 30 °C until an ODggg of ~0.6-0.8 was
reached. The cells were induced with 1.0 mM isopropyl B-thiogalactoside (IPTG), grown for
16 hours at 16 °C and then harvested by centrifugation at 6000 rpm at 4 °C. The resulting
cell pellet was resuspended into loading buffer (50 mM HEPES/K*, 300 mM KCI, 20 mM
imidazole, pH 8.0) and lysed by sonication. The total cell lysate was passed through a 0.45
um filter before being loaded onto a prepacked a 5-mL HisTrap HP (GE Healthcare) nickel
affinity column. Protein was eluted with 50 mM HEPES/K*, pH 8.0, 300 mM KCI, and 400
mM imidazole over a gradient of 30 column volumes. Excess imidazole was removed by
exchanging the buffers against 50 mM HEPES/K™, pH 8.0, 100 mM KCI using a 20 mL (10
kDa molecular weight cutoff) concentrator (GE Healthcare). The purified protein was flash
frozen and stored at —80 °C. Approximately 30 mg of purified protein was obtained per liter
of cell culture.

Synthesis of Substrates

Cytidine diphosphoramidate (CDP-NH>, 1), uridine diphosphoramidate (UDP-NH,, 6), and
adenosine diphosphoramidate (ADP-NH, 7) were prepared chemically as previously
described (15). 2”-Deoxy cytidine diphosphoramidate (2”-deoxy-CDP-NH,, 2) was made
enzymatically with 2’-deoxy CTP (Roche) and L-glutamine phosphate (12), using Cj1416
and Cj1417 as catalysts (13). 2"-Deoxy CTP (10 mM), L-glutamine phosphate (10 mM) and
MgCl, (15 mM) were incubated with Cj1416 (10 uM) and Cj1417 (10 uM) for three hours
at room temperature (100 mM HEPES pH 8.0). The enzymes were removed by filtration and
the concentration of 2"-deoxy-CDP-NH, was determined by UV-visible spectroscopy.

CDP-methyl phosphate (CDP-OMe, 4) and CDP-methyl phosphonate (CDP-Me, 5) were
made enzymatically using Cj1416 and MnCTP (13). In these reactions methyl phosphate (15
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mM) or methyl phosphonate (15 mM) was incubated with Cj1416 (15 uM) and CTP (15
mM) with MgCl, (15 mM) and MnCl, (4.0 mM) in 100 mM HEPES/K*, pH 8.0, 100 mM
KCI. After 16 hours, the reactions were quenched and the target compounds purified by
anion exchange column chromatography (DEAE Sephadex) using a gradient of 10-1000
mM triethylamonium bicarbonate (pH 8.0). The elution of the products from the column was
monitored at 260 nm. The fractions were pooled and the structures of the desired compounds
confirmed by 3P NMR spectroscopy and ESI (negative) mass spectrometry. CDP-Me (5)
was obtained in an isolated yield of ~30% and CDP-OMe (4) was obtained with a yield of
~20%, based on the starting concentration of CTP. The 3P NMR spectrum of CDP-Me (5)
showed two doublets at 17.92 (B-P) and —10.79 ppm (a-P) whereas the 31P NMR spectrum
for CDP-OMe (4) showed two doublets at —=9.06 (B-P), and —=10.82 ppm (a-P). The ESI
(negative) mass spectrum for CDP-Me (5) indicated an //z of 400.03 (expected m/z for M-
H = 400.03 for C1gH17N301P>) whereas the ESI (negative) mass spectrum for CDP-OMe
(4) had an m/z of 416.02 (expected m/z for M-H = 416.02 for C1gH17N3011P5). The
structures of the compounds used in this investigation are presented in Scheme 4

Determination of Kinetic Constants

The kinetic constants for wild type Cj1415 were determined using a pyruvate kinase/lactate
dehydrogenase coupled enzyme assay, following the oxidation of NADH at 340 nm at 25 °C
with a SpectraMax340 UV-visible spectrophotometer (16). Assays were performed in 100
mM HEPES/K*, pH 8.0, and 100 mM KCI. The coupling system contained 2.0 mM
phosphoenol pyruvate, 0.3 mM NADH, 8 units/mL lactate dehydrogenase, and 8 units/mL
pyruvate kinase. When determining the kinetic constants for CDP-NH, (20-200 uM) 2’-
deoxy CDP-NH> (50 — 500 uM), ADP-NH, (1 — 10 mM), UDP-NH, (2.6-26 mM), CDP-
OMe (200 - 2000 uM), and CDP-Me (360 — 3600 uM), a fixed concentration of 10 mM ATP
was used. The Kinetic constants for ATP (200 — 7000 uM) were determined with a fixed
concentration of 400 uM CDP-NH>. For these experiments, MgCl, was added in a 4.0 mM
excess of the total nucleoside concentration. Kinetic constants for the consumption of CDP
(0.5 — 15 mM) were determined using 3P NMR spectroscopy because CDP interfered with
the coupled enzyme assay. For these assays, each reaction mixture contained 10 mM ATP
and a 4 mM excess of MgCl,. The reactions were followed for 30 minutes, collecting a 31P
NMR spectrum every 5 minutes. With the S85A mutant of Cj1415 the Kinetic constants for
CDP-NH> (0.20 — 10 mM) were determined at a fixed concentration of ATP (10 mM). The
kinetic constants for ATP (1 — 8 mM) were determined at a fixed concentration of CDP-NH,
(15 mM). Kinetic constants for ATP, CDP-NH,, dCDP-NH,, CDP-OMe, and CDP-Me were
determined using 200 nM Cj1415, adenylyl sulfate, ADP-NH, and UDP-NH, used 1, 2.1
and 10 pM of enzyme, respectively.

The Kkinetic parameters were determined by fitting the initial rates to eqn. 1 using GraFit 5,
where vis the initial velocity of the reaction, E; is the enzyme concentration, Az, is the
turnover number, [A] is the substrate concentration, and Ky, is the Michaelis constant.

VIE =k (AA+K,) (1)

cat
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31p NMR Spectroscopy

The product of the ATP-dependent phosphorylation of each substrate by Cj1415 was
analyzed by 3P NMR spectroscopy. Each reaction was conducted in 100 mM HEPES/K*,
pH 8.0, and 100 mM KCl at 25 °C and initially contained 5.0 mM ATP, 5.0 mM substrate,
14 mM MgCl,, and 5 pM Cj1415. All reactions were quenched after 60 minutes with 15
mM EDTA, except for UDP-NH, (6) and ADP-NH> (7), which were quenched after 3 hours.
After the reactions were quenched, the pH was adjusted to 9.0 before the spectra were
collected.

Cj1415 S85A Mutant

Ser85 in Cj1415 was determined to be a residue of interest based on previous reports that the
homologous residue in CysC from £. coliis phosphorylated during catalysis (17). The pET
30b plasmid for the expression of wild type Cj1415 with a C-terminal hexahistidine tag was
used as a template for the construction of a plasmid for the expression of the S85A mutant.
The forward primer (5’-
GTATGATGGTTATTGTCACTACGATTGCAATGTTTAATGAGATTTATG-3) and reverse
primer (5'-CATAAATCTCATTAAACATTGCAATCGTAGTGACAATAACCATCATAC-3")
were used to convert the serine codon (TCA) to alanine (GCA). Primestar HS polymerase
was used to amplify the gene. The reaction used a three-step thermal cycle (98 °C for 10 sec,
63 °C for 40 sec, and 72 °C for 10 minutes) and continued through thirty cycles. After
amplification, Dpnl was used to digest the template DNA for 2 hours at 37 °C. Following
Dpnl digestion, PCR cleanup (Qiagen) was performed and the plasmid transformed into £.
coliBL21 (DE3) cells. Single colonies were selected and the DNA sequence of the mutant
gene was confirmed.

Cog0529 Sequence Similarity Network

RESULTS

The identification codes for cog0529 (1160 total sequences) were downloaded from Uniprot.
The collected identifiers were used to generate a network using the Enzyme Function
Initiative- Enzyme Similarity Tool through Option-D (18,19). The full network (each
sequence is a node) was downloaded and used to generate a sequence similarity network
using Cytoscape (20). Edges below a 50% identity threshold were removed, and each cluster
was assigned an arbitrary number and color.

Determination of the Catalytic Activity of Cj1415

CysC in E. coli catalyzes the final step in the biosynthesis of PAPS, the cofactor used for
sulfuryl transfer in biological systems (14). Since the closest functionally characterized
homolog to Cj1415 is CysC, adenylyl sulfate (APS, 8) was tested as a substrate for this
enzyme using ATP as the phosphoryl donor. Within the limits of the coupled enzyme assay,
no activity could be detected using Cj1415 to catalyze the phosphorylation of APS. Because
of its presumptive connection to the biosynthesis of the O-methyl phosphonate moiety in C.
Jejuni, Cj1415 was tested with cytidine diphosphoamidate (1) as a substrate since this
compound has been demonstrated to be the final product in the collective reactions catalyzed

Biochemistry. Author manuscript; available in PMC 2019 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taylor and Raushel Page 6

by Cj1416, Cj1417, and Cj1418 (Scheme 2) (12,13). CDP-NH5 (1) is an excellent substrate
for Cj1415 with a turnover number of 2.2 s71

Characterization of the Cj1415 Catalyzed Reaction Product

The reaction between CDP-NH, and MgATP, as catalyzed by Cj1415, was analyzed by 31p
NMR spectroscopy. After an incubation period of approximately one hour, the 31P NMR
spectrum shows that most of the ATP was converted to ADP, and that a new resonance was
observed at ~4.1 ppm (Figure 1a). In the H-coupled spectrum this resonance is a doublet
with a coupling constant of 7.3 Hz, indicating that this phosphorus is coupled to a hon-
exchangeable proton. The molecular weight of the new product (9) was determined by ESI
(negative ion) mass spectroscopy and shown to be 480.99. This value is consistent with the
expected m/z of 480.99 for CgH17N4013P3. Based on the molecular structure of CDP-NHo,
the site of phosphorylation can only correspond to the 2”- or 3"-hydroxyl group of the ribose
ring.

The 2’-deoxy derivative of CDP-NH, (2) was synthesized enzymatically and tested as a
potential substrate for Cj1415. In the presence of MgATP, 2’-deoxy-CDP-NH, (2) was
phosphorylated with a Ay 0f 2.2 s71 (Table 1). The 31P NMR spectrum of the
phosphorylated reaction product (Figure 1b) shows the presence of a new resonance at ~3.85
ppm that is a doublet, with a coupling constant of 7.8 Hz, in the absence of proton
decoupling. The molecular weight of this product (10) was determined by negative ion ESI-
MS and shown to be 465.00. This value is consistent with the expected m/z of 464.98 for
CqH17N401,P3 Since the kinetic constants for the phosphorylation of CDP-NH, and 2'-
deoxy-CDP-NH, are essentially identical, the site of phosphorylation is at the hydroxyl
group attached to C3” of the ribose ring. This result is fully consistent with the site of
phosphorylation catalyzed by CysC. The reaction catalyzed by Cj1415 is summarized in
Scheme 5.

Substrate Specificity of Cj1415

The range of substrates accepted by Cj1415 was tested with five additional compounds. To
determine if Cj1415 is selective for the cytosine base, uridine diphosphoramidate (6) and
adenosine diphosphoramidate (7) were tested as substrates (Table 1). The values of Az Kim
for these two compounds are 3—4 orders of magnitude poorer that the value for CDP-NH>
and thus Cj1415 greatly prefers the cytosine base. Two other cytidine diphosphoramidate
analogs were synthesized and assayed with Cj1415. Similar to CDP-NH,, these analogues
possess a single negative charge on the p-phosphorus group. CDP-methyl phosphate (4) and
CDP-methyl phosphonate (5) were both found to be substrates for Cj1415. The values of
Keat are 30 to 60% as good as for CDP-NH5, but the K}, values are about an order of
magnitude greater than for CDP-NH,. CDP can be phosphorylated by Cj1415, but the value
of kca Kim IS approximately 2 orders of magnitude poorer than for CDP-NH,. For all seven
substrates discovered for Cj1415, the negative ion ESI mass spectra of the phosphorylated
reaction products are fully consistent with the expected molecular structure.
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Mutation of Serine-85

The closest functionally characterized homolog to Cj1415 is CysC from E. coli (14).
Previous investigations with CysC have indicated the requirement for the phosphorylation of
a serine residue as an obligatory reaction intermediate (17). The phosphorylated enzyme was
isolated and shown to phosphorylate APS in the absence of added ATP (17). This serine
residue is conserved in close CysC homologs and in Cj1415. To determine if the
corresponding residue in Cj1415 is required for catalytic activity, Ser-85 was mutated to an
alanine residue (S85A). The value of At for the S85A mutant is 73% of the value of the
wild type enzyme, but the value of Kj, is 40 times greater, suggesting that this residue is not
phosphorylated during catalysis but is perhaps interacting with the substrate in the active site
(Table 1).

DISCUSSION

Substrate Specificity

In this study we have established the substrate profile of Cj1415, an enzyme that functions in
the biosynthesis of the cofactor used for the transfer of phosphoramidate to acceptor
carbohydrates in C. jejuni. As anticipated, the product of the reaction catalyzed by Cj1417,
cytidine diphosphoramidate (1), is the best substrate of those tested for Cj1415 and is
phosphorylated on the C3’-hydroxyl group (Table 1). We also examined the catalytic
activity with the corresponding adenine and uridine diphosphoramidate derivatives, and
confirmed that cytidine is the nucleotide preferred by Cj1415. CDP is a relatively poor
substrate for Cj1415 and this result is likely to be a reflection of the two negative charges on
the B-phosphoryl group, where CDP-NH> has only one. In addition to CDP-NH,, the
enzyme will also accept the substitution of -CH3 or -OCH3 for the -NH, functional group
on the B-phosphorus substituent. We propose that this enzyme be called cytidine
diphosphoramidate kinase (CDK).

Comparison with Adenylyl Sulfate Kinase

Cj1415 is a member of cog0529 and the sequence similarity network (SSN) is presented in
Figure 2 at a percent identity cutoff of 50% (18). The only known catalytic activities from
cog0529 are adenylyl sulfate kinase or a bifunctional adenylyl sulfate synthase and adenylyl
sulfate kinase, which represent arbitrary Group-1 (Figure 2). At a 50% identity cutoff,
Cj1415 is Group-2, which contains no functionally characterized enzymes. This cluster
contains enzymes primarily from various Campylobacterand Helicobacter species. Groups
3-5 are not similar to adenylyl sulfate kinase or Cj1415 and thus likely represent other
unique catalytic activities. Group-3 contains sequences only from Desulfovibrio species,
indicating this group of enzymes may be specific to this bacterium.

The closest functionally characterized homolog to Cj1415 is CysC from E. coli with a 26%
identity. Two other monofunctional adenylyl sulfate kinases from Arabidopsis thaliana
(UniProt Q43295) and Penicillium chrysogenum (UniProt Q12657) also share a 26%
identity to Cj1415. A sequence alignment of these four proteins is presented in Figure 3. The
three-dimensional structure of the A. thaliana enzyme has previously been solved, and the
adenylyl sulfate binding residues have been identified (Figure 4). Comparing the residues in
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the active site of adenylyl sulfate kinase to Cj1415, there are three notable differences in
residues that interact with the nucleoside base and the sulfate moiety of the bound adenylyl
sulfate. In adenylyl sulfate kinase, there are two phenylalanine residues that interact with the
adenine base, however, in Cj1415 these two residues are replaced by tyrosine and valine.
These two residues may help to explain the specificity for cytosine over adenine (21). The
sulfate of adenylyl sulfate in CysC is stabilized by an asparagine residue, which donates two
hydrogen bonds to the substrate. In Cj1415 this residue is a methionine, a hydrogen bond
acceptor. Methionine commonly forms hydrogen bonds with the backbone amide in a
polypeptide chain (22). This change from a hydrogen bond donor to an acceptor in Cj1415
may help to explain why the amidate substrate is preferred over sulfate.

Previously, the £. coli CysC enzyme has been reported to require a phosphoserine enzyme
intermediate (17). However, this residue has never been mutated and a crystal structure is not
available for the £. coli enzyme. Mutation of the A. thalianaand P, chrysogenum CysC
homologs show that when this serine is mutated there is no loss of catalytic activity (23,24).
In the crystal structure of A. thaliana (Figure 4) this serine residue is in the active site, but is
removed from the 3’-hydroxyl group of adenylyl sulfate (25). While this residue is not
forming a phosphorylated intermediate in Cj1415 its involvement in substrate binding can be
seen in the increased K, of CDP-NH, (Table 1).

We have now demonstrated that Cj1415, Cj1416, Cj1417, and Cj1418 collectively catalyze
the biosynthesis of 3’-phosphocytidine-5’-diphosphoamidate (9) using L-glutamine, CTP
and 2 molecules of ATP. The pB-phosphoramidate group of 9 must ultimately be methylated
and transferred to a specific carbohydrate that is incorporated into the growing capsular
polysaccharide chain. However, at this point it is unclear as to the timing of the methylation
and phosphoryl transfer reactions in the biosynthesis of the capsular polysaccharide chain.
From the appropriate gene cluster contained within C. jejuni 11168 it is highly likely that the
enzymes Cj1419 and Cj1420 will be responsible for the transfer of the methyl group of
SAM to the appropriate substrate and that Cj1421 and Cj1422 will catalyze the transfer of
the phosphoramidate or the methylated phosphoramidate group to either an NDP-
functionalized sugar or the growing capsular polysaccharide itself. Experiments are
currently underway to unravel the substrate profiles for Cj1419, Cj1420, Cj1421, and
Cj1422.
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Figure 1.
31p NMR spectra of the products in the reaction catalyzed by Cj1415. (A) Cj1415 (5 uM)

was mixed with 5.0 mM MgATP and 5.0 mM CDP-NH, for 60 minutes at pH 8.0 before the
reaction was quenched with 15 mM EDTA. (B) Cj1415 (5 pM) was mixed with 5.0 mM
MgATP and 5.0 mM 2’-deoxy-CDP-NH, for 60 minutes before the reaction was quenched
with 15 mM EDTA. The insets show the 1H-coupled spectra for the resonances at 4.1 ppm
(A) and 3.85 ppm (B). Additional details are available in the text.
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Figure 2.
Sequence similarity network for proteins of cog0529 at a percent identity cutoff of 50%. All

protein sequences for cog0529 obtained from Uniprot were used to create the network. Each
node (colored sphere) represents a unique protein sequence and each edge (black line)
represents a connection between two sequences at the given percent identity cutoff. Group 1
contains known adenyly| sulfate kinases or bifunctional adenylyl sulfate kinase/adenylyl
sulfate synthases. Group 2 contains Cj1415 and homologs from several Campylobacterand
Helicobacter species. Groups 3-5 represent enzymes that are dissimilar from adenylyl
sulfate kinases and Cj1415, and likely represent unique activities.
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Figure 3.

Sequence alignment of CysC homologs. Sequence alignment of £. col/i CysC (UniProt

POA6J1), Arabadopsis CysC (UniProt Q43295), Pennicillian CysC (UniProt Q12657) and

Cj1415 (UniProt QOP8J9). The annotated adenylyl sulfate binding residues are highlighted
in red boxes (residues based on Arabidopsis crystal structure PDB id: 3UIE) (25).
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Figure 4.

Active site of Arabidopsis adenylyl sulfate kinase (PDB id: 3UIE) (25). This image was
adapted from the ligand interactions found within the Protein Data Bank for this structure.
Potential hydrogen bonds are indicated by the dashed lines where the distances between the
two heteroatoms are <3.1A.
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Scheme 3.
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Table 1

Kinetic Constants of Cj1415 at 25 °C, pH 8.0

substrate Keat (s7%) Km (MM)  KealK (M1 s7%)
CDP-NH, (1) 22+03  011+00l1 20000 + 3300
dCDP-NH, (2) 22402  039+0.07 56001100
COP  (3) 064+004  42%07 150 + 30
CDP-OMe (4) 065+006 1402 480 + 90
CDP-Me (5) 14+01 0802 1700 + 400
UDP-NH, (6) 0023£0.002  21+3 11402
ADP-NH, (7) 008001  56+08 1443
APS  (8) <001
COPNH,2 () 16+02 4404 360 + 60
ATP 22403 15+0.1 1500 + 200
ATPA 1602  07£01 2300 + 500
385A mutant of Cj1415
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