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ABSTRACT: Sialic acid is an essential sugar in biology that plays key roles in numerous cellular processes
and interactions. The biosynthesis of sialylated glycoconjugates is catalyzed by five distinct families of
sialyltransferases. In the last 25 years, there has been much research on the enzymes themselves, their
genes, and their reaction products, but we still do not know the precise molecular mechanism of action
for this class of glycosyltransferase. We previously reported the first detailed structural and kinetic
characterization of Cst-II, a bifunctional sialyltransferase (CAZy GT-42) from the bact&€ampylobacter

jejuni [Chiu et al. (2004Nat. Struct. Mol. Biol. 11163-170]. This enzyme can use both G&lt,3/4-R

and Neu5Aca-2,3-Gal$-1,3/4-R as acceptor sugars. A second sialyltransferase from this bacterium, Cst-
I, has been shown to utilize solely Gal1,3/4-R as the acceptor sugar in its transferase reaction. We
report here the structural and kinetic characterization of this monofunctional enzyme, which belongs to
the same sialyltransferase family as Cst-Il, in both apo and substrate bound form. Our structural data
show that Cst-l adopts a similar GTA-type glycosyltransferase fold to that of the bifunctional Cst-Il, with
conservation of several key noncharged catalytic residues. Significant differences are found, however,
between the two enzymes in the lid domain region, which is critical to the creation of the acceptor sugar
binding site. Furthermore, molecular modeling of various acceptor sugars within the active sites of these
enzymes provides significant new insights into the structural basis for substrate specificities within this
biologically important enzyme class.

Glycosyltransferases catalyze the transfer of a sugar moietyonly to glycosidases in the number of identified members)
from an activated sugar-phosphate donor, which can be acomprising thousands of proteins grouped into families based
sugar-nucleotide or a sugar-phospholipid, onto a specific on sequence similarity2J. A specific class of glycosyltrans-
acceptor resulting in the formation of new glycosidic bonds. ferases with particular biological importance is the sialyl-
This class of enzyme is represented across all branches ofransferases. These enzymes use QW&cetylneuraminic
the tree of life with vital roles in a wide variety of essential acid (CMP-Neu5Ac) as the universal donor sugar and transfer
biological processes. From the Carbohydrate-Active en- the Neu5Ac moiety onto a diverse range of complex
ZYmes (CAZy} database (http://afmb.cnrs-mrs.frICAZY/), carbohydrates found mainly on the cell surface. Within the
glycosyltransferases form a large functional class (secondCAZy classification, the sialyltransferases are found in
families GT-29, GT-38, GT-42, GT-52, and the recently
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sialyltransferasey-2,3-sialidase, and a-2,3-trans-sialidase  enzymes as well as provide a starting point for the design
activity have been reporte®)]. of therapeutics. We have previously described the structural,
Glycoconjugates displaying sialic acids play important biochemical, and kinetic analysis of tHéampylobacter
roles in mammalian celicell recognition, cell differentiation,  bifunctional @-2,3/8-) sialyltransferase Cst-Il enzyme in-
and various recepteiligand interactions. For example, the volved in the biosynthesis of ganglioside mimics which can
sialyl-Lewis X glycans found on cell surface glycolipids and use either a galactoside acceptone?,3-sialyl-galactoside
glycoproteins are the specific ligands responsible for leuko- acceptor {). In this work, we describe the structural and
cyte “rolling and tethering” during an inflammatory response kinetic analysis of Cst-1, a related GT-42 member. Full-length
(4). Other examples are poly-2,8-sialic acid, which is found  Cst-I (residues +430) has only 42% sequence identity to
mainly on the mammalian neural cell adhesion molecule Cst-Il (residues £291) and is best described as monofunc-
(NCAM) implicated in numerous normal and pathological tional, as it exhibits only aw-2,3-sialyltransferase activity
processes, including mammalian development, neuronaland shows a high specificity for galactoside acceptors. To
plasticity, and tumor metastask 6). Another class of sialic ~ further our understanding of these differences as well as
acid-containing glycoconjugates are the gangliosides, which sialyltransferase function in general, we report here the X-ray
act as receptors for microorganisms and bacterial toxins, crystal structures of the monofunctional Cst-l in both the
regulate cell growth and differentiation, and contribute to apo and the substrate analogue-bound forms. Together with
cell—cell and cel-matrix interactions?, 8). An additional a kinetic study characterizing its enzyme activity and a
function for sialic acid-containing glycoconjugates is the proposed model for acceptor sugar binding, this work
regulation of the serum half-life of some circulating proteins, provides significant new insight into the mechanism of
where the presence or absence of terminal sialic acid iscatalysis and substrate specificity of sialyltransferases.
correlated with the biological half-life of these protei®s-(
12). In prokaryotes, sialylated glycoconjugates can play EXPERIMENTAL PROCEDURES
important functions in virulence. Some bacterial pathogens
that invade the mammalian host have taken advantage o
the presence of sialylated glycoconjugates on the host cells.
These bacteria includ&leisseria gonorrhegeNeisseria
meningitidis Escherichia coli Campylobacter jejuniStrep-
tococcus sp and Haemophilus influenzaeall of which
display mimics of sialylated human glycan structures on their
cell surfaces, and indeed a role for these carbohydrates in . . o
pathogenesis has been demonstratei 14). It is thought product was dlggsted wnmd_d andSal restrlctlon. enzymes
that the presence of these carbohydrate mimics allows thean(_j subclone_d Into pCWoF (-lacz) vector carrying theE.
pathogens to escape detection by the immune system sinc&OI' maltose-pmdmg p_roteln MaIE (Protein sequence dgtabase
these molecules are not considered foreign. Further, the”"02928) without signal peptide followed by the linker

presence of these carbohydrates presents a physical barrie?GG"_| and a t_hrombin cleavage site (IFNPRGSH). The
for the killing action of serum complementg). Finally, it plasmid pCWorl-malE-cst;i285 was subsequently trans-
may be that certain pathogens use normal human receptordormed intoE. coli strain AD202, and cells were grown at

that recognize their surface carbohydrate structures as g3/ "Cin 2xYT broth with 150ug mL~* ampicillin and O.'Z%
means of aiding transmission or colonization of the host (wiv) glucqse. When the Qlg nm reached-0.5, a final
(although this mechanism remains unproven for many of concentration of 1.0 mM IPTG was added, and the cells were

these pathogens16, 17). switched to 25°C and incubated for 22 h. Cells were then
The carbohydrate mimics fron€C. jejuni which are harvested at 620& g for 15 min and stored at80 °C.

ganglioside analogues, are an example of where this molec- Purification of the Cst-172%> Product and Kinetic Assay.
ular mimicry sometimes elicits an immune response with The cell pellet (2.4 g wet weight) was resuspended in 24
detrimental effectsC. jejuniis the most frequently identified ~ ML of 20 mM Tris-HCI pH 7.5 buffer containing 200 mM
triggering agent of the Gui”ain_Ba:rreyndrome’ a post- NacCl, 1.0 mM EDTA, and 5.0 mM 2-mercapt0ethan0|. The
infectious autoimmune-mediated neuropathy)( Cross- cells were lysed in three passes using an Emulsiflex C-5 at
reactive antibodies betwed®. jejuni lipooligosaccharides ~ ~19 000 psi. At this step, a tablet of protease inhibitor
and gangliosides have been observed in the serum ofcocktail (Roche) was added to the sample. The resulting
Guillain-Barre patients 19). The cross-reactive antibodies €Xxtract was ultracentrifuged at 750609 for 35 min at 4
are hypothesized to be responsible for the neuromuscular’C. The supernatant was then dialyzed overnight against 2.0
damage because gangliosides are present on the surface ¢f of 20 mM Tris-HCI pH 7.5 buffer containing 200 mM
nerve tissues. NacCl, 1.0 mM EDTA, and 5.0 mM 2-mercaptoethanol before
Because of the prominent role of these sialylated oligosac-0ading it on an amylose affinity column.
charides in the biology of both the pathogen and the host, A column (2.6x 4.5 cm) packed with amylose resin (New
the enzymes involved in their biosynthesis in bacterial England Biolab E8021L) was equilibrated with 125 mL of
pathogens and humans represent potential targets for thera20 mM Tris-HCI pH 7.5 buffer containing 200 mM NacCl,
peutic intervention. Collectively, a detailed understanding 1.0 mM EDTA, and 5.0 mM 2-mercaptoethanol. The
of enzyme structure, substrate specificity, and mechanismovernight dialysate was added to the resin and incubated at
of action of the bacterial sialyltransferases, including dif- 4 °C with rocking for 1 h. The resin was packed into a Bio-
ferences from the mammalian sialyltransferases, could shedRad open column and washed with 100 mL of equilibration
significant light on the fundamental properties of these buffer at a flow rate of 2.0 mL mirt. The fusion protein

¢ Cloning and QerexpressionCloning of cst-I (Protein
sequence database #AAF13495) fr@njejuni OH4384 was
done as previously described(j. A truncated version of
the gene, encoding residues 485, was amplified by Pwo
polymerase with primers G TTAGGAGGTCATATGACA-
AGGACTAGAATGGAAAATGAACS3' and BTTTAGAAT-
GGTCGACCTAATAAAAATTAAGCATAATS3'. The PCR
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was eluted with 70 mL Of_ the same buffer ‘?O”tai”ing Table 1: Data Collection and Refinement Statistics
10 mM maltose. For thrombin cleavage, the fusion protein

was incubated at £C overnight with 1:1000 dilution crystal parameters Apo CMP-3FNeusAc

restriction grade thrombin (Sigma) incithrombin cleavage space group " Data Collection y

buffer. Th_e sample was then de_salted via dialysis against g2 tion statistics

20 mM Tris pH 7.5 and then applied to a MonoQ HR 10/10  x-ray source Rigaku 007HF Micromax ~ ALS 8.2.1

column (GE Healthcare) pre-equilibrated with the same resolution 252.2 50-1.7

buffer. Cst-F-285was collected from the flow-through. MalE ~ wavelength 1.514 1.00

and the uncleaved fusion protein were removed from the Lorf%'ljgfglg‘égzns 61%11%59 2112()%%739

column with a 20 mL gradient 0f-60.5 M NaCl in the same  redundancy 3.65 10.59

buffer. Kinetic analysis of the purified enzyme using lactose completeness (%)  96.5 (66.8) 99.8 (99.0)

as cosubstrate was performed using a continuous coupled=!al>* 16.3(3.5) 28.9 (2.6)

assay analogous to that previously descridgd ( syt ; 4'3_(2_1'4) i Model h6'4_(52'4)
Crystallization and Data CollectionCst-F-2%, purified resolutionR&')nemem S;"’}ﬂszt_'gs and Model Stereoc fonl'ls.t%

as above, was concentrated using a 15 mL Amicon Ultra-4 number of atoms

centrifugal filter device (10 000 MW cutoff) spun on an protein 2129 2285

Allegra 21R centrifuge (Beckman Coulter). Tetragonal  Substrate 0 42

protein crystals started to appear when the concentration of \é\lr?/fgrote ctant 8240 Zfé)

the protein reached-3 mg mL™. For the substrate-bound ion 0 1

structure, both the acceptor sugar lactose and the inert donomR;ys{Riee (%)° 21.2/25.0 20.2/24.1

sugar analogue CMP-3FNeu5Ac (synthesized as previously -m.s. deviations

. - ; bonds (A) 0.006 0.019
described Z1)) were soaked into the crystals for 30 min angles 7) 119 1.99

before data collection. The crystals were transferred from O ayerage B-factor (3

to 30% v/v ethylene glycol at 2.5% intervals for cryopro- protein 39.8 37.4
tection. Both apo- and substrate-bound crystals adopt the substrate 45.5
space group4 with unit cell dimensions = b = 112.4,c e ectant 33%37 337'46
= 58.8 A. For the apoenzyme, a 2.2 A dataset was collected 0 " oo ' 341

on a Ioca! Rigaku RU200 mtat.ion anode equipped with — High-resolution shell (2.282.20 A for apo form and 1.761.70
OSMIC mirrors and a MAR345 image plate detector. For A for CMP-3FNeu5Ac bound form) statistics are in parenthe&s,m

the CMP-3FNeu5Ac complex, a 1.7 A dataset was collected = s|(1u) — <I> /5 (In), whereln is the integrated intensity of a
at the Advanced Light Source beamline 8-2-1 using an given reflection® Reyst = (X |Fo — Fel)/(2Fo), whereF, and F. are
ADSC Quantum Q210 % 2 CCD array detector. Data were observed and calculat_ed structure factors. 5% of total reflections were
processed using DENZO and SCALEPACR?]. Statistics ~ &¢luded from the refinement to calculaRe.
for data collection and processing are summarized in
Table 1. members of CAZy family 42), and an additional C-terminal
Structure Determination, Refinement, and Modelifige ~ domain that shows localized sequence homology with two
apo-Cst-+ 28 structure was solved by molecular replacement ORFS in thecst-I locus and three ORFs in the capsule
with Molrep (23) using a monomer of Cst-Il as the starting Piosynthesis locus o€. jejuni OH4384 but no discernible
model. Model phases were improved by RESOL\ZZ)( homology with any known deposited structures. Full-length
The initial model was built with XtalViewZ5) using Cst-II Cst-1 is not sufficiently soluble at the higher concentrations
as the template, and the final model was obtained after 'equired for crystallization trials; thus, a truncated version

iterations of refinement with CNS 1.26¢) and Refmac 5.0.1 was designed based on sequence alignments With. the
(27). The CMP-3FNeu5Ac complex structure was solved naturally shorter Cst-1l, which lacks an analogous C-terminal
using apo-Cstl 23 structure as the starting model in the domain. This truncated version of Cst-I (residue285 or

refinement. The quality of the models was analyzed with CSt-F>) retains a high level of activity, showing that the
PROCHECK £8), and the results are summarized in C-terminal domgln I|k_ely does not contribute in a significant
Table 1. Alignment of structures was done with Alig9). way to the active site or the observed2,3-transferase
Modeling of acceptor sugars was done using a combination @Ctivity. Although one can postulate potential roles for the
of AutoDock3.0 80) and manual adjustments to maximize apparently novel C-terminal domain based on its similarity

interactions between ligands and active site residues and td® ORFS in the capsule biosynthesis locus, including that of
position the correct oxygen in close proximity to the cell localization and/or protein scaffolding, clearly further

anomeric center of donor sugar using XtalView. Required investigation will be required to understand its structure and

parameter files for AutoDock3.0 were prepared using the ItS contributions to Cst-I action in vivo. ,
Dundee PRODRG serveBY). Figure 1 is prepared with Using sialyl lactose as the acceptor at concentrations of

ESPript 82), and Figures 26 were prepared with PyMol ~ UP to 500 mM, _t_ransferase activity could not be detected
(http:/Aww.pymol.org). above the significantk{sx = 0.1 s%) enzyme catalyzed

hydrolysis of the donor substrate. In addition, product

RESULTS AND DISCUSSION formation could not be detected using thin layer chroma-
tography (TLC) or capillary electrophoretic analysis with
Sequence and Kinetic Analysis of CsEull-length Cst-I sialyl lactose as the acceptor (data not shown). These results

(residues +430) contains a predicted N-terminal sialyl- clearly demonstrate the reaction specificity of Cst-I, with an
transferase domain (based on sequence similarities with otheexclusivea-2,3-transferase activity with G@-R acceptor
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Ficure 1: Sequence alignment of bifunctional Cst=f®°, monofunctional Cst-125% and monofunctional Cs#1285 all in their respective

truncated forms. Residues important for coordinating the donor sugar (Asn51/66, Ser132/147, Tyr156/171, and Tyr162/177) are highlighted
by green asterisks. Proposed general base, His188/202, and its pKa modulator, Arg129/144, are highlighted by blue asterisks. Red box with
white character shows strict identity between the sequences. Red character indicates similarity in a group, and blue frame depicts similarity
across groups. Sequence alignment was generated by T-COBBERMd final figure with secondary structures shown was prepared by
ESPript 32).

sugar. TheKy value of the donor sugar CMP-Neu5Ac for
Cst-I"2®5was determined to be 4Q0M, which is similar to

the previously reported value of 460/ for Cst-1l (1). By
contrast, monofunctional Cst-F%® has aKy value of
500 uM for the acceptor lactose, while bifunctional Cst-II
has a value of 35 mM. This is a substantial difference but
likely is a consequence of the bifunctional nature of Cst-Il,
which binds sialyl lactose with a higher affinit)K(, value

of 3.5 mM) and has a highex-2,8- thana-2,3-transferase
activity.

Determination of Cst'I285 Structure The structure of the
catalytic domain of Cst!28%in the apo form was first solved
via molecular replacement methodologies using Cst-Il (PDB
code 1RO7) as the starting model (there~i53% local
sequence identity between C&t#® and Cst-I1}-25% see
Figure 1). The resulting Cst-1**> model is well refined, with FiGURE 2: Structural alignment of the thre€ampylobacter
crystallographid?/Rrec values of 0.21/0.25 for the apoenzyme sialyltransferases. ThecCtrace of apo-Cst-I is shown in white,
(to 2.2 A resolution). The overall structure is a mixetB and the substrate-bound form is in blue, and that for Cst-Il is in
fold and is composed of an N-terminal Rossmann nucleotide Yellow. Donor sugar analogue is shown in magenta.
binding domain and a C-terminal “lid” domain that encom-  Although the overall architecture of CSt-#3° is similar
passes the active site region of the enzyme (Figure 2). Staticto that of Cst-II, with a root-mean-square deviation of 0.8 A
light scattering analysis reveals that Cst#> forms a between 235 @ atoms, there are major structural differences
tetramer in solution (data not shown). Correspondingly, we in the lid domain that folds over the active site, conforma-
observe that the predicted biological 4-fold axis of the tional differences that we believe dictate the consequent
tetramer in our structure coincides with the crystallographic substrate specificity of the enzymes (Figure 2; see below).
4-fold axis in the body-centered tetragomdlspace group Comparison of Structures of the apo- and Substrate-Bound
with the putative membrane interface of all four molecules Monofunctional Cst4 2%, The structure of Cst12 in
aligned on the same face of the tetramer. The majority of complex with the inert donor sugar analogue CMP-3-fluoro-
the residues involved in oligomerization are conserved within N-acetyl-neuraminic (CMP-3FNeuAc) was solved using
the Cst family and are primarily aromatic and hydrophobic difference Fourier methods in the same crystal form as that
residues that create an extensive hydrophobic interfaceof the apo Cst¥ 285 and is well refined withR/Ryee values
between the four monomers that maintains the tetramericof 0.20/0.24 (to 1.85 A resolution). Cst=F8> binds the CMP-
oligomerization state~1300 A2 of buried surface). 3FNeuAc in the N-terminal Rossmann nucleotide binding
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activity (1). Recently, Jeanneau et al. have also shown via
mutagenesis and kinetic analysis that an invariant tyrosine
residue in the conserved sequence motif (sialyl-motif 3) of
the human sialyltransferase ST3Gal | may play a similar
catalytic role 83).

Our comparison of the apo and substrate forms of Cst-
117285 the first such analysis for a family 42 sialyltransferase
as the apo form of Cst-1l was not amenable to crystallization,
suggests that the donor substrate CMP-Neu5Ac binds initially
and upon binding induces conformational changes that create
the appropriate acceptor binding site. The disorder of the
residues in the lid domain of the apo form effectively creates

e a wide open active site cavity that would serve to facilitate
A SER-147 TyR.146 initial access of the CMP donor sugar to the active site. Upon
binding the donor sugar, the flexible loop of the lid domain

. rigidifies through contacts with the donor sugar, consequently
FiIGURE 3: Interactions of CMP-3FNeuAc with active site residues Ccreating the acceptor binding site and minimizing potential
of Cst-I-28% Donor analogue CMP-3FNeu5Ac is depicted with hydrolytic effects by more effectively excluding bulk solvent
carbon aéoms i hmagehnta, nltrtogen atoms are in g'ut‘?' oXygen @té’msfrom the reactive center in the closed form. Although this is
are In red, and pnospnorus atoms are In green. Active site resiaue - : P . _
involved in CMP-3FNeuAc binding and catalysis are labeled and he first such observa_tlon for the s?ructurally. dIStI.nCt squl
shown with carbon atoms in cyan, nitrogen in blue, and oxygen in transferases, the equalent ordering of active s_,lte residues
red. Dotted lines indicate hydrogen bonding. has been observed in the structural analysis of other

i o , o _glycosyltransferases (e.g., Sps?¥), a3GT (35), and LgtC
domain. The cytidine base of CMP is tucked inside a cavity (3g) to name a few).

between Tyrl71 and Gly25 and is stacked on the aromatic . : . .
side chain of Tyrl71 (Figure 3). The base also forms _Catalytic Residues in Cst-ICst-| works by a direct
intermolecular hydrogen bonds with the main chain amides dlsp_lacement mecham_sm with overall Inversion of config-
of Asp169, Phe170, Tyrl71, and the main chain carbonyl uration at the anomeric center and the requirement of a
oxygen of ile176. Tr’1e ribosé moiety of the nucleotide base proximal fu'nctional group that could serve as the general
adopts a C3endo conformation with the cytidine base axial base to actlyate. the aggeptor sugar er the transfer to occur.
to the ring. It is held in place with hydrogen bonds to the H'SZ.OZ’. which IS pOSItIOI’.led' immediately after the more
main chain amides of Asn24 and Ser147 and the side Chainmob|le lid domain region, is highly ordered, with the lowest
OG1 of Thr146. The two free oxygens of the phosphate observed B-factors of the residues that comprise the active
group form a complex hydrogen-bonding network to the side site. It is also conserved in Cst-1l (His188) and based on the
chain amide of Asn46. O8 of the sialic acid. and the side orientation of its imidazole side chain relative to the anomeric

chain hydroxyl atoms of tyrosines 171 and 177. The sialic Cafb‘?” of the donor sugar has.been propoged as a Ii.kely
acid moiety of the donor nucleotide also forms several candldate fo_r the general base in the catalytic mechanism.
interactions with the active site residues. The carboxylic acid In this role, 'F woulq extract a proton from théTLBy_droxyI
group is coordinated by both the main chain amide and side group of the incoming acceptor molecule, during its nucleo-
chain OG of Ser147. It also forms hydrogen bonds to ND2 philic attack on the anomeric center of the don_or CMP-
of Asn66, and O3 of the ribose moiety. O4 interacts with Neu5Ac. Recently, several _studles on human sialyltrans-
the main chain nitrogen of Ser199, 06 and O7 of the sugar [€rases (ST3Gal I133), ST8Sia Il and IV §7)) have also

ring are within hydrogen-bonding distance of ND2 of Asn66 identified an invariant histidine residue that is critical for
and 08 and 09 are hydrogen bonded, respectively, to NE2the catalytic activities of those enzymes. In our Cst®

and OE1 of the GIn47 side chain. TNeacetyl group forms structure, we also observe a close electrostatic influence from
hydrophobic interactions with the phenyl side chain of the nearby Arg144 (5 A). A similar interaction in the Cst-II

Phe196. Although the residues in the lid domain (residues @CtiVe site was proposed to play a role in regulating the pKa
171-199) are not as well ordered as the rest of the enzyme ©f the general base histidine.

(as indicated by their higher temperature factors), the majority ~ Our observations of these conserved features in ‘C&8|

of the residues can be modeled unambiguously in the electrondespite many other point differences in the active site, support
density map. In contrast, in the apoenzyme structure wherethe previously proposed mechanism of CAZy family 42
the substrate is absent, two loop regions of the lid domain sialyltransferases. Several additional active site residues
(residues 174181 and residues 194199) are highly identified from the bifunctional Cst-Il structure and muta-
disordered and cannot be modeled in the electron densitygenesis studies are conserved in Cst-I and occupy roughly
map. These regions include some of the key residuesthe analogous position, namely, Asn31(Asn46), Asn51-
involved in donor sugar binding, such as the two conserved (Asn66), Serl32(Serl57), Tyrl56(Tyrl71), and Tyrl62-
tyrosine residues, Tyrl71 and Tyrl77. These tyrosine (Tyrl77). These residues are involved in the binding of CMP-
residues interact with the phosphate oxygen of the nucleotideNeu5Ac. Since these catalytic players are conserved between
and are thought to stabilize the negative charge that wouldthe monofunctional Cst-1 and bifunctional Cst-1I variants,
develop on the phosphate oxygens during catalysis. Indeedother critical point mutations in the active site must be
a double mutation of the analogous tyrosines into alaninesresponsible for the different substrate specificities of these
in Cst-1l was shown to abolish the enzyme’s transferase enzymes, as is discussed further below.
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Argl144, respectively. The GalNAc portion of the acceptor
is situated in a more solvent-exposed environment than the
galactose. The only potential hydrogen bond to enzyme is
between O4 of GalNAc and the main chain carbonyl group
of llel01. There is also a potential set of hydrophobic
interactions between thig-acetyl group and the side chain
of Phel190. The smaller number of specific interactions of
GalNAc to the enzyme would explain the tolerance of the
enzyme for other galactose derivatives as acceptor sugars
(for example, the readily available lactose substrate used in
our kinetic assays). Modeling analysis of lactose into the
active site of Cst47285shows low energy forms are able to
bind in a similar orientation and with retention of similar
interactions to active site residues as predicted for the Gal-
B-1,3-GalNAc.

FiGURE 4. Molecular modeling of GgB-1,3-GalNAc into the active Even though sialyl lactose is not an acceptor for Cst-l, it
site of Cst-I. Active site residues are shown in cyan, donor analoguewas also used in modeling analysis for this enzyme. After
is shown in magenta, and the model of @el;3-GalNAc is shown gevera| docking attempts, all the resulting models show an

in green. The site at which the sialic acid would be transferred - . .2
ont% the acceptor, O3 of the galactose moiety, is highlighted by overall higher estimated free energy of binding (close to zero

the orange circle. The orange line connects the imidazole ring of OF positive in the range of 0.5 to 1.4 kcal/mol) as compared
the proposed base His202 to the O3 of the galactose and on to th¢o Gal{3-1,3-GalNAc or lactose~ —4 kcal/mol). Further-

C2 anomeric center of the donor sugar. more, the program failed to generate a model with O8 of
the sialic acid moiety close to the anomeric center of donor
Docking of Acceptor Sugars to the AiSite of Cstd28% sugar in a correct orientation (with the end of the sugar chain

Despite extensive attempts to obtain a deracceptor pointing toward the core of the enzyme). Collectively, these
ternary complex structure via soaking of crystals with a range results provide a likely explanation for the inability of this
of acceptor analogues, no complexes were obtained. At bestenzyme to bind sialyl lactose tightly or in the correct
we observe in the electron density map of donor/acceptor orientation for the sialylation to occur.

Cst-I'-28 soaks a small amount of residual density at 1 ~ Docking of Acceptors to Bifunctional Cst-1l and Com-
sigma, possibly representing a very weakly occupied potential parison to Cst-1Although the overall structures of CSt=f8°
acceptor site situated on the alpha face of the donor sugarand Cst-Il are similar, the two enzymes have fundamental
ring and in close proximity to the proposed general base differences in substrate specificity. Cst-I can perform only
His202 (Figure 4). Our density suggests that a molecule of a singlea-2,3 transfer of sialic acid onto galactose deriva-
the cryoprotectant additive ethylene glycol, which is essential tives. In contrast, bifunctional Cst-1I can transfer sialic acid
for the crystallographic data collection (an extensive screen first onto position 3 of galactose and perform a subsequent
of other cryoprotectants failed), successfully competes with transfer onto position O8 of the sialyl-galactose generated
the acceptor sugar at this site due to the abundant amounfrom the initial transfer step. Indeed, when comparing the
used in cryoprotection (30% v/v). The refined model of the primary sequences of the two versions of Csts, the majority
bound ethylene glycol indeed shows interactions with the of differences occur in the lid domain region which orders
enzyme (the hydroxyl groups hydrogen bond with O of over the substrate to form part of the active site. This region
lle145, 2.7 A, and OD 1 of Asn66, 2.9 A) that may mimic also shows the least conservation in the crystal structures,
that of the hydroxyl groups of the natural acceptor sugar. implying that although the enzymes utilize the same set of
Using this information as a guide, the binding mode of the active site residues in catalysis, their lid domain region plays
acceptor sugar, Gal-1,3-GalNAc, was modeled into the the role of selecting different acceptor molecules for the
active site of Cst#285using a combination of AutoDock3.0  reaction to proceed.

and manual fitting. The final model of the bound Gal,3- To elucidate the detailed differences in the binding of the
GalNAc is oriented at a50° angle to the donor sugar ring  acceptor sugar in Cst-1l, docking of both G&lt,3-GalNAc

and is sandwiched between the side chains of Asn66 and(a-2,3 transfer; Figure 5a) and Neu5&¢e2,3-Gal$-1,4-Glc
Argl44. The distance between O3 of the galactose and the(sialyl-lactosea-2,8 transfer; Figure 5b) to the active site
anomeric C2of the donor sugar is approximately 3.9 A. of Cst-Il was performed, both of which gave reasonable
The imidazole ring of the proposed general base, His202, isnhegative estimations for the free energy of binding. Although
~3.5 A away from the same O3 atom. Both of these the galactose sugar occupies a relatively similar space with
distances are compatible with a potential deprotonation eventrespect to the reaction center of the donor sugar and the
by His202 and subsequent nucleophilic attack on the ano-postulated histidine general base in the two enzymes, the
meric center of the donor sugar. Galactose is anchored inmajor difference lies in the GalNAc sugar ring. In the docked
place by stacking with the amide side chain of Asn66, model of Cst-1-285 the GalNAc ring stacks against the main
forming hydrophobic interactions with this key residue that chain atoms of Gly68, which forms part offaturn composed

we postulated previously (in Cst-1l) plays a key role in of Asn66-Pro67-Gly68 and Val69. In Cst-Il, the replacement
defining the substrate specificity of the enzyme. O2 of the of the Gly68 by a serine (Ser53 in Cst-1l) sterically blocks
galactose is within hydrogen-bonding distance of the@7  GalNAc from occupying the analogous position due to the
the donor sugar and O4 and O6 of the acceptor are within protrusion of the serine side chain hydroxyl. As a result, the
hydrogen-bonding distance to the side chains of Glu102 andN-acetyl group is forced closer to Tyr185 allowing favorable
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yellow = Cst-ll

Ficure 6: Overlap of the molecular modeling of sialyl lactose of
Cst-ll into the active site of Cst-l. The structure of Cst-1 is shown

in blue, and the structure of Cst-Il is shown in yellow. The sialyl
lactose model is shown in green. The mesh represents the space-
filling diagram of the enclosed molecule.

chain of Ser53 again protrudes into the acceptor binding cleft
and hinders close interaction of the acceptor totern of
Asn51-Pro52-Ser53-Leu54 and in fact stabilizes the acceptor
in the altered position through a potential interaction from
its side chain hydroxyl to thg carboxyl group. It is inter-
esting to note that the conserved Arg129 on the opposite
face of the sugar ring is not suitably positioned to interact
' ) - with the carboxylate of the acceptor sugar. As docked, the
FIGURE 5: (a) Molecular modeling of Ga-1,3-GalNAc into the ~ 9alactose ring of the sugar does not form many direct con-
active site of Cst-Il. Active site residues are shown in yellow, donor tacts with the enzyme active site residues but appears rather
analogue is shown in magenta, and the model off5h/3-GalNAc to be stabilized by intramolecular interactions such as con-
is shown in green. The site at which the sialic acid would transferred t5cts hetween O2 of the galactose and O7 of sialic acid, as

onto the acceptor, O3 of the galactose moiety, is highlighted by
the orange circle. The orange line connects the imidazole ring of well as O5 of galactose and O3 of the glucose. The glucose

the proposed base His188 to the O3 of the galactose and on to thding forms favorable vdW interactions with the amide side
C2 anomeric center of the donor sugar. (b) Molecular modeling of chain of Asn177. In the monofunctional version of Cst-I

sialyl-lactose into the active site of Cst-Il. Active site residues are (isolated from serotype O12@)) which contains only eight
shown in yellow, the donor analogue is shown in magenta and is aming acids difference from its bifunctional isoform (Figure

kept in the same orientation as in panel a, and the model of Gal- - o
p-1,3-GalNAc is shown in green. The site at which the sialic acid 1), an aspartate residue was found at position 177 (one of

would transfer onto the acceptor, O8 of the sialic acid moiety, is the eight different amino acids). Preliminary activity data
highlighted by the orange circle. The orange line connects the of designed point mutants shows that substitution of this

imidazole ring of the proposed base His188 to the O8 of the sialic aspartate residue with a neutral asparagine significantly
acid and on to the C2 anomeric center of the donor sugar. enhances:-2,8 activity of monofunctional Cst-1l (data not

hydrophobic interactions with the side chain aromatic. The shown). Clearly, a negative charge at this position would
carbonyl oxygen of theN-acetyl group can also form a disfavor the negatively charged sialic acid moiety of the
hydrogen bond to the NH1 of Arg129 in this position and acceptor sugar.
01 of the GalNAc is within hydrogen-bonding distance to  Attempts to dock the same acceptor, sialyl lactose, to the
Asnl77. These predicted interactions between the enzymeactive site of the monofunctional Cst=#> provide clear
and the acceptor sugar are quite different than that for indications as to the inability of this sialyltransferase variant
Cst-l, implying that even though both enzymes employ Gal- to effectively transfer the bulkier acceptor sugar (Figure 6).
f-1,3-GalNAc as acceptor sugars, the coordination of the Since docking of sialyl lactose specifically for Cst-1 failed
terminal sugar in the active site will have significant to yield a reasonable model, the model of sialyl lactose for
orientational differences. Cst-Il is overlapped into the active site of Cst-1. While the
Docking of the bulkier sialyl lactose acceptor sugar active site of Cstdi 285 can accommodate the entire substrate,
involved in thea-2,8 transfer to Cst-Il allows for appropriate  the negatively charged carboxyl group of the sialyl moiety
placement of O8in the glycerol moiety of the sialic acid is forced into close proximity to the hydrophobic side chain
relative to the general base His1883.4 A) and the of Phel190. The presence of the bulky aromatic side chain
anomeric center of the donor sialic acig¢4.5 A). In this of Phel90 imposes both steric and electrostatic hindrance
position, Arg129 from the enzyme could also form a strong for the binding of this distinct carboxyl group of the sialyl-
hydrogen bond to O7 of the glycerol moiety. Unlike in Cst- lactose acceptor. In Cst-ll, the equivalent position to Phe190
117285 where Asn66 stacks with the galactose unit of the is an alanine (Alal75) whose small methyl side chain would
acceptor sugar, the equivalent Asn51 of Cst-lIl does not not impose the same steric and electrostatic burden on the
interact directly with the docked acceptor. As well, the side binding of sialyl-lactose for the.-2,8 transfer.
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In conclusion, although the exact role of Cst-I from GT-
42 in vivo is still unknown, its structure in both apo and in
CMP-3FNeu5Ac complexed forms further supports the
kinetic mechanism proposed for this family of sialyltrans-
ferases. Moreover, the structure of this monofunctional
version of Cst provides further understanding of the differ-
ences in substrate specificities between different isoforms
of Campylobactesialyltransferase within this family. Al-
though no acceptor is observed in the active site of Cst-
117285 jts structure, together with the previously solved
bifunctional Cst-Il structure, enables us to compare and
contrast the electrostatic environment of their acceptor
binding sites. Molecular modeling of different acceptors to
their respective active sites allow us to identify key resi-
dues that are involved in defining substrate specificity.
Although it is of utmost interest to characterize struc-
turally and kinetically both single point and composite
mutants of either Cst-l or Cst-1l with switched substrate
specificities, at this moderate level of sequence identity (only
~53% for the catalytic domains solved) this type of protein
engineering is very difficult. Compensatory residues that
surround these point differences in these active sites are not
conserved. Thus, engineering of single point mutations that
switch from mono- to bifunctional while maintaining kinetic
competence activity is unlikely, as compensatory changes
in the residues surrounding those point mutants will also be
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