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Abstract: The gene siaB encoding the CMP-sialate
synthetase [EC 2.7.7.43] from Neisseria meningitidis
serogroup B was subcloned for overexpression in
Escherichia coli K12 using the expression vector
pKK223—3. With the recombinant strain, 7500 U of
synthetase could be produced per liter of cell culture
on a 10 L-scale (1350 U/g cells; 20 U/mg protein).
Purified enzyme was obtained in high yields (>85%)
and with a high specific activity (=134 U/mg protein)
by an efficient, two-step scheme consisting of DEAE
anion-exchange chromatography and ammonium
sulfate precipitation. In contrast to known bacterial
CMP-sialate synthetases, this enzyme was found to
exhibit a broad substrate tolerance, particularly by
accepting C5-modified Neu5Ac derivatives as sub-
strates. This included neuraminic acid N-carbamoy-
lated with typical protective groups of different
length and bulkiness, an unsaturated acrylamide
derivative and the corresponding saturated moiety,

as well as the deaminated KDN analogue. Also, the
latter structure can be varied by deoxygenation, epi-
merization at C5 or at the terminal chain, and by
shortening the chain length to an octulosonic acid.
The high expressivity of the recombinant produc-
tion clone, the high catalytic efficiency of the en-
zyme, and its broad substrate tolerance make this
synthetase from N. meningitidis the preferred cata-
lyst for the enzymatic synthesis of CMP-Neu5Ac and
of derivatives modified in the sialic acid moiety.
Several CMP-conjugates made available by this
procedure could be transferred effectively onto the
acceptor N-acetyllactosamine using the o-2,6-sialyl-
transferase from rat liver to generate the corre-
sponding trisaccharides.

Keywords: enzyme catalysis; glycoconjugates; gly-
cosylation; oligosaccharides; sialic acids

Introduction

Sialic acids are key saccharide components on the
surface of mammalian cells as constituents of glyco-
proteins, gangliosides, and related structures, where
they are implicated in a variety of physiological and
pathological processes (e.g., cell-cell adhesion, in-
flammation, cell growth regulation, or malig-
nancy).!"l The typical sialic acids are amide deriva-
tives of neuraminic acid (5-amino-3,5-dideoxy-D-
&glycero-n-galacto-2-nonulosonic acid) with /N-acyla-
tion by acetyl (Neu5Ac, 1), glycolyl, or lactoyl residues

i Part 17: See J. M. Juarez Ruiz, G. OBwald, M. Petersen, W.-
D. Fessner, J. Mol. Catal. B: Enzym. 2001, 11, 189-197.

698 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2001

1615-4150/01/34306-7-698-710 $ 17.50-.50/0

being the most prominent members. In bacteria, sia-
lic acids are major constituents of extracellular cap-
sular polysaccharides, e.g., those from meningococ-
ci.??*5 Deaminated structures such as KDN (2-
keto-3-deoxy-Dp-glycero-np-galacto-nononic acid) or
KDO (2-keto-3-deoxy-D-manno-octonic acid) also oc-
cur frequently as components of various animal gly-
coproteins and glycosphingolipids,!® or of the lipooli-
gosaccharide portion (LLOS) of the outer membrane of
various Gram-negative bacteria, respectively.l”l Mo-
lecular mimicry of sialylated host structures by such
bacterial saccharides of the LLOS is considered to be a
virulence factor of mucosal pathogens, which could
use this strategy to evade the immune response
against bacterial intruders.!>%!
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For the investigation of receptor recognition of sia-
lic acids in the search for a rational drug develop-
ment, biomimetic neo-glycoconjugate structures con-
taining either naturally occurring or structurally
modified sialic acids constitute both invaluable tools
and challenging synthetic targets. The development
of efficient and broadly applicable chemoenzymatic
methods for the synthesis of such complex structures
are essential in developing carbohydrate-based ther-
apeutic agents with novel biological and physiologi-
cal properties.”! As an example, KDN ketosonic lin-
kages have been found to impart a unique resistance
to KDN glycoconjugates against known siali-
dases,'®'" and thus can induce protection against
bacterial and viral attacks; KDN capping in oligosac-
charides has also been suggested to constitute a stop
signal to terminate polysialylation.!'%!?!

For the synthesis of complex carbohydrates, meth-
ods of chemical synthesis suffer from the need for te-
dious and expensive protection schemes. Especially
in the case of sialoside formation, the known chemi-
cal methods are plagued with side reactions, low
yields, and poor stereoselectivities.!' Enzymatic gly-
cosylation based on the use of glycosyltransferases is
a practical alternative because these enzymes oper-
ate on unprotected sugar substrates in water, they
are regio- and stereospecific in the glycoside forma-
tion, they are becoming broadly available by gene
cloning,"" and they have lately been shown to be
quite tolerant for substrate variations on both the do-
nor and acceptor moieties.!!5:16]

Glycosyltransferase-based technology (Leloir path-
way) requires activation of the free sialic acid or of
synthetic analogues to the corresponding CMP-conju-
gates at the expense of one CTP equivalent.!'”! Given
the expense of multi-step chemical syntheses of CMP-
Neu5Ac (2)!'%18 and its hydrolytic instability, proto-
cols for preparative enzymatic synthesis are highly
advantageous. Biosynthetically, the CMP-activation
of NeubAc is catalyzed by a class of enzymes desig-
nated as CMP-sialate synthetase [EC 2.7.7.43]. The
enzyme catalyzes a nucleophilic attack of the anome-
ric oxygen of B-Neu5Ac on the o-phosphate of CTP!!°!
and requires Mg?* or Mn>* for activity.!'”?°! So far, en-
zymatic procedures for the synthesis of 2 (Equation 1)
have been developed to routine applica-
tion,[21:22:25:24,25,26.27.28] 1, jwwever, these are not gener-
ally amenable to the preparative nucleotide activa-
tion of modified sialic acids or their structural
analogs because of the narrow substrate specificity
of known CMP-sialate synthetases, and an often poor
access to larger protein quantities.[%’ggl

CMP-sialate synthetases have been isolated
from  various eukaryotic and  prokaryotic
sources,!!721:2427.50,51.52.55] gypthetases purified from
different vertebrate tissues are rather unstable and
offer only low specific activities (ca. 0.2 U/mg) which
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significantly restricts their use for preparative syn-
theses.[?123:24:32.54 Several microorganisms have also
been shown to contain CMP-sialate synthetase but
are unsuited as possible enzyme sources because sia-
lic acid metabolism parallels pathogenic viru-
lence.!'7273L35] Therefore, some bacterial CMP-sia-
late synthetases have been produced from non-
pathogenic clones and a few have been tested for
their synthetic utility.[?%:25:26:29:35.3556571 ¢ far, only
the recombinant enzyme from . coli K1 has been in-
tensively studied, commercialized, and applied in the
preparative synthesis of CMP-Neu5Ac.[526:29351 Jig
main limitations as a practical catalyst remain in its
relatively strict substrate specificity for its natural
substrate: the enzyme was found to accept only a few
C9 substituted derivatives of 1, while modifications at
the acetylamido group (except for a methylcarba-
mate!®’) were not tolerated.*>2*!

In this paper,I®®! we describe the construction of a
new and highly efficient heterologous overexpression
system for CMP-sialate synthetase from Neisseria me-
ningitidis serogroup B in non-pathogenic E. coli from
which the enzyme can be obtained by a simple, two-
step purification scheme for synthetic applications.
We also report on the characterization of the recom-
binant synthetase by molecular weight measure-
ment, kinetic studies, and investigations about its sta-
bility and substrate specificity. Its synthetic capacity is
demonstrated by its application to the mmol-scale
preparation of several CMP-activated sialic acids,
and by transfer of the latter to N-acetyllactosamine
using rat liver a-2,6-sialyltransferase for generation
of the respective trisaccharides.

Results and Discussion
Subcloning of the CMP-Sialate Synthetase from
N. meningitidis Serogroup B

The N. meningitidis structural gene siaB encoding the
CMP-sialate synthetase had been cloned by Frosch et
al.”’ and its sequence determined (GeneBank acces-
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Scheme 1. Summary of the subcloning strategy for overexpression of the CMP-sialate synthetase from N. meningitidis.

sion No. M95053) as part of a 24 kb fragment of chro-
mosomal DNA on plasmid pMF32.35, which con-
tained all genes necessary for the capsular polysac-
charide biosynthesis. For the construction of a
suitable overexpression system (Scheme 1), the siaB
gene was amplified from pMF32.35 by the primer-or-
iented PCR technique. Mutating sequences
(Scheme 2) were used to insert two flanking recogni-
tion sequences for appropriate restriction; the sense
primer introduced an EcoRI restriction site immedi-
ately upstream of the gene’s start codon, and the anti-
sense primer incorporated an Xmal restriction site
downstream of the stop codon. From the PCR amplifi-
cation only a single band with the expected molecular
weight (710 bp) was observed upon agarose gel elec-

trophoresis, and no further purification was required.
After EcoRI and Xmal digestion, the insert was unidir-
ectionally ligated into the pKK223—3 vector. The vec-
tor pKK225-3, containing the strong hybrid tac pro-
moter and rrnB ribosomal termination for controlled
protein expression,*®! was chosen because in our
hands it had proved to be highly successful in the
overproduction of other enzymes.[*”! From experi-
mental variation of the primer design, a 10 bp dis-
tance of the ATG start codon from the vector’s Shine-
Dalgarno sequence was found to be optimal for high
protein expression. This construct, designated
pKKCMP, was transformed into competent cells of
E. coli strain JM105. Out of 6 colonies randomly se-
lected from LB-ampicillin plates, 4 carried the de-

57 TATGAATTC - ATGGAAAAAC AAAATATTGC GG 3

EcoRI Start

5’ TATTCCCGGG - TTAGCTTTCC TTGTGATTAA GAATG 3'

Xmal Stop

primer CMP5

primer CMP3

Scheme 2. Oligonucleotide primers used in the subcloning of CMP-sialate synthetase. Recognition sequences for restriction
endonucleases are underlined. Sequence stretches with identity to genetic DNA are indicated in regular font, mutating se-

quences introduced by PCR extension in italics.
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sired functional insert as determined by a 12% SDS-
polyacrylamide gel and by enzymatic assay for the de-
sired activity.

Production and Purification of the CMP-Sialate
Synthetase

For the production of the CMP-sialate synthetase, the
recombinant strain JM105/pKKCMP was grown in a
10-L culture. Production of the enzyme was induced
by addition of 0.5 mM IPTG. Analysis of cell extracts
indicated a production of 7500 units of synthetase
per liter of culture and 1350 U/g wet cell weight, pro-
viding the crude enzyme with a specific activity of
20 U/mg protein. Analysis by denaturing SDS poly-
acrylamide gel electrophoresis showed that fully in-
duced recombinant cells contained about 25% of the
CMP-sialate synthetase among total soluble cell pro-
tein. Despite the high level of foreign protein expres-
sion, no formation of inclusion bodies was detected.
Due to its strong prevalence, the recombinant en-
zyme could be easily purified by anion-exchange
chromatography of the crude cell extracts on DEAE-

= % | 45.0
= KDa
- v | 29.0 KDa
- ey —— - .- g = 24.8 KDa
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- 210
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N o o —
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Figure 1. Electrophoretic analysis of the expression of the
recombinant CMP-sialate synthetase in E. coli by SDS-PAGE
separation on a 12% gel. Protein bands were stained by Coo-
massie blue. Molecular weight markers with the size indi-
cated in kilodaltons to the right. Lanes 1 + 4: crude cell
extract of strain JM105/pKKCMP after induction with
0.5 mM IPTG; lanes 2 + 5: purified CMP-sialate synthetase
after DEAE chromatography; lanes 3 + 6: low activity chro-
matographic fractions; lanes 7 + 8: purified CMP-sialate
synthetase after ammonium sulfate precipitation; lane M:
protein markers.

Sepharose followed by ammonium sulfate precipita-
tion from pooled active fractions. As judged by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) with
Coomassie staining, the purified synthetase was at
least 95% homogenous (Figure 1). From a 10-L cul-
ture, purification resulted in about 63 kU with an
overall yield of 85%. The results of a typical purifica-
tion are summarized in Table 1. The purified recom-
binant N. meningitidis enzyme routinely showed a
specific activity of better than 130 U/mg. This value
is almost 70-fold higher than that achieved with
either the native CMP-sialate synthetase from /V. me-
ningitidis serogroup C!'”! or the corresponding re-
combinant enzyme from E. coli K1.2%2%21 If desired,
minor contaminants remaining in the enzyme pre-
paration can be removed by a subsequent gel per-
meation chromatography (GPC) step on Sephadex G-
150 to give homogenous protein, as judged by SDS-
PAGE. However, for enzyme preparations to be used
in the synthesis of CMP-sialic acids, such an addi-
tional purification step was found to be unnecessary.

Characterization of the Purified CMP-Sialate
Synthetase

The molecular weight of the native synthetase was
determined to be approximately 45.5 kDa by size ex-
clusion chromatography on Sephadex G-150. This is
slightly higher than values published for the V. me-
ningitidis synthetase,>*!! but verifies the assumption
that in the native state the enzyme associates to form
active dimers. Denaturing SDS-PAGE displayed a sin-
gle band at about 25 kDa (Figure 1) indicating that
the enzyme is composed of two subunits apparently
identical in molecular weight. This value is in excel-
lent agreement with the molecular mass predicted
from the translated DNA sequence (24,895 Da). In
fact, it has been determined most recently by X-ray
structural analysis that the synthetase indeed forms a
functional homodimer in the solid state.!*!]

For Kkinetic studies, the enzymatic activity of a puri-
fied sample of CMP-sialate synthetase was deter-
mined by assaying for phosphate release in a coupled
system with inorganic pyrophosphatase (two-fold
stoichiometry) via formation of a phosphate complex
to malachite green according to the method of Lan-
zetta et al.'*?l We found that this measurement gives
identical results for CMP-sialate synthetase activity,

Table 1. Purification of the recombinant /V. meningitidis CMP-sialate synthetase expressed in £. coli.

Sample Volume [mL] Activity [U/mLj] Specific Activity [U/mg]!?! Purification Total Activity [U]  Yield [%]
crude extract 1000 75 20 — 75000 100
DEAE-Sepharose 935 87 97 4.85 81345 108
(NH4)2S04 250 254 135 1.39 63555 85

[al protein determined by Bio-Rad assay.
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but proved much faster and much more sensitive, as
compared to the conventional modified thiobarbitu-
ric acid method which usually is applied for CMP-sia-
late synthetase assays.!*! The K,,, of the synthetase for
1 was determined to be 0.43 mM and for CTP 0.17 mM
at pH 8.5, which roughly corresponds to values re-
ported for a homologous enzyme from N. meningiti-
dis serogroup 406Y (0.34 mM for 1; 0.31 mM for
CTP).’Y This indicates that the recombinant N. me-
ningitidis enzyme has a significantly higher affinity
to its natural substrates than the corresponding com-
mercial enzyme from E. coli K1; the latter shows a
more than ten-fold higher K,, value for 1 (4.8 mM)
and more than six-fold higher for CTP
(1.99 mM).2%2°l The purified enzyme was found to
be quite stable upon storage, with 80% activity re-
maining after 18 weeks at 4 °C.

Synthetic Applications

For an evaluation of the substrate specificity of the
CMP-NeuAc synthetase, a series of structural analo-
gues of 1 were screened as replacement for the natur-
al substrate under standard assay conditions (Equa-
tion 2). The reaction course was controlled by TLC
and by monitoring phosphate formation using the
Lanzetta method.*?! In this study, mainly analogues
of 1 modified at C5"*3! were evaluated for potential
nucleotide activation because such structural varia-
tion had been reported to be unacceptable for the
commercial synthetase from E. coli K1.?>%°1 This in-
cluded neuraminic acid N-carbamoylated with typi-
cal protective groups of different length and bulki-
ness (Table2, entries 4 - 6), an unsaturated
acrylamide derivative and the corresponding satu-
rated moiety (entries 2 + 3), as well as the deaminated
KDN analogue (entry 7). Also, the latter structure was
varied by deoxygenation (entries 9 + 10), epimeriza-
tion at C5 or at the terminal chain (entries 10 + 11),
and by shortening the chain length to an octulosonic
acid (entry 8).

N. meningitidis
CMP-sialate
synthetase

e

CTP PP

CO,H

Rather surprisingly, all of those sugars tested
turned out to be suitable substrates for the CMP-sia-
late synthetase. Thus, as apparent from this limited
survey for structural modifications, the Neisseria
synthetase is highly unusual in its capacity for the
binding and conversion of sialic acids that may differ
from the natural Neu5Ac substrate in its substitution
pattern, stereochemistry, or even deletion of its typi-
cal amide functionality. Moreover, combinations of
such modifications (entry 10) appeared to be permis-
sible at a relative reaction velocity still remaining in a
reasonable range for preparative synthesis. A mam-
malian CMP-sialate synthetase (prepared from calf
brain) had been reported to be reactive with a num-
ber of synthetic analogues of 1, in which not only the
terminal hydroxy group at C9 were modified but also
the N-acetyl group at C5 could be replaced by a corre-
sponding N-glycolyl or N-lactoyl substitution.?**!
However, this synthetase showed only very low activ-
ity with KDN and its derivatives, suggesting that the
presence of an acylamino group at C5 in the nonulo-
sonic acid is essential for catalysis by this enzyme.
Thus, the N. meningitidis synthetase studied here dif-
fers from both E. coli K1 and mammalian synthetases
in having high catalytic activity also towards those
sialic acids that are devoid of an acylamino group at
the C5 position.

In order to verify the assay results, most of the
substrate analogues were submitted to preparative
scale synthesis up to a 1.5-mmol scale for conver-
sion into the corresponding CMP-conjugates to al-
low product isolation and spectroscopic analysis.
Reactions were supplemented with pyrophospha-
tase to improve conversion rates since the stoichio-

Table 2. Substrate specificity of the recombinant CMP-sialate synthetase from N. meningitidis (Equation 2).

Entry Compound R! R2 R® R* R® Product  R¢d Yield [%]
1 NeubAc NH(acetyl) H OH H CH,OH 2 0.67 100
2 Neu5Prop NH(propanoyl) H OH H CH,OH 3 0.67 99
3 Neu5Acryl NH(acryloyl) H OH H CH,OH 4 0.69 98
4 Neu5Chz NHCbz H OH H CH,OH 5 0.75 93
5 NeusAlloc NHAlloc H OH H CH,OH 6 0.73 100
6 Neu5Boc NHBoc H OH H CH,0H 0.74 n.i.l’!
7 KDN OH H OH H CH,OH 7 0.51 80
8 4,6-bis-epi-KDO OH H OH H H 8 0.51 97
9 5-deoxy-KDN H H OH H CH,0H 0.49 n.i.

10 5-deoxy-7-epi-KDN H H H OH  CH,0H 0.51 n.i

11 5-epi-KDN H OH OH H CH,0H 0.41 n.i

[? Silica gel plates; eluent: satd. ammonia/ethanol = 1:1 (v/v).
I>I' No product isolation.
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metric release of pyrophosphate was found to inhi-
bit the synthesis at increasing concentrations (pyro-
phosphatase catalyzes the conversion of inorganic
pyrophosphate to phosphate, which precipitates
from the reaction mixture as insoluble magnesium
ammonium salt).

Purified enzyme preparations (295% purity) of the
N. meningitidis CMP-sialate synthetase showed no
detectable phosphatase or nucleotidase activity as
evidenced by the stoichiometric conversion of a 1/
CTP mixture to the corresponding parent conjugate
2 which, for reference purposes, could be isolated by
gel chromatography in practically quantitative yield.
In comparison to that, the reported synthesis of 2 with
enzyme prepared from calf brain requires the addi-
tion of up to 3 mole equivalents of CTP to drive the re-
action to completion, due to the presence of phospha-
tase impurities.”>?3>?*  With those sialic acid
compounds for which the screening assay had indi-
cated reasonably good reaction velocity, preparative-
scale syntheses of corresponding CMP-nonuloso-
nates were carried out successfully to afford the prod-
ucts 3 — 8 (Scheme 3) in 80 — 100% isolated yields. In
view of the ready availability of highly active catalyst,
larger quantities of the synthetase can be applied if
desired, so that for substrate analogues that react
more slowly both the reaction time and the extent of
spontaneous CTP (or product) hydrolysis can be re-
duced significantly. Notably, the octosulose CMP-con-
jugate 8 could be prepared without difficulty, quite
unlike CMP-KDO which is unstable in solution (t,o =
34 min at pH 7.5).1

o oM O/CMP o oH O/CMP
H H
/ﬁrN ~ C02 /ﬁrN - COZH
HO HG
3 4
o oM o~ CMP
QVOTH 707 ~CoH
HG
5 OH ;
Ho oH o~ CMP
OTH \ COH
HG
5 OH 6
HO OH O/CMP o/CMP
HO
HO- 0 CO,H HO2 o) CO,H
HO  OH HG oH
7 8
Scheme 3.
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Some of the substrates showed a noticeable product
formation by TLC analysis, however, the resulting
conjugates (Table 2, entries 6, 9 — 11) seemed to be
so labile that they could not be isolated from prepara-
tive-scale reactions for NMR analysis. Generally, nu-
cleotide-activated sialic acids are sensitive to sponta-
neous hydrolysis even under neutral or alkaline
conditions,*®! with particular compounds showing a
lability that is several orders of magnitude higher
than that of 2. This reactivity has been suggested to
be due to electronic factors and to intramolecular as-
sistance from hydroxy substituents./*3 In such cases,
direct coupling of the synthetase-catalyzed CMP acti-
vation to the enzymatic sialyl transfer in situ!*! may
be a viable solution to avoid the need for isolation of
highly labile CMP conjugates.

In order to test their suitability for the synthesis of
neo-sialoconjugates that display a designed sialic acid
functionality, five of the enzymatically prepared CMP-
conjugates were subjected to an o-2,6-sialyltransfer-
ase-catalyzed reaction for sialylation of N-acetyllacto-
samine using the commercial rat liver enzyme. This
procedure cleanly generated the corresponding tri-
saccharides 9 — 13 which were isolated in good yield
(37 — 77%) after purification by size exclusion chro-
matography (Scheme 4, Table 3). Lower than quanti-
tative oligosaccharide yields are due to the limited
quantities of the transferase employed in this study
owing to its high cost, and therefore reflect incom-
plete conversions and hydrolytic loss of nucleotide
sugars upon extended reaction times; optimization
was not pursued. Previous investigations with chemi-
cally synthesized CMP-Neu5Cbz 5 and CMP-KDN 7
had already shown that some o-2,3- and o-2,6-sialyl-
transferases are indeed quite tolerant to structural
modification at C5 of the sialic acid component.[!?*7}
The resultant neo-KDN-glycoconjugate 9 contains a
terminal KDN-(0-2,6)-Gal-residue, a glycotope that
has not yet been described in natural glycoconju-
gates. The successful synthesis of the KDO-analogue
containing trisaccharide 13 further demonstrates that
sialic acids with carbon backbones smaller than Cg
can be transferred with similar high efficiency. In
conjunction with our improved technique for the ra-
pid stereospecific chemical synthesis of KDN and re-
lated sialic acids,*®! a short chemoenzymatic se-
quence is now at hand which holds promise for the
rapid preparation of a variety of designed sialylated
oligosaccharides for biological studies.

Remarkably, the acrylamide function (4, 11) sur-
vived both the enzyme-catalyzed conversions for nu-
cleotide activation and sialyl transfer. At the outset,
this moiety had been introduced for the purpose to in-
corporate in neo-glycoconjugates a highly reactive
functionality that structurally mimics the natural ace-
tyl group but may be selectively manipulated after the
construction of complex targets by orthogonal chemi-
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cal reactions,**! including the option for polymeriza-
tion to novel glycopolymers. On the other hand, given
the acrylamide group’s typical proclivity for a facile
Michael-type capture of nucleophiles, this unit was
anticipated to possibly react with a side chain nucleo-
phile upon binding to an enzyme active site. Such a
bond forming process would essentially be irreversi-
ble and would cause an effective inactivation in a sui-
cide-type fashion that would potentially be applicable

OH_-OH
a-2,6-SiaT X o OH
o
HO %&NOH

OH NHAc
LacNAc

— OH
E;é:;ibfo Q
HO OH

NHAc

R= OH
9 10 © 11 © 12 O
COOH
HO OH
. OH
HO: 0 0 0 o
HO OH Ho§$/OH 25 oH
13 NHAC
Scheme 4.

to any enzyme involved in the metabolism of sialic
acid or sialoconjugates. However, neither the activity
of the synthetase (4) nor that of the transferase (11)
were apparently affected to a noticeable degree dur-
ing the binding and conversion of this substrate. In
conjunction with the tolerance of the enzymes for
large structural variations at this particular substrate
position it may be concluded that this partial struc-
ture is only very loosely enzyme-bound (if at all) and
may rather be oriented to solvent environment. In
fact, inspection of the synthetase crystal structure in-
dicates an active site disposition, close to the subunit
interface, that is rather open and flexible in the sector
that is held responsible for binding of the sialic acid
moiety.[‘“’ml

Conclusions

We have developed an efficient method for the het-
erologous overproduction of CMP-sialate synthetase
from N. meningitidis serogroup B in E. coli providing
this activity in much larger quantities than reached
from any other known sources of CMP-sialate synthe-
tase reported so far. The synthetase was found to offer
an unusual and remarkably broad tolerance for struc-
tural modifications of its natural substrate 1, allowing
the substitution of the /N-acylamino and peripheral
hydroxy groups, the epimerization of stereocenters
at the pyranose core and at peripheral sites, and the
deletion of functionalities, including that of the entire
N-acylamino substituent being characteristic for the
sialic acids. The synthetic utility of the enzyme could
be demonstrated by the formation of several new
CMP-conjugates that further served in the transfer to
an appropriate acceptor substrate in an o-2,6-sialyl-
transferase-catalyzed reaction. Consequently, it can
be used for the synthesis of both natural carbohy-
drates and synthetic derivatives with novel proper-
ties.

The high productivity of the expression system, the
simplicity of an effective two-step purification se-
quence, the enzyme’s high specific activity and stabi-
lity, and especially its broad substrate tolerance make
this recombinant CMP-sialate synthetase by far
superior to previously investigated enzymes. These
characteristics render it the preferred catalyst for the

Table 3. o-2,6-SiaT-catalyzed synthesis of neo-sialotrisaccharides containing modified sialic acids.

CMP-Sialate Product Constitution R; valuel®! Isolated yield

3 10 NeubProp-o-2,6-LacNAc 0.33 12.9 mg (72%)
4 11 NeubAcryl-a-2,6-LacNAc 0.35 13.7mg (77%)
5 12 Neu5Cbz-0-2,6-LacNAc 0.63 7.4 mg (37%)
7 9 KDN-0a-2,6-LacNAc 0.35 9.6 mg (58%)
8 13 4,6-bis-epi-KDO-a-2,6-LacNAc 0.52 9.6 mg (58%)

[l Silica gel plates; eluent 1-butanol/acetone/acetic acid/water = 35:35:7:23 (v/v/v/V)
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enzymatic synthesis of CMP-Neu5Ac and of deriva-
tives modified in the sialic acid moiety. In comparison
to the synthetases from E. coli K1 and from calf brain
as the current standards for in vitro syntheses, the
N. meningitidis enzyme promises to become an over-
all effective replacement, particularly with regard to
potential large-scale applications.!*’!

Experimental Section

General Remarks

Plasmid pMF32.35 was provided by Professor M. Frosch,
Wiirzburg. Oligonucleotide primers, pKK223-5 vector,
E. coli strain JM105, and media for protein chromatography
were purchased from Pharmacia Biotech. PCR Core Kit, re-
striction enzymes, and T4 DNA ligase were obtained from
Boehringer Mannheim and used according to the manufac-
turer’s instructions. Other routine cloning operations were
performed by the standard procedures.’!! The nuclease
(Benzonase, grade I) was purchased from Merck, Darm-
stadt.

NMR spectra were recorded on Varian VXR 300 or Unity
500 spectrometers; chemical shifts are referenced to inter-
nal TSP (0.00 ppm). Mass spectra were recorded on a Finni-
gan MAT 212 system. Column chromatography was per-
formed on BioGel P-2 Fine (65 £ 20 pm, Bio-Rad), and
analytical thin-layer chromatography (TLC) was performed
on Merck silica gel plates 60 GFa54 using anisaldehyde stain
for detection. Inorganic pyrophosphatase (PPase;
[EC 3.6.1.1]) was from Sigma, calf intestinal alkaline phos-
phatase (CIAP; [EC 3.1.3.1]) was from Boehringer Mann-
heim, and o-2,6-sialyltransferase from rat liver (o.-2,6-SiaT;
[EC 2.4.99.1]) was obtained from Calbiochem. CTP was
either purchased from Sigma or prepared from CMP accord-
ing to published procedures.*>%? The synthesis of the mod-
ified sialic acids will be reported elsewhere.*!

PCR Amplification

The gene siaB contained in the plasmid pMF32.35 was am-
plified along standard PCR protocols!®® but using mutating
oligonucleotide primers as shown in Scheme 2. Amplifica-
tion was performed in a 20-pL. reaction mixture containing
5 ng of plasmid pMF32.35, 375 nM each of primers, 250 uM
each of dNTPs, 10 mM Tris-HCI (pH 8.3), 1.5 mM MgCly,
and 50 mM KCIL. The reaction mixture was heated for
2min at 95°C, then 7aq DNA polymerase (2.5 U) was
added, the solution was overlayed with mineral oil (20 pL)
and subjected to 25 - 30 cycles of amplification (Eppendorf
Mastercycler 5330). Cycle conditions were set for dena-
turation at 94 °C for 1 min, annealing at 60 °C for 2 min,
and elongation at 72 °C for 2 min (plus 3 sec per cycle).
The mineral oil was removed and DNA was collected by
phenol/chloroform extraction and ethanol precipitation.
Analysis by agarose gel electrophoresis (1.2%) showed the
desired DNA insert (710 bp) to be the only detectable PCR
product, which was used for the subsequent steps without
further purification.
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Construction of the Expression Vector pKKCMP

The PCR amplified siaB insert was digested by incubation
with restriction enzymes Xmal and EcoRl under standard
conditions. A 15-ulL reaction mixture containing the DNA in-
sert, 6 mM Tris-HCl (pH 7.5), 50 mM NaCl, 6 mM MgCl,,
1 mM DTT, and Xmal (1 pL, 5 U) was incubated at 37 °C.
After 4 - 5 h the enzyme was denatured by heating at 65 °C
for 15 min. After cooling to ambient temperature, there was
added 2.5 pL of water, 1.5 ul. of restriction buffer (500 mM
Tris-HCI, 100 mM MgCl,, 1.0 M NaCl, 10 mM dithioerythri-
tol, pH 7.5), and 1 pL of EcoRI (10 U), and the mixture was
incubated at 37 °C for another 4 - 5 h. After denaturation by
heating at 65 °C for 15 min, the restricted insert was recov-
ered by phenol/chloroform extraction and by precipitation
with ethanol (2 volumes) and 3.0 M NaOAc (1/10 vol,
pH 5.2). The DNA pellet was taken up with 20 pL Tris-HCl
(10 mM, pH 8.0).

The vector pKK225-3 (1 pug) was digested with Xmal and
EcoRI under the same conditions. The crude digested vector
was taken up in 49 pl. dephosphorylation buffer (50 mM
Tris-HCI1, 0.1 mM ZnCly, 1 mM MgCl,, 1 mM spermidine,
pH 9.0) and treated with calf intestinal alkaline phosphatase
(1 pL, 0.01 U) at 37 °C for 30 min. The reaction was stopped
by addition of 0.6 pL. of 0.5 M EDTA solution and heating at
65 °C for 60 min. Plasmid DNA was recovered by phenol/
chloroform extraction followed by ethanol precipitation,
and the DNA pellet was taken up in 20 pl of Tris-HCI buffer
(10 mM, pH 8.0).

The restricted insert (7.5 pul.) and the restricted and de-
phosphorylated vector (0.5 pl.) were incubated overnight at
20 °C with T4 DNA ligase (1 pL, 1 U) in 1 pL of the appropri-
ate buffer (660 mM Tris-HCI, 50 mM MgCly, 10 mM dithioer-
ythritol, 10 mM ATP, pH 7.5). After ligation, competent cells
of E. coli IM105 strain were transformed with the recombi-
nant plasmid, denominated pKKCMP, and plated onto LB
agar plates supplemented with ampicillin (200 mg/L). Out
of 6 colonies randomly selected, 4 carried the desired insert
as determined by plasmid isolation and restriction analysis,
as well as by enzymatic assay for CMP-sialate synthetase ac-
tivity (after IPTG induction).

Expression and Purification of CMP-Sialate
Synthetase

A positive clone was grown aerobically in 200 mL of LB med-
ium supplemented by ampicillin (200 mg/L) at 37 °C in a
shake flask at 300 rpm. When the turbidity reached an
ODggo of 1.0, this was used as a starter culture to inoculate a
10-L-fermentor (Biostat B, B. Braun Biotech) charged with
9.8 L of the same medium. Cells were grown aerobically
with stirring at 37 °C t0 0.8 — 1.0 ODggp when 1.2 g IPTG were
added to give a final concentration of 0.5 mM. After a further
8 — 10 h, cells were harvested by continuous centrifugation
(Heraeus Biofuge 28 RS; 20,000 g; 4 °C) to give a wet cell
weight of 56 g. The pellet was resuspended in buffer
(20 mM Tris-HCI, 2 mM MgCl,, 20 uM DTT, pH 7.8; 5 mL/g
cells), and 10,000 U of Benzonase was added. Cells were dis-
rupted by glass bead milling (Biomatik, cell disintegrator-S),
and the extracts were clarified by filtration followed by cen-
trifugation at 24,000 g for 60 min at 4 °C. Total crude CMP-
sialate synthetase activity, determined by the enzyme assay
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described below, amounted to 75,000 U (7,500 U/L of cell
culture; 1340 U/g of cells). Protein purification was per-
formed by ion exchange chromatography on DEAE-Sephar-
ose CL-6B, applying a NaCl gradient for protein elution (50 —
500 mM). CMP-sialate synthetase activity eluted around
150 mM, and active fractions were pooled and concentrated
by ammonium sulfate precipitation at 50% saturation (total
recovered activity 64,000 U; 85%).

Enzyme Activity and Substrate Affinity
(K, Values)

CMP-sialate synthetase activity was assayed by coupling the
synthetase reaction to inorganic pyrophosphatase, and
either measuring the amount of CMP-Neu5Ac (2) by a mod-
ified thiobarbituric acid method described by Vann et al.,%%!
or by monitoring the production of inorganic phosphate with
malachite green reagent. The standard assay mixture con-
tained 0.2 M Tris-HCI (pH 8.5), 20 mM MgCly, 0.2 mM DTT,
2.8 mM NeubAc, 1.65 mM CTP and 2 U of inorganic pyro-
phosphatase in a final volume of 0.5 mL. After addition of
CMP-sialate synthetase and incubation of the reaction mix-
ture at 37 °C, aliquots were removed at 5 min time intervals
over 5 — 30 minutes and analyzed according to the published
procedures. One unit of synthetase activity is defined as the
amount of enzyme required to produce 1 pmol 2 or 1 pmol
PP; (=2 pmol P;) from CTP and Neu5Ac (1) per minute under
assay conditions at 37 °C.K,,, values of the purified CMP-sia-
late synthetase were determined by measuring the initial ve-
locities at various concentrations of CTP (0.138 mM -
11.00 mM) and Neub5Ac (0.14 mM - 11.20 mM), and evaluat-
ing the accumulated data by computational analysis (Enzy-
meKinetics v1.1; Trinity Software).

Protein Analysis

Protein concentration was determined by the Bradford
method!® with assay reagents supplied by Bio-Rad, using
bovine serum albumin for calibration. Protein purity was
analyzed by SDS-PAGE performed according to the method
of Laemmli!>°! using a 12% polyacrylamide gel.

Molecular VWeight Measurement

The molecular weight of the native CMP-sialate synthetase
was estimated by gel filtration on a column of Sephadex G-
150 (90 x 2.5 cm). Elution of the enzyme was performed with
20 mM Tris-HCI buffer (pH 7.8) containing 0.1 M NaCl,
2 mM MgCl, and 20 uM DTT. The column was separately ca-
librated with dextran blue (2 MDa), aldolase (161 kDa), bo-
vine serum albumin (66 kDa), and ATP (605 Da) as molecu-
lar weight standards.

Enzyme Stability

The enzyme stability was studied with a sample of CMP-sia-
late synthetase purified by anion exchange chromatography
and ammonium sulfate precipitation, and stored at 4 °C. At
weekly intervals, 50 pL. aliquots were removed and assayed
for remaining activity as described above.
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Substrate Specificty

For screening of the substrate specificity of the recombinant
synthetase, the natural substrate Neu5Ac was replaced by
various sugar derivatives using the standard assay condi-
tions as described above. The progress of the coupling reac-
tions was determined both by measuring the phosphate re-
lease using the method of Lanzetta and by determining
product formation using TLC analysis. In case of low con-
version rates, the reaction was repeated at higher enzyme
and/or substrate concentration in order to get unambiguous
results.

General Procedure for the Enzymatic CMP-
Activation of Neu5Ac and Analogues

All CMP-sialate synthetase catalyzed reactions were per-
formed in 50 mM Tris-HCl buffer (pH 8.5) containing
50 mM MgCl; and 0.2 mM DTT. After addition of CTP (0.1 —
1.5 mmol) and an equimolar amount of the appropriate
neuraminic acid to the buffer solution (2.5 - 6 mL), the pH
was readjusted to 8.5 with 2 M NaOH (if necessary). The re-
action was initiated by the addition of inorganic pyrophos-
phatase (5 — 25 U) and CMP-sialate synthetase (50 — 500 U),
and allowed to proceed for 2 — 4 h with shaking at ambient
temperature. The reaction was monitored by TLC analysis,
and the pH was maintained at 8.5 by periodic manual addi-
tion of 2 M NaOH. If no further product formation could be
detected, enzymes and the resultant precipitate (presum-
ably magnesium-ammonium phosphate formed during the
reaction) were removed by membrane filtration (pore size:
0.2 pm). The product was precipitated by the addition of eth-
anol (9:1 v/v), isolated by centrifugation (10,000 g; 10 min),
and dried under vacuum. For analytical purification, ethanol
precipitation was repeated twice.

Cytidine-5’-monophospho-5-acetamido-3,5-di-
deoxy-p-p-glycero-p-galacto-2-nonulopyranoso-
nic Acid (2)

From Neu5Ac (1; 31 mg, 0.1 mmol), CTP (67 mg, 0.1 mmol),
PPase (5U), synthetase (50 U)in 2.5 mL; colorless solid,
yield: 75 mg (100%, assuming 2-Nay); Ry = 0.67 [saturated
NH;5-EtOH, 1:1]; NMR data were in full agreement with pub-
lished values./?!

Cytidine-5-monophospho-/N-propionyl-5-amino-
3,5-dideoxy-p-p-glycero-p-galacto-2-nonulopyra-
nosonic Acid (3)

From Neu5Prop (162mg, 0.5mmol), CTP (286 mg,
0.5 mmol), PPase (15 U), synthetase (130 U) in 4.0 mL; color-
less solid; yield: 400 mg (99%, assuming 3-Nay); Ry = 0.67 [sa-
turated NH;-EtOH. 1:1]; 'H NMR (300 MHz; D,0): § = 7.94 (d,
1H,J=17.6 Hz, H-6,), 6.12 (d, 1H, /= 7.6 Hz, H-5,), 6.00 (d, 1H,
J=4.1Hz, H-1"), 4.42 — 4.24 (m, 5H, ribose), 4.19 (dd, 1H, J =
10.4 Hz, H-6), 4.13 (ddd, 1H, J = 10.7, 4.6 Hz, H-4), 4.04 — 3.88
(m, 3H), 3.66 (dd, 1H, J = 11.5, 6.3 Hz, H-9a), 5.49 (d, 1H, J =
9.5 Hz, H-7), 2.53 (dd, 1H, J = 12.9, 4.6 Hz, H-3eq), 2.35 (q,
2H, J = 7.6 Hz, H-11 Prop), 1.71 (ddd, 1H, J = 12.9, 12.2,
5.8 Hz, H-3ax), 1.16 (t, 3H, /= 7.6 Hz, H-12 Prop).
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Cytidine-5-monophospho-/N-acryloyl-5-amino-3,-
5-dideoxy-f-p-glycero-p-galacto-2-nonulopyra-
nosonic Acid (4)

From NeubAcryl (113mg, 0.35mmol), CTP (200mg,
0.35 mmol), PPase (15 U), synthetase (130 U) in 4.0 mL; col-
orless solid; yield: 265 mg (98%, assuming 4-Nag); R; = 0.69
[saturated NH;-EtOH, 1:1]; 'HNMR (300 MHz; Dy0): § =
7.95 (d, 1H, J = 7.6 Hz, H-6,), 6.34 (dd, 1H, J = 17.0, 9.3 Hz,
H-11 Acryl), 6.25 (dd, 1H, J = 17.0, 1.9 Hz, H-12a Acryl), 6.12
(d,1H,J=17.6 Hz,H-5,),6.00 (d, 1H, J = 4.1 Hz, H-1), 5.83 (dd,
1H, /= 9.3, 1.9 Hz, H-12b Acryl), 4.40 — 4.23 (m, 5H, ribose),
4.23 (dd, 1H, J = 10.4 Hz, H-6), 4.17 (ddd, 1H, /= 10.7, 4.4 Hz,
H-4),4.10 - 3.87 (m, 3H), 3.64 (dd, 1H,J = 11.8, 6.6 Hz, H-9a),
3.48 (d, 1H, J = 9.6 Hz, H-7), 2.54 (dd, 1H, J = 15.2, 4.4 Hz, H-
3eq), 1.71 (ddd, 1H, J = 13.2, 12.0, 5.5 Hz, H-3ax).

Cytidine-5-monophospho-/V-benzyloxycarbonyl-
5-amino-3,5-dideoxy-B-np-glycero-np-galacto-2-no-
nulopyranosonic Acid (5)

From Neu5Cbz (201 mg, 0.5 mmol), CTP (286 mg, 0.5 mmol),
PPase (10 U), synthetase (200 U) in 8.0 mL; colorless solid;
yield: 391 mg (93%, assuming 5-Nap); R = 0.75 [saturated NH;-
EtOH, 1:1], 0.46 [1-butanol-acetone-acetic acid-water,
55:35:7:23]; "H NMR (300 MHz; D,0): 3 = 7.96 (d, 1H,J = 7.6 Hz,
H-6,), 7.48 - 7.40 (m, 5H, H,, Cbz), 6.11 (d, 1H, J = 7.6 Hz, H-5,),
5.99 (d, 1H,/=4.4 Hz, H-1"),5.18 (d, 1H, J = 12.5 Hz, H-11a Cbz),
5.11 (d, 1H, J = 12.5 Hz, H-11b Cbz), 4.39 - 4.22 (m, 5H, ribose),
4.15 (dd, 1H, J = 10.4 Hz, H-6), 4.07 (ddd, 1H, /= 10.6, 4.7 Hz, H-
4), 3.98 - 3.64 (m, 3H), 3.59 (dd, 1H, /= 11.8, 6.9 Hz, H-9a), 3.48
(d, 1H,J=9.6 Hz, H-7),2.50 (dd, 1H, J=12.9, 4.7 Hz, H-3eq), 1.66
(ddd, 1H, J = 12.9, 11.7, 5.5 Hz, H-3ax).

Cytidine-5-monophospho-/N-allyloxycarbonyl-5-
amino-3,5-dideoxy-p-np-glycero-n-galacto-2-nonu-
lopyranosonic Acid (6)

From Neu5Alloc (246 mg, 0.7 mmol), CTP (400 mg,
0.7 mmol), PPase (15 U), synthetase (130 U) in 4.0 mL; color-
less solid; yield: 524 mg (100%, assuming 6-Nay); Ry = 0.73
[saturated NH5-EtOH, 1:1], 0.31 [1-butanol-acetone-acetic
acid-water, 35:35:7:23]; 'H NMR (300 MHz; D30): & = 7.94
(d, 1H, J = 7.4 Hz, H-6,), 6.12 (d, 1H, J = 7.4 Hz, H-5,), 6.07—
5.91 (m, 2H, H-12 Alloc, H-1%), 5.35 (dd, 1H, J = 17.5, 1.3 Hz,
H-13a Alloc), 5.27 (dd, 1H, /= 10.7, 1.3 Hz, H-13b Alloc), 4.68
—-4.52 (m, 2H, H-11 Alloc), 4.40 — 4.23 (m, 5H, ribose), 4.22 —
3.62 (m, 6H), 3.59 (d, 1H, J = 9.6 Hz, H-7), 2.50 (dd, 1H, J =
4.7 Hz, H-3eq), 1.65 (ddd, 1H, H-3ax).

Cytidine-5-monophospho-3-deoxy-p-np-glycero-n-
galacto-2-nonulopyranosonic Acid (7)

From KDN (402 mg, 1.5 mmol), CTP (858 mg, 1.5 mmol),
PPase (25 U), synthetase (530 U) in 15.0 mL; colorless solid;
yield: 783 mg (80%, assuming 7-Nay); Ry = 0.51 [saturated
NH;-EtOH, 1:1]; "H NMR (300 MHz; D20): & = n.n (d, 1H, J =
7.6 Hz, H-6,), 6.13 (d, 1H, J = 7.6 Hz, H-5,), 6.00 (d, 1H, J =
4.4 Hz, H-1"), 4.40 — 4.22 (m, 5H, ribose), 4.15—3.66 (m, 6H),
5.61 (dd, 1H, J = 9.6 Hz, H-5), 2.45 (dd, 1H, J = 13.2, 5.0 Hz, H-
3eq), 1.63 (ddd, 1H, J = 13.2, 12.3, 5.7 Hz, H-3ax).
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Cytidine-5-monophospho-3-deoxy-p-np-galacto-2-
octulopyranosonic Acid (8)

From 4,6-bis-epi-KDO (238 mg, 1.0 mmol), CTP (572 mg,
1.0 mmol), PPase (10 U), synthetase (530 U) in 6.0 mL; color-
less solid; yield: 702 mg (97%, assuming 8-Nay); Ry=0.51 [sa-
turated NH;-EtOH, 1:1]; 'H NMR (300 MHz; D,0): § = 7.97 (d,
1H,/J=17.7 Hz, H-6,), 6.12 (d, 1H, /= 7.7 Hz, H-5,), 6.00 (d, 1H,
J =4.1Hz, H-1"), 4.40 — 4.21 (m, 5H, ribose), 4.07 — 5.55 (m,
6H), 2.44 (dd, 1H, J = 13.1, 4.9 Hz, H-3eq), 1.62 (ddd, 1H, J =
13.1, 12.5, 5.8 Hz, H-3ax).

General Procedure for Enzymatic Transfer of
Sialic Acid

A 10 mg portion (26 umol) of N-acetyllactosamine was dis-
solved in 2 mL of sodium cacodylate (50 mM, pH 7.8) con-
taining 2 mg of bovine serum albumin, 5 umol of MnCl,,
15 umol of NaN3, 30 — 40 pmol of the appropriate CMP-sialic
acid, 25 - 35 mU of a-2,6-SiaT, and 15 U of CIAP. The reac-
tion mixture was incubated at 25 °C with analysis for conver-
sion by TLC, and the pH was maintained at 7.8 by periodic
addition of 0.5 M NaOH. If no further product formation
could be detected, enzyme and salts precipitated during the
reaction were removed by membrane filtration (pore size:
0.2 pm), and the reaction mixture was concentrated by lyo-
philization. The sialoside was isolated by gel chromatogra-
phy on a BioGel P-2 column (50 x 2.5 cm) using water as elu-
ent. Fractions containing the product were pooled and
lyophilized.

3-Deoxy-o-D-glycero-p-galacto-2-nonulopyrano-
sylonic Acid-(2,6)-p-p-galactopyranosyl-(1,4)-2-
acetamido-2-deoxy-D-glucopyranose (9)

From 7 using 25 mU SiaT, 4 d; colorless solid; yield: 9.6 mg
(568%); Ry = 0.33 [1-butanol-acetone-acetic acid-water,
35:35:7:23]; 'H NMR (500 MHz; D,0): & = 5.20 (d, 0.6H, J =
3.1 Hz, H-1o), 4.75 (d, 0.4H, J = 7.9 Hz, H-1p), 4.45 (2d, 1H,
J=17.9Hz, H-1"), 4.02 - 3.46 (m, 19H), 2.63 (dd, 1H, J = 12.2,
4.6 Hz, H-3,eq), 2.08 (s, 3H, CH3), 1.66 (dd, 1H, /= 12.2 Hz, H-
3,ax); '>C NMR (75 MHz; D,0): 3 = 177.50 (NAc B), 177.27
(NAc o), 176.61 (C-1,), 106.22 (C-17), 102.96 (C-2,), 97.56 (C-
1), 93.50 (C-1o), 83.37/83.22 (C-4), 77.51, 76.69, 76.42,
75.24, 75.07, 73.60, 75.04 (C-5,), 72.92, 72.19, 71.39 (C-7,),
71.04 (C-4,), 66.57 (C-6"), 65.57 (C-9,), 63.15 / 62.97 (C-6),
58.95 (C-2B), 56.45 (C-2a), 42.68 (C-3,), 25.22 (CH; B), 24.92
(CH3 o); MS: m/z (SIMS, GI/Thgl) = 634.2 (0.7) [M + HJ,
633.5 (1.4) [M]7, 632.2 (1.2) [M-H]"

N-Propionyl-5-amino-3,5-dideoxy-a-p-glycero-n-
galacto-2-nonulopyranosylonic Acid-(2,6)-p-p-
galactopyranosyl-(1,4)-2-acetamido-2-deoxy-D-
glucopyranose (10)

From 3 using 23 mU SiaT, 5 d; colorless foam; yield: 12.9 mg
(72%); B¢ = 0.33 [1-butanol-acetone-acetic acid-water,
35:35:7:23]; 'H NMR (500 MHz; D0): § = 5.21 (d, 0.6H, J =
2.8 Hz, H-1a), 4.76 (d, 0.4H, J = 8.2 Hz, H-1p), 4.46 (2d, 1H,
J=179Hz, H-1°), 4.05 - 3.51 (m, 19H), 2.68 (dd, 1H, J = 12.2,
4.6 Hz, H-3,eq), 2.51 (q, 2H, J = 7.6 Hz, H-11 Prop), 2.08 (s,
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3H, CH;), 1.73 (dd, 1H, J = 12.2 Hz, H-3,ax), 1.12 (t, 3H, J =
7.6 Hz, H-12 Prop); '>C NMR (75 MHz; D,0): 5 = 181.82
(NAc,), 177.62 (NAc PB), 177.36 (NAc o), 176.47 (C-1,),
106.57 (C-1°), 103.06 (C-2,), 97.58 (C-1p), 95.46 (C-1a),
85.78 / 85.55 (C-4), 77.45 (C-5B), 76.58, 75.47, 75.31, 74.59,
75.64, 72.89, 72.21, 71.30 (C-7,), 71.01 (C-4,), 66.26 (C-6"),
65.51 (C-9,), 63.24 / 63.05 (C-6), 58.86 (C-2P), 56.32 (C-2ax),
54.65 (C-5,), 43.02 (C-3,) , 32.14 (C-11 Prop), 25.18 (CH; ),
24.88 (CHj o), 12.41 (C-12 Prop); MS: m/z (SIMS, GI/Thgl) =
688.1 (1.0) [M]", 687.1 (1.4) [M - HJ", 505.2 (100) [Neu5Prop
~H,O[".

N-Acryloyl-5-amino-3,5-dideoxy-a-p-glycero-p-
galacto-2-nonulopyranosylonic Acid-(2,6)-p-p-
galactopyranosyl-(1,4)-2-acetamido-2-deoxy-p-
glucopyranose (11)

From 4 using 35 mU SiaT, 6 d; colorless solid; yield: 15.7 mg
(77%); Ry = 0.35 [1-butanol-acetone-acetic acid-water,
35:35:7:23]; 'H NMR (500 MHz; D,0): § = 6.29 (dd, 1H, J =
17.1, 9.8 Hz, H-11 Acryl), 6.22 (dd, 1H, J = 17.1, 1.8 Hz, H-
12a Acryl), 5.80 (dd, 1H, J = 9.8, 1.8 Hz, H-12b Acryl), 5.21
(d, 0.5H, J = 2.8 Hz, H-1a), 4.77 (d, 0.5H, J = 8.2 Hz, H-1p),
4.47 (2d, 1H, J = 7.9 Hz, H-1°), 4.06 — 53.52 (m, 19H), 2.70 (dd,
1H, J = 12.5, 4.6 Hz, H-3,eq), 2.09 (s, 3H, CH5), 1.75 (dd, 1H,
J= 122 Hz, H-3,ax); "’CNMR (75 MHz; D,0): 5 = 177.65
(NAc B), 177.40 (NAc o), 176.47 (C-1,), 172.23 (NAc,), 132.57
(C-11 Acryl), 130.80 (C-12 Acryl), 106.39 (C-17), 103.11 (C-
2,), 97.58 (C-1B), 93.48 (C-1c), 83.79/83.55 (C-4), 77.44 (C-
5B), 76.59, 75.45, 75.29, 74.62, 73.63, 72.88, 72.23, 71.34 (C-
7,), 71.12 (C-4,), 66.29 (C-6"), 65.56 (C-9,), 63.06 (C-6), 58.84
(C-2p), 56.32 (C-2a), 54.84 (C-5,),42.95 (C-3,) , 25.20 (CH; B),
24.89 (CH5 a); MS: m/z (SIMS, GI/Thgl) = 650.2 (0.4) [M -
2H,0]".

N-Benzyloxycarbonyl-5-amino-3,5-dideoxy-o-D-
glycero-n-galacto-2-nonulopyranosylonic Acid-
(2,6)-p-p-galactopyranosyl-(1,4)-2-acetamido-2-
deoxy-D-glucopyranose (12)

From 5 using 35 mU SiaT, 9 d; colorless solid; yield: 7.4 mg
(37%); By = 0.63 [1-butanol-acetone-acetic acid-water,
35:35:7:23]; '"H NMR (500 MHz; D,0): § = 7.48 — 7.39 (m, 5H,
H,, Cbz), 5.21 (d, 0.4H, J = 1.8 Hz, H-1a), 5.16 (d, 1H, J =
12.5 Hz, H-11b Cbz), 5.11 (d, 1H, J = 12.5 Hz, H-11a Cbz),
4.77 (d, 0.6H, H-1p), 4.46 (2d, 1H, J = 7.9 Hz, H-1°), 4.02 -
3.80 (m, 9H), 3.75-3.52 (m, 10H), 2.66 (dd, 1H, J = 12.5,
4.6 Hz, H-3,eq), 2.06 (s, 3H, CH5), 1.71 (dd, 1H, J = 12.2 Hz,
H-3,ax); '3C NMR (75 MHz; D,0): § = 177.87 (NAc B), 177.42
(NAc o), 176.49 (C-1,), 161.43 (NAc,), 139.41 (C-1,,. Cbz),
131.70/130.56 (2 C-24, 2 C-3,. Cbz), 151.29 (C-4,. Cbz),
106.37 (C-1’), 103.07 (C-2,), 97.60 (C-1B), 93.48 (C-1w),
83.72/83.51 (C-4), 77.27 (C-5P), 76.60, 75.54, 75.31, 74.81,
73.62, 72.92, 72.23, 71.36 (C-7,), 69.93 (C-4,), 66.30 (C-6),
65.68 (C-9,), 63.24/653.06 (C-6), 58.88 (C-2B), 56.15 (C-20),
55.65 (C-5,), 42.99 (C-3,), 25.21 (CH; B), 24.89 (CH;5 o); MS:
m/z (SIMS, DTE/DTT/Sul) = 795.1 (1.6) [M + 4Li + H]",
786.2 (0.5) [M + 3Li - H]*, 780.1 (2.6) [M + 2Li]*, 779.2 (5.6)
[M +2Li - H]", 183.0 (100) [Gal + 3Li - Hy0]".
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3-Deoxy-o-D-galacto-2-octulopyranosylonic acid-
(2,6)-p-p-galactopyranosyl-(1,4)-2-acetamido-2-
deoxy-D-glucopyranose (13)

From 8 using 35 mU SiaT, 9 d; colorless solid; yield: 9.0 mg
(57%); B¢ = 0.32 [1-butanol-acetone-acetic acid-water,
35:35:7:23]; 'H NMR (500 MHz; D,0): § = 5.21 (d, 0.6H, J =
2.7Hz, H-10), 4.75 (d, 0.4H, J = 7.9 Hz, H-1B), 4.45 (2d, 1H,
J=179Hz, H-1’), 4.01 — 3.45 (m, 19H), 2.58 (dd, 1H, J = 12.5,
4.6 Hz, H-3,eq), 2.08 (s, 3H, CH3), 1.65 (dd, 1H, /= 12.2 Hz, H-
3,); '°C NMR (75 MHz; D,0): & = 177.52 (NAc B), 177.29 (NAc
o), 176.64 (C-1,), 106.25 (C-1%), 103.20 (C-2,), 97.59 (C-1p),
93.49 (C-10), 83.40/83.25 (C-4), 77.51, 77.10, 76.72, 75.39,
75.26, 73.63, 73.12 (C-5,), 72.94, 72.71, 72.22, 71.78, 71.38,
66.44, 66.18, 63.00 (C-6), 58.94 (C-2B), 56.44 (C-201), 42.71
(C-3,), 25.23 (CH; B), 24.94 (CH;5 o); MS: m/z (SIMS, GI/Thgl)
=618.2 (0.4) [M + 2Li + H]", 617.2 (1.2) [M + 2Li]", 616.2 (0.3)
[M + 2Li-H]".
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