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Abstract

Polysialic acid (PSA) is a versatile biopolymer. PSA can
be detected in awide range of eukaryotes, including higher in-
vertebrates and vertebrates, and a so some prokaryotes, such as
the neuroinvasive bacteria Neisseria meningitidis B. In mam-
mals, PSA expression is developmentally regulated and plays
significant roles in both neural development and in cancer. In
bacteria, PSA isresponsible for virulence. Spectroscopic meth-
ods, combined with immunological analysis, have played asig-
nificant role in understanding the relationship between PSA’s
structure and its biological functions. Chemical tools, including
unnatural sialic acid analogs, have facilitated modulation of
PSA’s structurein cell culture and in vivo. The use of unnatural
sidic acids has led to the development of vaccines for meningi-
tisand cancer.

conformational epitope, glycoconjugate, metabolic labelling
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A. Introduction

Polysiaic acid (PSA) isacell surface carbohydrate com-
prising a linear homopolymer of N-acetylneuraminic acid
(NeuNAc or sgidic acid). PSA playscritical rolesin cell-cell inter-
action and recognition events. PSA expression in mammalsis
developmentdly regulated: in the embryo, PSA isfound in heart,
muscle, kidney, and brain tissue (1-3), while in the adult, PSA is
restricted to two regions of permanent plasticity, regenerating
neural and muscle tissues (4-6). The protein scaffold found to
bear PSA include the neura cell adhesion molecule (NCAM), a-
subunit of the voltage-gated sodium channel in adult rat brain (7),
CD36 in milk (8) and the polysialyltransferases, PST and STX
(9). NCAM appearsto bethe primary substrate for polysiaylation
in adult tissues: the absence of NCAM expression almost com-
pletely abrogates PSA immunoreactivity (10). A critical player
in cell adhesion events in the central nervous system (CNS),
NCAM isthought to operate by promoting cell-cell interactions
viahomophilic binding of NCAM molecules on apposing mem-
branes(11). Polysialylation of NCAM disrupts its ability to
mediate cell-cell interactions and facilitates cell migration dur-
ing development and neurite outgrowth (12-14). The anti-ad-
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hesive nature of polysialylated NCAM has been attributed to
both itslarge hydrated volume and its negative charge (15). Neo-
expression of polysialylated NCAM isobserved in certain meta
static tumors, including lung carcinomas (16—19), neuroblastoma
(20,21), medul oblastoma (22), pancreatic cancer (23), pituitary
tumors (24), and Wilms' tumor (25,26). Analogous to its role
during devel opment, neo-expression of polysialylated NCAM
in tumors may interfere with cell-cell interactions and thereby
enhance cells' metastatic potential (27,28).

Thefunctions of PSA are not limited to mammalian sys-
tems, as evidenced by its production in neuroinvasive bacteria
(29,30), fish (31,32), sea urchin eggs (33), and Drosophila em-
bryos (34). In fact, the sialic acid homopolymer was first iso-
lated from the culture fluid of E. coli K235-L. This bacterial
compound was dubbed colominic acid (35). Subsequently, ho-
mopolymers of sialic acid were isolated from other strains of
Escherichia coli and Neisseria meningitidis serogroup B and C
(36,37). Polysidic acidsisolated from N. meningitidis serogroup
B and C were designated group B meningococcal polysaccha-
ride (GBMP) and group C meningococcal polysaccharide
(GCMP), respectively. In bacteria, PSA is associated with the
capsule and playsasignificant rolein virulence. PSA may aid in
evasion of the host immune system by allowing the bacteria to
masguerade as“ self” (38). Thislack of immunogenicity has hin-
dered development of meningitis vaccines.

PSA’s involvement in neural plasticity, cancer and men-
ingitisinfection has motivated structural and immunological stud-
ies aimed at deciphering the molecular basis of PSA'srolesin
human biology. Physical methods like nuclear magnetic reso-
nance spectroscopy (NMR) and infrared spectroscopy (IR) spec-
troscopy have been used to characterize the structure of PSA
and correlate physical features with immunological properties.
Knowledge of PSA's structure-function relationship has been
employed in development of vaccines against meningitis and
cancer. One critical step in vaccine development has been the
use of PSA containing unnatural sialic acids as a meansto cir-
cumvent self-tolerance. Unnatural sialic acids have also been
exploited as chemical tools for probing and modulating PSA
biosynthesisin mammalian cells. Here we provide an overview
of the use of spectroscopic and chemical methods to illuminate
the roles of PSA in human biology.

B. Spectroscopy in Under standing the Structure of PSA
B-1. Linkage between Sialic Acid Residues

Initial structural characterization of PSA employed ho-
mopolymers isolated from bacteria. Although polysaccharides
from meningitis causing bacteria N. meningitidisgroup B and C
both contain sidic acid exclusively, they differ in their chemical
and immunological properties (36). While group C polysaccha
ride isimmunogenic in humans, group B polysaccharide is not
(39-41). Periodate oxidation of polysaccharides isolated from
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N. meningitidis serogroup B (GBMP) and E. coli K1 (colominic
acid) suggested that both are homopolymers of a-2,8-linked
sialic acid (Fig. 1A) (36,42). *C NMR confirmed this hypoth-
esis (43). Similarly, periodate oxidation and *C NMR indicated
that the polysaccharide isolated from N. meningitidis serogroup
C (GCMP) is ahomopolymer of a-2,9-linked sialic acid resi-
dues (Fig. 1B).

In addition to the linkage difference, GBMP and GCMP
differ in their modification by acetyl groups. Group C meningo-
coccal polysaccharide contains both N- and O-acetyl groups and
is much more susceptible to acid-catalyzed cleavage and
methanolysis. The group B meningococcal polysaccharide, on
the other hand, contains only N-acetyl groups (36). The pres-
ence of O-acetyl groupsis responsible for GCMP's resistance
to neuraminidase isolated from Vibrio cholerae and Clostridium
perfringens; GBMP is completely hydrolyzed by these enzymes.
However, de-acetylation of the group C meningococcal polysac-
charide is not sufficient to render it non-immunogenic in hu-
mans (44,45). Taken together, these observations suggest that
the linkage between sialic acidsis critical to the different immu-
nological properties of group B and C meningococcal polysac-
charides.

The lack of immunological response to a-2,8-linked
polysialic acid isolated from N. meningitidis serogroup B
(GBMP) and E. coli K1 (colominic acid) suggested that a simi-
lar epitope might be present in mammals. Discovery of a-2,8-
linked polysidic acid in chicken, rat and human embryonic brain
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Fig. 1. Structure of (A) a-2,8- and (B) a-2,9-linked polysialic acid.
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tissues confirmed this theory. (2,46—49). An antibody raised
against the polysaccharide of E. coli K1 (colominic acid) cross-
reacts with glycopeptides isolated from human and rat brain
(50,51), underscoring the similarity of prokaryotic and eukary-
otic PSA.
B-2. Lactonization

Another structural difference between the immunologi-
caly distinct GBMP and GCMP is the presence of ester link-
agesin GBMP and lack thereof in GCMP (52). GCMP showed
evidence for lactonization only upon its O-deacetylation (53).
The occurrence of ester linkagesin GBMP is pH sensitive, in-
creasing at lowered pH and virtually disappearing after mild
alkali treatment. The relatively low molecular weight of par-
tialy esterified GBMP implied the formation of intra-rather than
intermolecular ester linkages. Structural verification was again
provided by *C NMR spectroscopy, which indicated that the
carboxyl group of one sialic acid residue could be cross-linked
to 9-OH of an adjoining residue. A detailed IR and NMR study
of lactonization in group B meningococcal polysaccharide and
its correlation with the immunogenicity showed that < 20% es-
terification was sufficient to abolish antibody recognition (54).
The sensitivity of this antibody to chemical changesin its anti-
gen was far greater than would be expected for an antibody that
recognized alinear (i.e. structural) determinant, but was consis-
tent with the presence of conformational determinant(s). Fur-
thermore, low molecular weight GBMP is poorly antigenic both
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before and after lactonization, indicating the presence of con-
formational determinants on group B meningococcal polysac-
charide.

B-3. Confor mation of Polysialic Acid

Further evidence for a conformational antigenic deter-
minant comes from experiments designed to identify the mini-
mal oligosaccharide necessary for antibody recognition. The
decasaccharide (NeuNAC), , isthe smallest oligosaccharide able
to bind group B meningococcal polysaccharide-specific anti-
bodies (49,51,55); however, the antigen recognition site on
GBMP antibody is only 6-7 residues long (56). This discrep-
ancy was resolved by comparative NMR studies of the trisac-
charide (NeuNAc), and colominic acid that diagnosed a key
structural feature of a-2,8-linked polysidic acid. The two link-
ages of the trisaccharide differ in conformation from each other
and from the inner linkages of colominic acid (57) (Fig. 2A).
Furthermore, these conformational differences are present in the
ultimate and penultimate linkages at either end of larger oli-
gosaccharides. Thus, in a decasaccharide, the inner six residues
differ in conformation from the terminal disaccharides and are
likely to be the antigenic part of the polysaccharide. Based on
the NMR studies, Michon et al. (57) created amodel of afree
trisaccharide and an equivalent internally located trisaccharide
in a sequence of colominic acid (Fig. 2B). Two dominant fea-
tures indicative of the structural differences between the free
and internal trisaccharides were (a) the end-to-end distance of
the free trisaccharide is much shorter than that of the internal
trisaccharide, (b) the carboxylate and acetamido groups of the
free trisaccharide are randomly arranged, whereas those of the
internal trisaccharide are essentially lined up on opposite sides
of the molecule. Alignment of the carboxylate groups places
them in close proximity to 9-OH groups and may explain the
ease of lactone formation in GBMP and colominic acid.

Conformational analysis of PSA by NMR and molecular
modeling indicates that a-2,8-polysialic acid can adopt awide
range of energetically favorable helices, one of whichisan ex-
tended helix with n—9 (58,59) (Fig. 3). Interestingly, the PSA-
specific antibody cross-reacts with polyadenylate, poly(A) (60),
which is known to form helices of n=8-10 (61,62). Atn=29,
poly(A) and polysiaic acid helices adopt similar conformations.
Along with supplying an explanation for the cross-reactivity of
the PSA antibody, the helical model of PSA structure provides
further support for the presence of conformational epitope. The
weak affinity of anti-PSA antibodies for smaller a-2,8-linked
oligosaccharides may be due to increased flexibility of these
shorter oligomers and their consequent inability to adopt the
ordered conformational epitope.

In the extended helical structure, the carboxylate and
acetamido groups of PSA are aligned (Fig. 3). *C and ‘*H NMR
chemical shifts and potential energy calculations were used to
compare the conformations of N-propionyl, N-butanoyl, N-
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Fig. 3. Extended hélical structure of PSA. (A) Side-view (B) Top-view.

isobutanoyl, N-pentanoyl, N-hexanoyl and N-glycolyl deriva-
tives of a-2,8-polysialic acid. Despite their bulkiness, none of
these substituents disrupted the extended helical conformation.
Hence, the negatively charged carboxylate groups play a sig-
nificant role in determining the conformational behavior of a
2,8 polysialic acid.

The crystal structure of the PSA-binding fragment of the
murine polyclonal antibody mAb735 provides further evidence
that PSA must adopt a distinct conformation for antibody rec-
ognition. Modeling studies based on this structure suggest that
PSA adopts a helical conformation with n = 6 residues per turn
and apitch of nx h =36 A. Such as structure would project the
N-acetyl groups into the observed groove on the surface of the
antibody. The antibody’s recognition surface displays a shape
and distribution of charges complimentary to the predicted oli-
gosaccharide conformation (63).

C. Modulation of Polysialic Acid Structure Using Oligosac-
charide Engineering
C-1. Chemical Modification of PSA and Application in
Immunotar geting
The poor immunogenicity of the group B meningococ-
cal polysaccharide and the structurally identical colominic acid
(40,64,65) preclude their use as vaccines against meningitis B.
Chemical conjugation of the group B polysaccharide to tetanus
toxoid also failed to elicit an immune response (65). Tolerance
of the group B meningococcal polysaccharideislikely dueto
its similarity to a-2,8-linked polysialic acid found in human
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embryonic and adult tissues (50). To circumvent the problem of
the host immune system identifying group B antigen as “ self,”
Jennings et al. replaced the N-acyl group of sialic acid in group
B meningococcal polysaccharide with N-propionyl groups: in
vitro N-deacetylation of GBMP with a strong base yielded a
precursor, which was then N-propionylated to give PSA con-
taining unnatural N-propionylated sialic acid. Conjugation of
the resultant N-propionylated GBMP to tetanus toxoid yielded
an antigen that, when injected in mice, induced production of
high levels of cross-reactive GBM P-specific 1gG antibodies (66).
Following thisinitial report on the use of unnatural sugars for
therapeutics, further studies demonstrated that using N-
propionyl, but not N-acyl polysidic acid, it was possible to pro-
duce antibodies that were bactericidal but not cross-reactive with
human tissues (67,68). More recently, N-propionylated polysialic
acid has been used to develop vaccines against small cell lung
cancer (69,70).

In the above examples, PSA structure was modified in
vitro and the altered PSA used in the production of antibodies.
Over the past decade, there has been an increasing interest in
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the invivo introduction of unnatural sugarsinto glycoconjugates
for studying their biological functions and for breaking immu-
nological barriers. This technique has proven especially useful
for sialic acid-containing glycoconjugates that are known to play
asignificant role in processes including cell adhesion and rec-
ognition, transport processes and antigenicity. The following
sections provide a brief overview of the progress made in this
direction with an emphasis on the study of PSA.

C-2. Sialic Acid Biosynthesisin Mammalian Cells

In mammalian cells, sidic acid glycoconjugates are syn-
thesized through a series of enzymatic steps starting from N-
acetylmannosamine (ManNAc) or uridine diphosphate N-
acetylglucosamine (UDP-GIcNAC) (Fig. 4). Biosynthesisisini-
tiated by the phosphorylation of ManNAc and subsequent con-
densation with phosphoenol pyruvate (PEP) to yield sialic acid
9-phosphate. After hydrolysis of the phosphate monoester by a
specific phosphatase, siaic acid is transported into the nucleus
where it is activated by condensation with CTP to give CMP-
sialic acid (71). The activated sugar donor is transported into
the Golgi compartment by CMP-sialic acid transporter. Mem-
brane-bound sidyltransferases then catalyze transfer of the sugar
residue onto the termini of oligosaccharide chains (72). In mam-
mals, two polysialyltransferases are known to carry out this fi-
nal step in PSA biosynthesis — STX (ST8Siall) and PST
(ST8SialV) (73). STX is expressed predominantly during de-
velopment, whereas PST is the major polysiayltransferase ex-
pressed in the adult CNS (20,74-78).

C-3. Promiscuity in the Polysialic Acid Biosynthesisand Its
Usein Metabolic Labeling

Several in vitro studies have hinted at the permissive
nature of the enzymes in the sialic acid biosynthetic pathway,
especially with regard to the N-acyl substituent on ManNAc.
Reutter and co-workers were the first to show that cells will
convert unnatural ManNAc precursors into the corresponding
unnatural sialic acid derivatives. They introduced N-propanoyl,
N-butanoyl and N-pentanoy! sialic acids into both membrane
and serum glycoproteins (79-81) (Fig. 5). Jacaobs et al. further
investigated the permissivity of the siaic acid biosynthetic path-
way towards structural alterations of the N-acyl substituents of
ManNAc (82). A mgjor finding was that the sialic acid biosyn-
thetic pathway is highly sensitive to elongation of the side chain
beyond five carbon atoms.

The Bertozzi group took advantage of the promiscuity in
sialic acid biosynthesis to develop new methods to study PSA
production and function. They showed that mammalian cells
were capable of taking N-levulinoylmannosamine (ManLev)
(Fig. 5) from the media, converting it into N-levulinoylsialic
acid (SiaLev) and incorporating it into PSA (83,84). The advan-
tage of using the N-levulinoyl substituent is that it contains the
biologically orthogonal keto-group, whose reactivity can then
be exploited. Cells treated with N-levulinoylmannosamine
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Fig. 5. N-substituted analogs of unnatural sialic acid.

(ManLev) expressthe corresponding keto-sialic acid in cell sur-
face glycoconjugates. Ketones can then be selectively ligated
with hydrazide-, hydroxylamine-, or thiocarbazide-conjugated
molecules, allowing the cell surface to be chemically modified
with avariety of epitopes (85). For example, Charter et al. was
able to introduce N-levulinoyl sialic acid (SiaLev) into the
polysialic acid on NCAM by incubating terminally differenti-
ated NT2 neural cellsin the presence of metabolic precursor N-
levulinoylmannosamine (ManLev) (84). Theketonegroup within
the levulinoyl side chain of Sialev was then used as a chemica
handle for detection using a biotinylated hydrazide probe.

More recently, the permissivity of the sialic acid biosyn-
thetic pathway has been manipulated to introduce the N-azido
group into cell surface sialic acid. This expands the repertoire
of orthogonal functional groups available for cell surface modi-
fication (86). The detection of azido sugars in metabolic label-
ing was made possible by the Staudinger ligation, which involves
ahighly selective reaction between modified triphosphines and
azides to produce an amide-linked product (87,88). The
Staudinger ligation provides multiple advantages over the bi-
otin hydrazide reaction with cell surface ketones. Peracetylated
N-azidomannosamine precursor is less toxic to cells than
peracetylated ManLev. In addition, the conditions for the
Staudinger ligation reaction are milder than those used for hy-
drazide conjugation, promoting cell viability. The azide and
phosphine are completely abiotic: no comparable functional
groups exist on cellsthat might compete for these coupling part-
ners. Ketonesand d dehydes, on the other hand, are present within
cells and can potentially compete with exogenous hydrazide
probes. Because of these advantages, the use of the N-azido
chemical handleis preferred for cell surface labeling of sialic
acid.

Metabolic labeling of polysialylated NCAM and other
neuronal glycoconjugateswith Sial ev or SiaNAz offersamethod
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to simultaneously induce and detect changesin neuronal net-
works. Plasticity in the CNS involves the formation of new
synaptic structures (89,90). By the nondestructive labeling of
structures that have undergoneremodeling it may be possible to
identify and map neuronal networksinvolved in synaptic plas-
ticity. However, both the nature and extent of incorporation of
unnatural sialic acid into PSA need to be characterized before
this method can be used to visualize physiological changesin-
volved in synaptic plasticity. For example, it is not yet known if
unnatural sialic acid residues are incorporated into the inner seg-
ments of PSA.
C-4. Inhibition of PSA Biosynthesis Using Unnatural Sialic
Acid

While avariety of unnatural sialic acids can be incorpo-
rated into glycoconjugates, these unnatural glycoconjugates pro-
duced are not necessarily suitable substrates for further elabora-
tion. NT2 neurons treated with up to 10 mM N-
propionylmannosamine (ManProp) showed no changesin PSA
expression. However, PSA biosynthesis was reduced at 1 mM
N-butylmannosamine (ManBut) and almost completely abro-
gated at 3 mM ManBut, indicatingthat it functions as a meta-
bolic inhibitor of PSA expression (91). A similar effect was ob-
served with SH-SY5Y cells (human neuroblastoma), H345 cells
(human small cell lung carcinoma), and Hela cells (human cer-
vical carcinoma) stably transfected with the 140-kD isoform of
NCAM and the human polysialyltransferase STX. An analysis
of the total cellular sialoside using periodate-resorcinol assay
confirmed that ManBut is not a general inhibitor of sialylation.
This led to the conclusion that inhibition of PSA biosynthesis
by ManBut was exerted at the level of polysialyltransferase ac-
tivity.

In vitro studies using recombinant protein A fusions of
STX and PST catalytic domains and the extracellular domain of
NCAM expressed as aFc fusion (NCAM-Fc) showed that CMP-
N-butanoylsialic acid (CMP-SiaBut) was used by both the
polysialyltransferases less efficiently than either natural CMP-
sidic acid or CMP-N-propionylsialic acid (CMP-SiaProp). The
tolerance of the polysialyltransferases for NCAM primed with
unnatural sialic acid wasinvestigated by first incubating NCAM-
Fc with either CMP-SiaProp or CMP-SiaBut inthe presence of
STX and then with native CMP-sialic acid and either STX or
PST. Interestingly, STX polysiaylated NCAM-Fc primedwith
SiaBut less efficiently than NCAM-Fcprimed with SiaProp, and
both primed substrates were inferior to unprimed NCAM-Fc.
By contrast, PSA extension catalyzed by PST appeared to be
independent of the primer structureon NCAM-Fc indicating that
PST is more tolerant of an acceptor substrate containing un-
natural sialic acid. Thisisan important observation for two rea-
sons: (1) the activity of STX isdiminished by unnatural N-acyl
groups within the priming sialic acid residues (2) it highlights
the difference in the acceptor substrate specificity of the two
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polysialyltransferases. Thus, SiaBut-containing acceptors are
poor substrates for STX and incorporation of SiaBut eventually
leads to the inhibition of PSA biosynthesis.

The use of chemica methods to manipulate biological
systems generally provides the advantages of time-dependent
and reversible control. In these respects, use of the small mol-
ecule ManBut is an effective chemical genetic tool to control
PSA biosynthesis. In HeLa cells expressing NCAM and STX,
PSA expression was completely inhibited by treatment with
5 mM ManBut for 24 hours, but returned 24 hours after ManBut
was removed from the medium. Previoudy, PSA could be modu-
lated only by genetic manipulations or by enzymatic digestion.
Transient disruption of PSA expression by ManBut might be
used to study the roles of PSA in modulating cell adhesion, tu-
mor metastasis, synapse formation, and organ development. The
correlation of polysialylationwith metastatic potential suggests
potential applications of ManBut as an anti-metastatic agent
(27,92).

C-5. Biochemical Engineering of PSA for | mmunotar geting
Tumor Célls

As mentioned earlier, in adults, PSA expression is re-
stricted to regions of neural plasticity. However, neo-expres-
sion is observed in neuroblastoma, medul oblastoma, pituitary,
pancreatic and lung cancers. In an effort to develop carbohy-
drate-based vaccines against tumor, Jennings et al. raised anti-
bodies against PSA that contained both natural sialic acid and
SiaProp. They treated rat and mouse leukemia cell lines with
ManProp, then subjected the cells to antibody-dependent cyto-
toxicity assays (93). Lysis of cells depended on the length and
dose of their exposure to ManProp, suggesting the unnatural
PSA antigen effectively targeted cells for antibody-mediated
killing. Inoculation of mice with leukemia cell lines followed
by treatment with ManProp showed a decrease in tumor growth
and size, presumably due to the mice mounting an immune re-
sponse to unnatural PSA. The same researchers also demon-
strated that the metastasis of tumor cells could be controlled by
introducing N-propionylated sialic acid analogs, followed by
immunotherapy using antibodies specific for the modified anti-
gen.

D. Conclusions

Polysidic acid plays critical rolesin avariety an impor-
tant role in the virulence of neuroinvasive bacteria, neuronal
development and cancer. PSAs isolated from N. meningitidis
serogroup B and C differ in their chemical and immunological
properties. While GCMP is immunogenic, GBMP is non-im-
munogenic. Thisdifferencein chemical and immunogenic prop-
erties of the two polysaccharides was explained by the identifi-
cation of different linkages between the sidlic acid residuesin
them. While GBMP has sialic acid residues linked by a-2,8-
linkages, the residues in GCMP are linked by a-2,9-linkages.
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Chemical assays and NMR and IR spectroscopy played an im-
portant role in these studies. The a-2,8-linkages between the
residues in GBMP allow the formation of a conformational
epitope in which is recognized by the anti-GBMP antibodies.
Theidentification of a-2,8-linked PSA in human embryonic and
adult tissues explained the non-immunogenicity of GBMP. This
immunologica barrier was overcome by the introduction of un-
natural sialic acid residuesinto PSA leading to devel opment of
vaccine against meningitis B. A similar approach has also been
used for the development of vaccine against small cell lung can-
cer.

Promiscuity in the sialic acid biosynthetic pathway has
allowed the incorporation of unnatural sialic acid into PSA in
cells. Thisis done by feeding the cells with the unnatural
mannosamine precursor. This technique has been used to study
the effect of these unnatural glycoconjugates on cancer(93) and
axonal growth (94). The unnatural sugar ManBut has been iden-
tified as amodulator of PSA biosynthesis. However, the extent
and nature of incorporation of unnatural sialic acid into PSA is
not yet fully understood. Once these studies have been done,
thistechnique could be quite useful in gaining better understand-
ing of therole of PSA in cell-cell interaction and tumor metasta-
sis.
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