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ABSTRACT: Sialyltransferases transfer sialic acid from cytidirrernophosphdN-acetylneuraminic acid
(CMP-NeuAc) to an acceptor molecule. Trans-sialidases of parasites tra@s3elinked sialic acid from

one molecule to another without the involvement of CMP-NeuAc. Here we report another type of sialylation,
termed reverse sialylation, catalyzed by mammalian sialyltransferase ST3Gal-Il. This enzyme synthesizes
CMP-NeuAc by transferring NeuAc from the Neud2,3Galp1,3GalNAax unit of O-glycans, 3-sialyl

globo unit of glycolipids, and sialylated macromolecules ¥CMP. CMP-NeuAc produced in situ is
utilized by the same enzyme to sialylate other O-glycans and by other sialyltransferases such as ST6Gal-I
and ST6GalNAc-I, formingx2,6-sialylated compounds. ST3Gal-1l also catalyzed the conversioft of 5
uridine monophosphate (UMP) to UMP-NeuAc, which was found to be an inactive sialyl donor. Reverse
sialylation proceeded without the need for free sialic acid, divalent metal ions, or energy. Direct sialylation
with CMP-NeuAc as well as the formation of CMP-NeuAc fromr@MP had a wide optimum range (pH
5.2-7.2 and 4.8-6.4, respectively), whereas the entire reaction comprising in situ production of CMP-
NeuAc and sialylation of acceptor had a sharp optimum at pH 5.6 (activity level 50% at pH 5.2 and 6.8,
25% at pH 4.8 and 7.2). Several properties distinguish forward/conventional versus reverse sialylation:
(i) sodium citrate inhibited forward sialylation but not reverse sialylation; (HLBP, a potent forward
sialyltransferase inhibitor, did not inhibit the conversion 6CMP to CMP-NeuAc; and (iii) the mucin

core 2 compound 8-sulfoGapl,4GIcNAEL,6(Gapbl,3)GalNAa-O-benzyl, an efficient acceptor for
ST3Gal-1l, inhibited the conversion of-£&MP to CMP-NeuAc. A significant level of reverse sialylation
activity is noted in human prostate cancer cell lines LNCaP and PC3. Overall, the study demonstrates
that the sialyltransferase reaction is readily reversible in the case of ST3Gal-1l and can be exploited for
the enzymatic synthesis of diverse sialyl products.

The sialylation of carbohydrates is catalyzed by sialyl- monophosphate (CMP) to form CMP-NeuA.(In contrast
transferases (sialylTs)and trans-sialidases. During the to other activated nucleotide sugars, CMP-NeuAc contains
biosynthesis of glycoconjugates, enzymes belonging to thea monophosphate. This activated sugar is also unique since
glycosyltransferase family (including sialylT) catalyze the it exclusively forms a-glycosidically linked sialic acid

transfer of a monosaccharide unit from an activated glycosyl

donor to an appropriate acceptor molecule. In the case of

sialic acid (NeuAc), the activated donor consists of NeuAc
that is 5-glycosidically linked to the aglycan cytiding-5
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residues in nature?j.

Besides sialylTs, trans-sialidases (TS) exist in parasites
and these acquire sialic acids from the host for incorporation
into the parasite’s surface) For example,Trypanosoma
cruzi, an agent of Chagas’ disease, is unable to synthesize
sialic acid de novo4). This parasite employs TS to transfer

terminala2,3-linked sialic acid residues to termirtalinked

Gal in glycoproteins and glycolipid$(6). In the absence
of a suitable acceptor, TS transfers sialic acid to water
molecules, thus functioning as a sialidase similar to viral,
mammalian, and bacterial sialidased.(Some members
of the TS family lack enzyme activity but still retain their
Gal-binding properties. Such molecules function as lectins
during parasite-host interaction&). Recently, a multifunc-
tional sialyltransferase has also been identified from
Pasteurella multocidathat exhibits multiple functions
including a2,3- and a2,6-sialylation and trans-sialidase
activity (9).
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Reversible Sialyltransferase Activity

Besides sialylT and TS activity, in this paper we report
yet another action of sialylTs. This activity, which we term
“reversible sialylation”, involves the enzymatic transfer of
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buffer, pH 6.0, in the presence of enzyme, synthetic acceptor
(at 7.5 mM or as indicated in each experiment) andu®?
of CMP-[9-H]NeuAc (NEN-Dupont, 29 mQumol). The

NeuAc by mammalian sialylT ST3Gal-ll, from linear concentration of total CMP-NeuAc was adjusted in individual
carbohydrate, branched core-2 mucin and fetuin glycoprotein-reactions by supplementing with additional cold CMP-
based sialylated donors to acceptor CMP. This results in theNeuAc. Reaction volume was 2Q.. Products formed were
formation of CMP-NeuAc. This newly synthesized CMP- separated by four different chromatographic procedures
NeuAc is then available for transfer to another acceptor by (below). In all cases, the radioactive content of isolated
the same sialylT (ST3Gal-1l). It is also available to other products was determined by using 3a70 scintillation cocktail
sialylTs like ST6Gal-l1 and ST6GalNAc-I for sialylation of (Research Products International, Mount Prospect, IL), and
other macromolecules. Thus, via reversible sialylation, a Beckman LS6500 scintillation counter.
diverse chemical entities can be readily synthesized from (a) Bio-Gel P2 ChromatographyA Bio-Gel P2 column
an array of sialyl donors without the need for CMP-NeuAc. (Fine Mesh; 1.0x 116.0 cm) was used with 0.1 M pyridine
Indeed, reversible biochemical reactions are known to acetate (pH 5.4) as the eluent at room temperature. In cases
occur in metabolic pathways. For example, the hydrolysis where radiolabeled donor compounds were prepared by use
of maltose by maltase is reversible provided high glucose of this column, the peak fraction containing radioactivity was
concentrations (40% w/v) are present in the reaction mixture collected, lyophilized to dryness, dissolved in a small volume
(10). Plant sucrose synthase can also reversibly catalyze theof water, and stored frozen at20 °C for further experi-
synthesis of UDP-Glc from sucrose and UDPL(12). mentation.
Recently, Zhang et al1@) also showed that four different (b) Lectin—Agarose Affinity Chromatography column
glycosyltransferases that participate in natural product bio- of 5 mL bed volume of WGA-agarose or PNAagarose
synthetic pathways related to calicheamicin and vancomycin (Vector Lab, Burlingame, CA) was employed with 10 mM
readily catalyze reversible reactions allowing sugars and N-(2-hydroxyethyl)piperazin&¥-ethanesulfonic acid (Hepes),
aglycons to be exchanged with ease. Our studies now showpH 7.5, containing 0.1 mM Cagl0.01 mM MnC}, and
that sialylation is also a reversible process. Of the three 0.1% NaN as the running buffer. Fractions of 1.0 mL were
enzymes studied (ST3Gal-ll, ST3Gal-lll, and ST6Gal-1), collected. The bound material was then eluted with 0.5M
reversible sialylation was observed to occur readily in the GIcNAc or 0.2M Gal in the same buffer. SNAagarose
case of ST3Gal-Il. Forward and reverse sialylation could also (Vector Lab) affinity chromatography was also carried out
be independently regulated by citrate ion$,CbP, and as above except that fractions of 2.0 mL were collected and
selected synthetic molecules, and this suggests that twothe bound material was eluted with 0.5 M lactose.
distinct catalytic activities of the enzyme may regulate the  (c) Hydrophobic Chromatographyhis was done with a
forward and reverse sialylation reactions. Overall, our data Sep-Pak C18 cartridge (Waters, Milford, MA) and the
support the concept that reverse sialylT activity can be product was eluted with 3.0 mL of methanol.
exploited for the chemical synthesis of diverse sialylated (d) Dowex-1Formate ColumnRadioactive products from
glycoconjugates. The physiological significance of this novel neutral allyl and methyl glycosides were measured by
enzymatic activity remains to be established. fractionation on Dowex-tformate (Bio-Rad:AG-1x 8;
200—-400 mesh; formate form) as described previough) (
MATERIALS AND METHODS

Calculation of Equilibrium Constant & Equilibrium

Materials. Rat recombinant ST3Gal-ll of2,3(0)ST], constant was calculated for selected reversible bimolecular
ST3Gal-lll [a2,3(N)ST], and ST6Gal-1d2,6(N)ST] were reactions that are denoted by
purchased from Calbiocheni4). Several different lots of
ST3Gal-Il have been used for this study and all yielded Q)
similar findings. Cloned ST6GalNAc-I (chicken) was kindly
provided by Dr. James C. Paulson (Scripps ResearchHere [92H]D* denotes the radiolabeled donor andifthe
Institute, La Jolla, CA). All nucleoside phosphates and CMP- donor after removal of sialic acid. Similarly, A and 8-
NeuAc were from Sigma. The synthesis strategy of most A* denote the acceptor before and after incorporation of
acceptors/compounds used in this study is described elseNeUAc. In each run, unreacted {BD* and product [9%H]-
where (L5, 16). Acrylamide copolymer of Gall,3GalNAax- A* are subjected to radioactivity measurements. The equi-
O-allyl, asialo-Cowper’s gland mucin (CGM), antifreeze librium constant Keq = keeversékiorwara, dimensionless units)
g|ycopr0teinsl fetuir@-g|ycosidic asia]og]ycopeptide (asia|0_ are then determined from the fO”OWing equation, where terms
FOG), and fetuin triantennary asialoglycopeptide (asialo- in square brackets denote concentrations:
FTG) were available from earlier studie¢7¢19). The N
culturing of human cancer cell lines and the preparation of ([Ad — [A7])
cell extracts is reported elsewheg8). All cell extracts were [A*]
frozen at—20 °C prior to use. Asialo bovine submaxillary
mucin (asialo-BSM) was made by heating BSM (Sigma) (5 [Dg] and [A] are initial donor and acceptor concentrations.
mg/mL) at 80°C in 0.1 N HClI for 1 h, neutralizing with 1.0 A plot of [D*]/ ([D o] — [D*]) versus [A*]/([Ao] — [A*])
N NaOH, dialyzing against distilled deionized water in the yieldsKeqfrom slope dataKeq < 1 implies that the forward
cold room for 24 h with four changes of water, and then reaction is favored and the reaction proceeds to the right
lyophilizing the product. side to form [93H]A* efficiently.

Enzymology Studied\ll enzymatic sialylation reactions Liquid Chromatography Coupled with Tandem Mass
were typically carried out in 100 mM sodium cacodylate SpectrometryThe LC separation was performed on a C18

[9-H]D* + A <5 D’ + [9-°H]A*

_[A _ DY
“~ [DYAT (D - D)

(2)
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reverse-phase column at a flow rate of 220min. Two
buffers were used, 0.1% formic acid in acetonitrile and 0.1%
formic acid in water, with a linear gradient of 8%/min
increase of the organic buffer starting from 20%. The sample
injection volume was 2QuL. Negative-ion electrospray
ionization (ESI) was used for the detection of sialic acid
derivatives due to its greater sensitivity than positive-ion
ESI (14). The identification was accomplished in pre-
cursor ion scan mode at unit resolution [full width at half-
maximum (fwhm) 0.6-0.8 amu] by selectively detecting
the parent ions in the third quadrupole (Q3) of a triple
quadrupole instrument that give rise to the diagnostic
fragment ion (sialic acid ion [M— H]~ at m/z 290) created
by collisions in Q2.

RESULTS

ST3Gal-Il Reerse-Sialylates 'SCMP. The cloned and
purified rat sialyltransferase2,3(0)ST (ST3Gal-Il) 14) is
used in many experiments presented in this paper. This
enzyme has been shown to mediatg,3-sialylation of
terminal Gal residues in the O-glycan core-2 trisaccharide
unit Galp1,3(GlcNAg1,6)GalNAa (14, 21). We examined
whether this sialylation reaction is reversible (Figure 1). For
this, [9°H]NeuAcn2,3Gap,13(GIcNAG31,6)GalNAm-O—
allyl, [9-%H]-1, was prepared by use of ST3Gal-Il in the
presence of CMP-[8H]NeuAc and the trisaccharide acceptor
Galp1,3(GIcNA@1,6)GalNAa-O-allyl as previously de-
scribed (4), and the radiolabeled product was isolated by
Bio-Gel P2 chromatography. During this isolation, radiola-
beled [9°H]-1 appeared prior to unreacted trisaccharide (data
not shown). Two different reaction mixtures were then
prepared: (i) [$H]-1 and ST3Gal-1l but without 5CMP
and (i) [9H]-1 and 3-CMP along with ST3Gal-Il. When
the products formed were subjected to W&dgarose
affinity chromatography, a majority of the radioactive
component from mixture i but not mixture ii bound the
column (Figure 1). The results of the first run indicate that
the enzyme ST3Gal-1l does not exhibit any sialidase activity.
Furthermore, the efficient90%) transfer of radioactive
[9-3H]NeuAc from 150uM [9-°H]-1to 1.0 mM 3-CMP in

P e
the presence of ST3Gal-1l in the second panel suggests thaiu) GalNAC: @) GlcNAC.

the reverse reaction in Scheme | proceeds at an appreciabl
rate.

Similar results were observed with increasing concentra-
tions of B-CMP when [93H]NeuAcn2,3Gap1,3(4-F-
GIcNAcS1,6)GalNAa-O-Bn [9-°H]-2 was donor (Figure
2a,b). The concentration of-EMP that mediated half-
maximal transfer of [FH]NeuAc was 80uM. The bimo-
lecular equilibrium constankg) for this reaction was 0.35
(dimensionless units, Table 1). Indeed, tKg, varied
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Ficure 1: Nucleotide phosphates as acceptors of radioactivity from
[9-*H]NeuAca2,3GaB1,3(GIcNAG1,6)GalNAa-O-allyl ([9-3H]-
1) in the presence of ST3Gal-Il (Scheme I). Reaction mixtures (RM)
with the following composition were incubated at 32 for 21 h
in 100 mM sodium cacodylate buffer, pH 6.0: (i) RM containing
150 uM (0.4 uCi) [9-3H]-1 (donor) along with 0.8 milliunit of
ST3Gal-Il but no 5CMP; (ii) RM containing [9°H]-1 and 1.0
mM 5'-CMP, along with ST3Gal-Il. Products formed were fraction-
ated on a WGA-agarose column. Bound products were released
by 0.5 M GIcNAc at fraction 12. The radioactive product formed
in reaction ii does not bind WGA. Thus, the forward reaction of
Scheme | occurs at an appreciable rate. The feasibility of the reverse
action is well established in literatur#®) Sialic acid; @) Gal;

the rate of mucin core-2 sialylation was 5.55 (data not
shown), which translates to a reverse sialylati@pof 0.18.
Table 1 provides a summary dfeq values for reverse
sialylation.

When other nucleotide phosphates were substituted for 5
CMP, their effectiveness varied:-B8MP, 5-CDP, and 2
deoxy-3-CMP were 55.9%, 28.4% and 26.3% effective in
comparison with 5CMP. Dosage studies further confirm

depending on the donor and it was 98.9 when the donor wasthe formation of UMP-NeuAc via the reverse sialylation

based on the globo glycolipid [#H]NeuAca2,3Gapl,-
3GalNAg1,3Gabi-O-Me ([9-*H]-3) (Figure 2c,d). When

mechanism (Supporting Information Figure 1). In these
studies where [9H]-3 was donor and 'SCMP or 3-UMP

[9-°H]-2 and [92H]-3 are compared, it is apparent that was acceptor, CMP-[8H]NeuAc was observed to form more
reverse sialylation proceeds more effectively in the case of efficiently than UMP-[92H]NeuAc. Other nucleotide phos-
[9-2H]-2. To further confirm the above estimateskd, for phates (3CMP, 3-CTP, 3-GMP, 3-AMP, 5-TMP, and %
core-2-based structures, we also calculated this parametetMP) had lower activity £3.0%). 3-CMP in the presence
for our previously published data [Figure 3C4]] where of cold sialic acid did not show any decrease in accepting
[9-3H]CMP-NeuAc was the donor and mucin core-2 tet- [9-3H]NeuAc from donor (100.3%), indicating that reverse
rasaccharide GAL,4GIcNA@31,6(Gapl,3)GalNAa-O-Bn sialylation did not involve the formation of free sialic acid
was the acceptor. In this cade,y measured with respectto as intermediate. Such free sialic acid could be formed
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Ficure 2: Equilibrium constant. (a) Reversible sialyltransferase activity at increasing concentrationSMP5 Donor [9°H]NeuAco2,-
3Ga31,3(4-F-GIcNA@1,6)GalNAe-O-Bn ([9-°H]-2, 0.15 mM) was incubated with varying concentrations '@®€MP and 0.15 milliunit

of ST3Gal-Il under conditions described for Figure 1 for 2 h. Consumption of tielReuAc benzyl glycoside donor was measured by
subjecting the incubation mixture to Sep-Pak C18 fractionation, which binds the donor and not CMR2:AC. The reaction proceeded
to half the maximum extent at §M 5'-CMP. (b) Equilibrium constari., (= 0.35) calculated for data in panel a. (c) Varying concentrations
of 5'-CMP were sialylated with ST3Gal-Il (2.0 milliunits) by use of either 0.15 mM (panel ¢) or 1.5 mM (not shown) sialyl doftd}-[9-
NeuAa2,3Gap1,3GalNAg1,3Gab-O-Me ([9-2H]-3) for 4 h. The product CMP-[9H]NeuAc and the unused [8H]-3 were separated
and quantitated by the Dowex-formate method. (d) Equilibrium constaiit, = 98.9. @) Data from 1.5 mM runs;H) data from 0.15
mM runs.

Incorporation of [9-*H]NeuAc into 5'-CMP [CMP X104
(=]

Table 1: Reverse Sialylation Equilibrium Constant

Ke
donor acceptor (dimensior?less units)
[9-3H]NeuAcn2,3GaB1,3(4-F-GIcNAB1,6)GalNA@-O-Bn, [9-3H]-2 5-CMP 0.35
[9-3H]NeuAcn2,3GaB1,3GalNA®BL,3Gak-O-Me, [9-H]-3 5-CMP 98.9
[9-3H]NeuAcn2,3GaB1,3(GaBl,4GIcNAE1,6)GalNA@-O-Bn 5-CMP 0.18
following hydrolysis of donor. Overall, the data supportthe  The transfer of [FH]NeuAc from [9°H]-1 to b-Fug31,-
reverse sialylation mechanism shown in Scheme I. 3GalNAa-O-Bn (5) in the presence of &ZMP and ST3Gal-
ST3Gal-Il Utilizes CMP-NeuAc Formed in the JRese Il increased linearly in the fits2 h and reached saturation

Reaction To Sialylate O-Glycang/e tested the possibility  at 4 h (Supporting Information Figure 2), and thus the data
that CMP-NeuAc formed above may be available for transfer in Table 3 (4 h time point) represent equilibrium conditions.
to other acceptors via ST3Gal-Il (Scheme I, Figure 3). For In Table 3,5 andp-Fug31,3(GIcNAg1,6)GalNAa-O-Bn

this, three radiolabeled donors were prepared by methods(6) were observed to serve as good acceptors followed by
described above: two were based on the mucin core-24-F-Gap1,3GalNA@-O-Bn (7) and Ggbl,3(6-O-Me)Gal-
structure ([93H]-1 and [9®H]NeuAca2,3Gap1,3(6-0O- NAca-O-Bn (8), while 4-O-methylation of31,3-linked Gal
sulfoGIcNAg;1,6)GalNAa-O-allyl ([9-3H]-4), while the (11) reduced acceptor efficiency. As anticipated, £
third was based on the globo glycolipid (fB{-3). The 4GIcNAGS-O-Bn (12) was an inactive acceptor since ST3Gal-
transfer of [92H]NeuAc from these sialylated donors to Il does not act on it. Since CMP-NeuAc is formed via the
various T-hapten (GAL,3GalNAa) and mucin core-2-based = same first reaction of Scheme Il for a given donor, the data
glycoside acceptors in the presence e€B1P and ST3Gal-  in Table 3 suggest that acceptor specificity for ST3Gal-I
Il was assessed (Table 2). All three donors of ST3Gal-1l ([9- may govern the extent of reaction. Further, diverse sialylated
3H]-sialyl-1, -3, and-4) allowed the formation of CMP-[9-  products can be formed by use of the same synthetic
SH]NeuAc and a diverse array of products. In contrast to sialylated donor.

this, two other molecules ([BH]NeuAor2,3GaB1,4GIcNAG- In order to compare the efficiency of individual reactions
O-allyl and [9°H]NeuA2,6Gap1,4GIcNAg-O-allyl), which of Scheme Il, independent runs were performed where either
were formed by sialylation of a poor acceptor of ST3Gal-Il 0.15 mM [9¥H]CMP-NeuAc, 0.15 mM [9H]-2, or 0.15
(Galf1,4GIcNAg-O-allyl) by enzymes ST3Gal-lll and mM [9-°H]-4 was the donor anfl was the acceptor (Figure
ST6Gal-I, did not act as donors in the reverse sialylation 3). 5-CMP (2 mM) was added in runs with core-2 don@rs
reaction. Thus, while the reversible function of ST3Gal-Il and4, and thus reverse sialylation of these molecules was
is not unique to a given doneracceptor pair, the2,3-sialic feasible K for transfer of sialic acid from CMP-NeuAc to
acid linkages on different donors have vastly differ&g 5 was 5.55 (Figure 3a). As seen in Figure 3b, 10-fold lower
values (see Table 1). amounts of acceptor (0.6 mB) was required for comparable
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ST3Gal Il
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Ficure 3: Serial transfer of sialic acid according to Scheme Il was followed at increasing concentrations of em¢apjelt,3GalNAa-

O-Bn (5). The donor used was either (i) 0.15 mM J9JCMP-NeuAc @), (ii) 0.15 mM [9-°H]NeuAca2,3Gap1,3(4-F-GIcNA@1L,6)-
GalNAco-O-Bn ([9-2H]-2) in the presence of 2.0 mM-EMP (@), or (iii) [9-3H]NeuAca2,3GaB1,3(6-O-sulfoGIcNAG51,6)GalNAax-O-

allyl ([9-3H]-4) in the presence of 2.0 mM&EMP (®). In runs where [$H]-2 was donor since both and2 bind C18 cartridges, control
runs were performed in the absencedfug’1,3GalNAer-O-Bn to estimate the amount of BH]CMP-NeuAc formed under the experimental
conditions. In these runs, 8@5% of the radioactivity was transferred to CMP-NeuAc. The amount of CMP-NeuAc remaining in runs with
5 was then subtracted from CMP-NeuAc radioactivity in the control run to determine the amount of sidlylatedomplement this run,
studies were also performed with {&-4, a molecule with allyl at the anomeric position, which does not bind C18. In these runs, the
amount of sialylated was determined by measuring radioactivity retained in the C18-cartridge. (a) Equilibrium constant was 5.55 when
CMP-[9-*H]NeuAc was the donor. (b) An-10-fold lower acceptor concentration was required for similar extents of reaction when CMP-
[9-*H]NeuAc was the donor, compared to core-2-based doj@brand [4].

Table 2: Incorporation of [gH]NeuAc from Various Donors

incorporation from donot % cpm

acceptor (2.5 mM) [FH]-1° [9-3H]-4¢ [9-3H]-3¢
p-Fugs1,3GalNAa-O-Bn, 5 100.0 100.0 100.0
pD-Fugsl,3(GIcNAg1,6)GalNA@-O-Bn, 6 nd 96.9 106.5
4-F-Gap1,3GalNAa-0-Bn, 7 60.8 33.3 4.1
Gal31,3(6-0-Me)GalNAw-O-Bn, 8 43.0 215 3.3
3-O-MeGa)31,4GIcNAg1,6(Gapl,3)GalNAa-O-Bn, 9 22.4 10.0 nd
Gal31,4GIcNA¢31,6(GaBl,3)GalNAa-O-Bn, 10 20.5 8.4 nd
4-0-MeGaf1,3GalNAa-0-Bn, 11 8.9 2.7 0.2
Gal31,4GIcNAg-O-Bn, 12 nd 1.9 0.5
Gals1,4GIcNA@1,6(4-0-MeGap31,3)GalNAa-O-Bn, 13 1.3 0 nd

a[9-%H]-labeled donor (15@M) was incubated with 1 mM'SCMP and 2.5 mM either T-hapten or mucin core-2-based acceptor in the presence
of 0.2 milliunit of ST3Gal-Il fa 4 h under reaction conditions identical to those in Figure 1. Acceptors were separated from donor on a C-18
cartridge due to hydrophobicity of the benzyl (Bn) group. Radioactivity of the eluate was quantified. The blank containing no acceptor<had cpm
100. " Incorporation of [9*H]NeuAcis expressed as percent of cpmincorporatedinth not determined.[9-*H]NeuAor2,3GaB1,3(GIcNA1,6)GalNAa-
O-allyl; 100% = 34569 cpm incorporated int&. 9 [9-3H]NeuAcn2,3GaB1,3(6-O-sulfoGIcNAg1,6)GalNAcO-allyl; 100% = 97 675 cpm
incorporated intdb. ©[9-3H]NeuAcn2,3GaB1,3GalNA@B1L,3Gab-O-M; 100% = 6224 cpm incorporated intb. The value for this donor is low
because 10-fold cold CMP-NeuAc (i.e., lower specific radioactivity of CMPHINeuAc) was used to synthesize it as compared to other two
donors.

transfer when CMP-NeuAc was donor versus the case wheresimilar to that described above. (i) f{]NeuAcn2,3GapB1,-
the donor was either [8H]-2 (~6 mM) or [9°H]-4 (~6 4GIcNAgs-O-allyl [15] was similarly produced by reacting
mM). Thus, while the two-step mechanism results in lower Gals1,4GIcNAg-O-allyl and CMP-[93H]NeuAc in the
conversion than CMP-NeuAc alone, the transfer of NeuAc presence ofi2,3-sialyltransferase ST3Gal-Ill. We note that
still takes place at an appreciable rate. the acceptor used in the above runs, 34 GIcNAG-O-
Reverse Sialylation Occurs More Readily with ST3Gal-1l  allyl, does not undergo significant sialylation in the presence
Compared to ST3Gal-lll and ST6Gal-We determined of CMP-NeuAc and the sialyltransferase that is the focus of
whether reverse sialylation was more pronounced for ST3Gal-our paper, ST3Gal-111(4). However, it is efficiently sialylated
Il in comparison to other sialyltrasferases. Thus two other by both ST3Gal-Ill and ST6Gal-11@). The ability of these
cloned rat sialyltransferases, ST3Gal-Ill [@2,3(N)ST] and two radiolabeled moleculesl4 and 15) to act as [9*H]-
ST6Gal-1 [oro2,6(N)ST] @4), were examined. For these NeuAc donors was assayed by using reaction mixtures where
studies we generated two molecules: (i)*[iNeuAca2,- these compounds were mixed with excesE€BIP, enzyme,
6Gaf31,4GIcNAg-O-allyl (14) was made by reaction of and acceptors with benzyl aglycan group. C18 cartridges
Gal31,4GIcNAg-O-allyl and CMP-[93H]NeuAc in the were then used to measure the extend ofHENeuAc
presence ofi2,6-sialyltransferase, ST6Gal-1. The radioactive transferred to acceptor. The formation of CMP-NeuAc was
product was separated on a Bio-Gel P2 column by a protocol negligible when either [§H]NeuAco2,6GaB1,4GIcNAGS-
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Table 3: CMP-NeuAc but Not UMP-NeuAc Formed by Reverse Sialylation Is an Efficient Sialyl Donor for Forward Sialyltransferase
Reaction

incorporation of [98H]NeuAc into acceptor, cpm

activity assayed acceptor -EMP — CMP-[9-H]NeuAc 5-UMP — UMP-[9-*H]NeuAc
(a) ST3Gal-Il activity p-Fugs1,3GalNA@-0-Bn 134122 1243
(b) ST3Gal-lIl activity 40-MeGa)51,4GIcNAg-O-Bn 59 531 3804
(c) ST6Gal-I activity Ga#1,4GIcNAg-O-Bn 15 066 182

a|ncubation mixtures run in duplicate contained the sialyl donotHP3 (0.0625 mM), 8 mM 5CMP or 3-UMP as indicated, and benzyl
disaccharide glycoside acceptor (2.5 mM). Blank samples did not corit@iM® or 3-UMP. Additional contents: (a) 3.0 milliunits of ST3Gal-l;
(b) 3.0 milliunits of ST3Gal-Il and 3.0 milliunits of ST3Gal-Ill; (c) 3.0 milliunits of ST3Gal-Il and 1.0 milliunit of ST6Gal-I. The reaction miture
were incubated fo4 h at 37°C and then processed by the Sep-Pak C18 method, which binds benzyl glycosides. The amodHhiNé2c
transferred from donor to individual acceptors was obtained after subtraction of blank val@d ¢pm). The variation of duplicate values was
less than 5% in all cases.

O-allyl or [9-*H]NeuAcn2,3GaB1,4GIcNAg-O-allyl was the synthesis of [§H]NeuAcn2,3-0-Fugsl,3 GalNAa-O-
the donor in the presence of a series of acceptors andBn from the newly formed CMP-[9H]NeuAc through
sialyltransferases ST6Gal-l and ST3Gal-lll, respectively. reverse sialylation by ST3Gal-1l, was not inhibited at all by
Thus, reverse sialylation takes place more readily with citrate. The effect of citrate at high concentration (40 mM)
ST3Gal-1l. When these two radiolabeled donors were used may be due to complexing with cytidine, but it is interesting
in the presence of ST3Gal-ll, also, we observed the formationto note that citrate was present in excess (twice the
of negligible amounts of product, suggesting that CMP- concentration) of 5CMP in the reverse sialylation incubation
NeuAc was not formed via reverse sialylation from these mixtures.
two donors. While the possibility that ST3Gal-lll and Effect of 5-Nucleotides on Reerse SialylationThe effect
ST6Gal-lI can mediate reverse sialylation under different of 5'-nucleotides on forward sialylation (Figure 4a) and
conditions cannot be ruled out, the data do suggest thatreverse sialylation (Figure 4b) were examined. As seen in
ST3Gal-Il may have unique structural properties that confer Figure 4a, both 5CDP and 5CMP inhibited the forward
the reverse sialylation activity. sialylation activities of ST3Gal-1l, ST3Gal-lll, and ST6Gal-I
pH Dependence of Rerse Sialylation.We examined with the sialyl donor CMP-[$H]NeuAc and specific ac-

whether the pH range in which ST3Gal-Il catalyzes the
formation of CMP-NeuAc from sialylated donor and the total
reaction, that is, the incorporation of NeuAc from CMP-
NeuAc produced in situ into acceptor, are distinct. First, in
studies that measured the transfer SHMNeuAc from donor
[9-3H]-2 to 5-CMP, we observed optimum transfer in the
pH range 4.86.4 (Supporting Information Figure 3a). In
contrast, the transfer of [8H]NeuAc from CMP-[93H]-
NeuAc to Ggbl,3GalNAa-O-Bn (16) was maximal at pH
5.2—7.2 (Supporting Information Figure 3b). Even though
the pH curves for direct sialylation with CMP-fH]NeuAc
and for the formation of CMP-[9H]NeuAc by reverse

ceptors for the respective enzymes:CDP was a more
potent inhibitor in all cases. In studies of reverse sialylation
(Figure 4b), 5CDP did not inhibit the first step in the reverse
sialylation reaction of ST3Gal-Il, namely, the formation of
CMP-[9-H]NeuAc from 3-CMP. The overall formation of
[9-*H]NeuAn2,3-p-Fugsl,3GalNAa-O-Bn by the two-step
reverse sialylation process, however, was inhibited by 5
CDP, and this is consistent with the finding th&tCGDP
inhibits forward sialylation in the second step-UBMP and
2-deoxy-5-CMP served as controls in these experiments
since they did not alter the extent of product formation
(Figure 4b). Overall, our studies show thatCGDP, an

sialylation have a wide range (almost 2 pH units) and appearanalogue of 5CMP, inhibits the forward sialylation reaction
very much overlapping, it is really significant to note that without altering the reverse reaction.

when the entire reaction was measured by monitoring the Effect of O-Glycans with Sialyl or Sulfo Substituents on
transfer of [93H]NeuAc to 5 from the donor [9*H]-3 via Reverse Sialyltransferase actty. Another distinction be-
5'-CMP, a sharp optimum at pH 5.6 (Supporting Information tween forward and reverse sialylation was observed in studies
Figure 3c) was observed. The possibility that reversible where the effect of three compounds, Nea2¢3Gap1,4
sialylation may have additional unique properties was GIcNAcS1,6(GaPl,3)GalNAa-O-Bn (Figure 5a), 39-

explored as described below.
Distinct Effects of Citrate on Forward and Rerse
Sialyltransferase Actities. In addition to p,H other distinc-

sulfoGap1,4GIcNAg1,6(Gabl,3)GalNAa-O-Bn (Figure
5b), and Ga#1,4GIcNA1,6(3-0-sulfoGapl,3)GalNAax-
O-Bn (Figure 5c), on the sialylation reaction was measured.

tions were also observed between forward and reverseFor these studies, [®H]sialyl fetuin was prepared by the

sialylation. In this regard, citrate ions tended to inhibit
forward sialylation but not reverse sialylation activity.
For these studies, the effect of citrate on the forward
sialylation activity of ST3Gal-I, ST3Gal-Il, ST3Gal-lIl, and
ST6Gal-l was examined. Reverse sialylation activity of
ST3Gal-1l was also measured in terms of (i) the formation
of CMP-NeuAc from 5CMP and (ii) the transfer of NeuAc
from this newly synthesized CMP-NeuAc to another O-
glycan. Citrate inhibited 4898% of the direct sialylation
activity of all the enzymes mentioned above. However,
synthesis of CMP-[$H]NeuAc from B3-CMP, as well as

action of ST3Gal-Il on fetuin in the presence of CMP-[9-
SH]NeuAc. Radioactivity incorporation into the O-glycan
chain of the glycoprotein was confirmed by treating the
labeled molecule with alkaline borohydride (1 M NaBid

0.1 M NaOH at 45°C for 24 h) and detecting the released
radioactivity. During these studies, fefsialyl fetuin was
incubated with 5CMP, one of the above-mentioned com-
pounds, and sialyltransferase for 20 h, and the product formed
was separated on a Bio-Gel P2 column. As seen in Figure
5, the radioactivity associated with fetuin can be resolved
from that associated with CMP-NeuAc and the synthetic
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Ficure 4: Effect of B-nucleotides on (a) direct sialyltransferase
activity and (b) reverse sialylation. (a) Varying concentrations of
5'-CDP or B-CMP were added to 100 mM acceptor (specified
below), 0.15 mM CMP-[H]NeuAc, and either ST3Gal-Il (0.2
milliunit), ST3Gal-11l (0.5 milliunit), or ST6Gal-I (0.2 milliunit)

for 4 h at 37°C. Products were separated by the Sep-Pak C18
method. ST3Gal-lll activity was measured with acceptoD-4-
MeGaf51,4GIcNAg-O-Bn in the presence of &£DP @) or 5-
CMP (©). ST6Gal-I activity was measured with Bal4GIcNAg-
O-Bn in the presence of'82DP (a) or 5-CMP (»). ST3Gal-ll
was measured with-Fugs1,3GalNAa-O-Bn (5) in the presence

of 5-CDP @) or 5-CMP @). (b) Reverse sialylation by ST3Gal-

Il was measured in reaction mixtures containing 0.2 mM
[9-3H]-3, 7 mM 5-CMP, ST3Gal-Il (2 milliunits), p-Fug3l,-
3GalNAa-O-Bn (3.0 mM), and varying doses of either-GDP Elution Volume [mL]

(4), 5-UMP (O), or 2-deoxy-5CMP (@) for 4 h at 37°C. Reaction Ficure 5: Effect of sialyl or sulfo substituents in the O-glycan
product ([9°H]NeuAcn2, 30-Fugl,3GalNA@-O-Bn) _ was chain on reverse sialylation by ST3Gal-Il. Incubation mixtures (600

isolated by the Sep-Pak C18 method. In some runs, whevas : ? ? ;
) e ulL) contained [9¥H]sialyl fetuin (5 mg), 200 mM sodium cacody-
absent, the amount of CMP-NeuAc produced was quantified by late, pH 6.0, 20 mM 5CMP, 50 mM ST3Galll, and the

the Dowex-1-formate method in the presence of varying doses of following: (a) 6.0 mM NeuAc2,3Gap1,4GIcNAQL,6(Gapl,3)-
5-CDP @). GalNAcw-O-Bn, (b) 6.0 mM 30-sulfoGai1,4GIcNAGL,6-
(Galp1,3)GalNAa-O-Bn, or (c) 6.0 MM Ga#1,4GIcNAG31,6(3-

acceptor. The radioactive fractions under the peaks corre-O-sulfoGapl,3)GalNAa-O-Bn along with 50 milliunits of ST3Gal-
. . Ill. Products were fractionated on a Bio-Gel P2 column after 20 h
sponding to the product (the sialylated compound) and CMP- 4’370 Jnused [S'H]sialyl fetuin (peak 1) appears prior to Pbi]-

NeuAc were pooled separately, concentrated to dryness bysialyl product from acceptor (peak 2) and CMP3gINeuAc (peak
lyophilization, and then identified by mass spectrometry as 3). Product identities were verified by LC-MS as indicated by
shown in Figure 5. Here, it is observed thad3sulfoGa1,- molecular weights noted in the panels.
4GIcNAG51,6(GaBl,3)GalNA@-O-Bn (Figure 5b) inhibits .

formation of the intermediate CMP-NeuAc. Consequuently into Gaj31,4GIcNAG31,6(30-sulfoGapl,3)GalNAa-O-Bn
3Gap31,4GIcNAGB1,6(GaB1,3)GalNAw-O-Bn (Figure 5a), com_pounds to differentially alter reverse and forward sia-
on the other hand, prevents product formation without ylation functions further supports the concept that ST3Gal-
inhibiting CMP-NeuAc formation. Thus the sulfated com- !l may have more than one catalytic function.

pound 30-sulfoGap1,4GIcNA1,6(Gapbl,3)GalNAa-O- Reverse Sialylation Actiity of ST3Gal-1I Allows Forma-
Bn, in contrast to its sialylated analogue NewR&¢3Gap1,- tion of Sialylated Globo Backbone Structure from Sialyl
4GIcNAg31,6(Gapl,3)GalNA@-O-Bn, inhibits the formation Fetuin.As shown in Figure 6a, [8H]sialyl fetuin served as

of CMP-NeuAc from 5CMP. Finally, Ggb1,4GIcNAg31,6- a good donor that allowed the formation of CMP3[3}-
(3-O-sulfoGap1,3)GalNAa-O-Bn permits both the forma-  NeuAc by ST3Gal-Il through the reverse sialylation mech-
tion of CMP-NeuAc from 5CMP and the transfer of anism. Figure 6b further shows that ST3Gal-Il can synthesize
[9-*H]NeuAc from the newly synthesized CMP-fBNeuAc NeuAar2,3Gap1,3GalNA@1,3Gab-O-Me from [9-H]sia-
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Ficure 6: Sialylation of globo backbone structures via reverse
sialylation by ST3Gal-Il. Incubation mixtures (5@0.) contained
[9-3H]sialyl fetuin (5 mg), 200 mM sodium cacodylate, pH 6.0, 20
mM 5'-CMP, and the following: (a) 50 milliunits of ST3Gal-1l or
(b) 6.0 mM Gap1,3GalNA®1,3Gab-O-Me and 50 milliunits of
ST3Gal-ll. Reaction products were isolated on a Bio-Gel P2 column
after 20 h at 37°C, and product identity was verified by mass
spectrometry as indicated by the molecular weights in the panel.
Peak I, unused [9H]sialyl fetuin; peak Il, [92H]sialyl product from
acceptor; peak lll, CMP-[9H]NeuAc from 53-CMP.

lyl fetuin via the reaction in Scheme Il. Thus sialyl fetuin

Biochemistry, Vol. 47, No. 1, 200827

only for ST3Gal-1l but also for ST3Gal-lll and ST6Gal-I
(Table 3).

[9-3H]Sialylated CGM could also act as donor to form
CMP-[9-H]NeuAc in presence of'8SCMP and ST3Gal-lI
(Supporting Information Figure 5). In this study, {&H-
sialylated CGM was first synthesized from CGM and CMP-
[9-°H]NeuAc in the presence of ST3Gal-Il. Subsequently,
it was observed that the radiolabeled CGM could donate
[9-°H]NeuAc to B-CMP in the presence of ST3Gal-Il to form
new CMP-[9°H]NeuAc.

Similar to the case of CGM, BSM, asialo-BSM and
antifreeze glycoprotein also gave rise to efficient formation
of radiolabeled sialylated macromolecules by use of ST3Gal-
1, [9-3H]-1, and 3-CMP.

02,6[9-H]Sialylated FTG could be formed from-&MP
and asialo-FTG upon incubation with donor 39}2 and
two enzymes, ST3Gal-Il and ST6Gal-I simultaneously (Sup-
porting Information Figure 4c). Here, reverse sialylation by
use of ST3Gal-Il and 'SCMP resulted in the formation of
CMP-NeuAc. The newly formed CMP-NeuAc was then
utilized by ST6Gal-I to fornu2,6-sialylated FTG as shown
by its binding to SNA-agarose column.

Similar results were observed with FOG by PNAgarose
chromatography. In these studies, the formation of either
[9-3H]NeuAcn2,6(GaB1,3)GalNAa-O-Ser/Thr or [93H]-
NeuAa2,3GaP1,3GalNAa-O-Ser/Thr units was detected
upon incubation of asialo-FOG and CMP{d}NeuAc with
ST6GalNAc-I (Supporting Information Figure 6a) or ST3Gal-
II (Supporting Information Figure 6b), respectively. Here,
thea2,6-sialylated compound formed bound PNAgarose.
The incubation of asialo-FOG with'&MP, the donor
[9-3H]-2, ST3Gal-Il, and ST6GalNAc-I also gave rise to
product that bound PNAagarose (Supporting Information
Figure 6c¢). This observation is consistent with the notion
that CMP-NeuAc can be formed fromi-EMP by reverse
sialylation in the presence of ST3Gal-Il. This new CMP-

may be a useful compound for the inexpensive, enzymatic NeuAc can then be utilized by ST6GalNAc-I to form {8-

synthesis of an array @f2,3-sialylated compounds including
globo backbone-based analogues.

CMP-NeuAc Formed by Rerse Sialylation Sees as a
Sialyl Donor for Macromolecules in the Presence of ST3Gal-
Il, ST6Gal-I, and ST6GalNAc-The ability of ST3Gal-II
(see Figure 3, Scheme II) to mediate the formation of
sialylated macromolecules was studied by use of CGM
(porcine Cowper’s gland mucin, Supporting Information
Figure 4a), BSM (bovine submaxillary mucin, Supporting
Information Figure 4b), antifreeze glycoprotein FTG (fetuin
triantennary glycopeptide, Supporting Information Figure 4c),
and FOG (fetuin O-glycosidic glycopeptides, Supporting
Information Figure 6). In the case of CGM (Supporting
Information Figure 4a), the acrylamide copolymer &at
3GalNAm-O—allyl/AA-CP (a synthetic macromolecular

NeuAa2,6(Gap1l,3)GalNAa-O-Ser/Thr units. Finally it
was observed that sialylated FOG itself could participate in
reverse sialylation (Supporting Information Figure 6d).
Sialylated FOG for these runs was first enzymatically
prepared by reacting asialo-FOG with CMP2[9INeuAc

in the presence of ST3Gal-Il. Subsequently, it was observed
that this sialylated FOG could act as a sialic acid donor for
pD-Fug31,3GalNAa-O-Bn in the presence of'82MP and
ST3Gal-Il. Formation of NeuAw2,3D-Fugsl,3GalNAa-
O-Bn in the above experiment was verified by mass
spectrometry.

Reversible Sialyltransferase Acity in Human Cells.
While the above experiments were performed with cloned
rat enzymes, we examined whether human cells also
exhibited this novel enzyme activity (Table 4). Thus2fg-

acceptor) and asialo-CGM were incubated separately with4 was used as donor amdFug31,3GalNAax-O-Bn (5) as

donor ([98H]-1) and ST3Gal-1l in the presence of eithér 5
CMP or B3-UMP for 21 h at 37°C, and then subjected to
Bio-Gel P2 chromatography to separate®fgsialyl mac-
romolecule from [9H]sialyl donor and CMP- or UMP-[9-
SH]NeuAc. Both the acrylamide copolymer and asialo-CGM
served as good acceptors in the presencé-GNP, whereas
lower amounts of sialylated macromolecules were formed
in the presence of'8JMP (Supporting Information Figure
4a). UMP-sialic acid was a poor donor of sialic acid not

acceptor in the presence of-6BMP and solubilized cell
extracts. Of the cells tested, human prostate cancer cell lines
LNCaP and PC-3 contained significant reversible sialyl-
transferase activity. These result shows that reverse sialyla-
tion occurs in human cells also.

DISCUSSION

This paper reports a novel enzymatic reaction mechanism,
which we term reverse sialylation. This enzyme activity is
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Table 4: Reversible Sialyltransferase Activity in Human Cancer
Cell Linest

transfer of [92H]NeuAc

from [9-°H]-4
to 5, cpmx 10¥/mg

cancer cell lines of protein
breast T47D 0.52
breast ZR75-1 1.32
breast MDA-MB231 0.09
breast MDA-MB-435S 0.69
breast MCF-7 0.57
colon LS180 0.01
prostate LNCaP 19.89
prostate PC3 4.72
leukemia HL60 0.76

a[9-°H]NeuAcn2,3Gap1,3(6-O-sulfoGIcNAG1,6)GalNAcO-allyl
([9-3H]-4, 0.15 mM) was added to 3.0 mbtFugsl,3GalNAax-O-Bn
(5) in the presence of 1.0 mM''&MP and 100uL of Triton-X-
solubilized cell extract for 16 h at 37C at pH 6.0. Total reaction
volume was 18@L. The product [9*H]NeuAo2,3-D-Fugsl,3GalNAcr-
O-Bn was measured by Sep-Pak C18 separation followed by liquid
scintillation counting. (When'SCMP was omitted in the incubation
mixtures of LNCaP and PC3, there was no incorporation of radioactivity
in p-Fugsl,3/GalNAa-O-Bn thus indicating the absence of trans-
sialidase reaction.)

exhibited by rat ST3Gal-Il and lysates of human prostate
cancer cell lines LNCaP and PC3. This reaction catalyzes
the formation of CMP-NeuAc according to Scheme |, in the

presence of 5SCMP and a range of donors including those

based on mucin core-2, core-1, glycolipid, and macromol-
ecule structures. The reaction mechanism is novel becaus
the reversibility of sialyltransferase activity has not been

reported in the literature. While previous studies have
demonstrated that biochemical reactions can be reversible
this paper shows that in the case of ST3Gal-1l the reaction
rate is much more reversible than previously appreciated.
The K¢q Value is less than 1 when some donors are used,
and this suggests that at least in some cases the formatio
of CMP-NeuAc in the case of this enzyme occurs more
readily than the conventional, forward sialylation reaction.

Besides transfer of NeuAc to-&MP from an array of
donors, this enzyme activity also transfers sialic acid quite
efficiently to 53-UMP. The newly synthesized UMP-NeuAc,
however, was a poor sialyl donor, and thus formation of
UMP-NeuAc may be an efficient mechanism for depleting
sialyl donors.

CMP-NeuAc formed by reverse sialylation above was
available for transfer to a range of substrates by use of
sialylTs that catalyzed bott2,3- anda2,6-linkage forma-
tion. The enzymes that could transfer NeuAc from CMP-
NeuAc formed by reverse sialylation to other acceptors
include ST3Gal-Il, ST6Gal-I, and ST6GIcNAc-I. Together

n
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energy from the breakdown of CTP to CMP and pyrophos-
phate.

Some of the studies performed in this paper address the
possibilities (a) that the mechanism of reverse sialylation
simply involves a reversal of forward sialylation and (b) that
reverse and forward sialylation occur via different reaction
coordinates. In this regard, we note that reverse and forward
sialylation are optimal at different, albeit overlapping, pH
ranges. While direct/forward sialylation by ST3Gal-Il was
optimal over a wide pH range from 5.2 to 7.2, the formation
of CMP-NeuAc from 5CMP by reverse sialylation occurred
between pH 4.8 and 6.4. The entire reversible sialylation
reaction of ST3Gal-II utilizing CMP-NeuAc produced in situ
for sialylation exhibited a sharp peak at pH 5.6. These data
suggest that direct/forward sialylation and reverse sialylation
by ST3Gal-Il may be governed by two distinct catalytic
mechanisms. In support of this proposition, we also found
the following: (i) While strong inhibition of sialyltransferase
activity occurs upon addition of sodium citrate, reverse
sialylation (namely, the formation of CMP-NeuAc from 5
CMP) was not inhibited by citrate. (ii) We also observed
that while 3-CDP was a potent inhibitor of direct/forward
sialyltransferase activities, it did not affect the synthesis of
CMP-NeuAc from 5CMP in the reverse sialylation reaction
mediated by ST3Gal-Il. (iii) While the mucin core-2
compound 39-sulfoGap1,4GIcNA¢1,6(Gabl,3)GalNA@-
O-Bn inhibited the conversion of 8MP to CMP-NeuAc
via the reverse sialylation mechanism, the corresponding
o2,3-sialyl substituent NeuA®,3Ga1l,4GIcNAQ1,6-

Gals1,3)GalNAa-O-Bn did not inhibit reverse sialylation.

n previous studiesld), we showed that NeuA®,3GaB1,-
4GIcNAG31,6(Gapl,3)GalNAa-O-Bn was a poor acceptor
for ST3Gal-1l compared to 8-sulfoGap1,4GIcNAG31,6-
(Galp1,3)GalNA@-O-Bn. Thus the latter acceptor can be
sialylated by ST3Gal-1l, but it inhibits the formation of CMP-
NeuAc from 3-CMP by ST3Gal-Il. Taken together, the data
suggest that forward and reverse sialylation may follow
different reaction coordinates and that the enzyme ST3Gal-
Il may have more than one catalytic activity. Indeed, there
is precedence in literature for sialyltransferases that exhibit
multiple functions 9).

The primary amino acid sequence and protein tertiary
structure that contribute to reverse sialylation remain to be
determined. All mammalian sialyltransferases characterized
to date have type Il transmembrane topology and contain
highly conserved motifs called sialyl motifs L (long), S
(short), and VS (very short)26—28). Sialyl motif L is
characterized by a 4560 amino acid region in the center
of the protein and has been shown to be involved in the
binding of a donor substrate, CMP-Neu/A9. Sialyl motif
S is located in the COOH-terminal region and consists of a
20—30 amino acid stretch. It has been shown to be involved

these observations suggest that the reversible sialylationjn the binding of both the donor and acceptor substra&@s (

function of ST3Gal-Il can be exploited for the synthesis of
sialylated glycoconjugates.

The requirements for formation of CMP-NeuAc by reverse
sialylation activity were unlike that of conventional CMP-
NeuAc synthetase functio2?—26). CMP-NeuAc synthetase
utilizes CTP and NeuAc as substrates in the presence &f Mg
to produce CMP-NeuAc and pyrophosphag?,(23). In
contrast, direct transfer of NeuAc td-6MP proceeded
without the need for free sialic acid, divalent metal ions, or

Sialyl motif VS is also located in the COOH-terminal region
and is thought to be involved in the catalytic proce®8, (
31). From the fact that both sialyl motifs L and S participate
in the binding of the donor substrate CMP-NeuAc, it seems
that the two cysteine residues, which are important for the
enzyme activity, bring the two sialyl motifs closer together
by forming an intramolecular disulfide linkage and, thus,
form the conformation required for binding of the donor
substrate 30). A comparison of V and VS motifs between
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