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A trisaccharide donor containing a cis-Galpo(1—4)Galp linkage was prepared using a synthetic strategy based on chemoenzymatic
oligosaccharide synthesis on a soluble polymeric support. Significantly, only retaining glycosyltransferases gave complete reactions, whereas
inverting enzymes showed little or no activity with poly(ethylene glycol) (MPEG)-bound lactose as an acceptor. The MPEG-attached trisaccharide
was shown to bind to Verotoxin-1 by transfer NOE studies through the Galpo(1—4)Galp portion of the molecule.

Our research activities are directed toward the simplification and the simple purifications from using polymeric suppérts.

of the synthesis of oligosaccharides. Toward this goal, we These efforts culminated in the synthesis of theaRtigen
have developed methodological improvements to polymer- as a trisaccharide and a tetrasaccharide attached to the
supported and chemoenzymatic syntheses. One of the majopolymer poly(ethylene glycol) (MPEG), GB(CH,CH,O).H
unsolved problems in polymer-supported oligosaccharide via the linker dioxyxylene [DOX,—(O)CH,PhCHy(O)—].*
synthesis is how to incorporate “difficult” linkages such as These oligosaccharides contaigis-Galpa.(1—4)Gab link-

cis linkages. One strategy is to prepare oligosaccharide age and are of interest because they could bind to the
building blocks containing the “difficult” linkage and use Verotoxin fromEscherichia coli01572

the building block in the preparation of larger oligosaccha- Initially, lactose was glycosidically bound to (MPEG)-
rides. We demonstrate that oligosaccharide building blocks (DOX)OH 1 by glycosylation with the perbenzoylated
containing cis linkages can be synthesized on polymeric
supports chemoenzymatically. This strategy combines the(b)(a)/_(eg Er;ldo, ;-; go;fur_zit. Eecgrr' to;;ln.dsnuft.tt?i&l).iogsq 718,27536.
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Figure 1. Partial one-dimensional transient NOE spectra of 2 mM
polymer-bound trisaccharideand5 with Verotoxin-1 (200/1) in
D,0: (a)'H NMR spectra ob in D,O; (b) 1D NOESY spectra of

5 and VT-1 in B,O; (c) 1D NOESY spectra dd in D,0.

DOXPEGM =CH, CHyO (CHyCH20) r-CHg

n=about110

to yield 10 and after cleavage to yield tetrasacchardé

thioglycoside dono® (see Scheme 1). All attempts to use ) i S
the more accessible peracetylated lactose donors werel NUS: thecis-Gapa(l—4)Gab linkage of5 is incorporated

frustrated by concomitant acetyl transfer to the polymer- INt0 & polymer-bound oligosaccharide. This sequence is a

bound construct.Reactions with2 proceed in essentially
quantitative yield ta3 free of this side reaction. The soluble
polymer-bound compounds can be purified by precipitation
with tert-butyl methyl ether (TBME) and reprecipitation from
absolute ethanol. After debenzoylation, the acceptoan

be dissolved in aqueous buffers since (MPEG) is also readily
water soluble. Thus, the well-characterized enzyitle—~4)-
galactosyltransferasegtC)” and the nucleotide donor UDP-
Gal can be incubated witth The reaction proceeds to near
completion to yield polymer-bound kPtrisaccharide5.
Purification involves centrifugation to remove insoluble
precipitates, lyophilization followed by extraction into
dichloromethane, filtration, and evaporation. This material
is nearly pure and can be further purified by reprecipitation
from ethanol. In some cases, treatment with acidic ion-
exchange resin is recommended to remove traces of para-
magnetic metals (e.g., Mh), which can interfere with NMR
studies. NMR studies are conveniently performed in GDCI
or D,O solutions. Signals fot were not detectable, and only
those consistent witb were observed (see Figure 1a).

The trisaccharide can be cleaved from the (MPEG)(DOX)
by Sc(OTf} in the presence of acetic anhydride to yield
easily purifiable peracetylated sugddOXOAc products.
These procedures are easily scaled up to yield hundreds of
milligrams of trisaccharid® (see Scheme Z)A sequence
of hydrogenation to yield followed by treatment with CGl
CN and DBU leads to the trichloroacetimidyl dorrThis
donor can be used to glycosylate polymer bound accéptor

(6) Nukada, T.; Berces, A.; Whitfield, D. Ml. Org. Chem1999 64,
9030.

(7) Wakarchuk, W. W.; Cunningham, A.; Watson D. C.; Young, N. M.
Protein Eng.1998 11, 295.
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prototype of a powerful strategy to overcome one of the || NN

inherent problems in synthesizing oligosaccharides by polymer-1 e 1. Glycosylation Reaction of

supported methods, namely absolute stereochemical contros appg(1—4)Glops-O-(DOX)(PEGM) 4 with a Number of
of cis-glycoside formation. This new iterative protocol Retaining and Inverting Glycosyltransferases
extends our previous approaches to this problem based on

chemoenzymatic synthesis of oligosaccharide ddfaursd enzyme (gene) donor (a/f) (Czr']i:s ((ij))
complements a recent entirely chemical approach, which
relies on developing a 100% stereoselective glycosylation (2—3) sialyltransferase CMP-NeuNAc (§) ~0
reactiontl (NST—27)§‘ inversion (o)
This chemoenzymatic protocol relies on finding enzymes (CST-04) ;1(\)/;29 on (@)
that are compatible with MPEG-bound acceptors. We have  cgt—qg)» ~0—5
examined a number of glycosyltransferases, which include inversion (a)
so-called retaining and inverting glycosyltransferases, for this g(1—3)-N-acetylglucosaminyl UPD-GIcNAc (@) ~0—5
activity (see Table 1). Experiments with the inverting transferase (LgtA)° inversion ()
enzymes,a(2—3)sialyltransferases and(1—3)-N-acetyl- a(1—3)galactosyltransferase  UDP-Gal (o) >95
glucosaminyltransferasétA) from Neisseria meningitidis (bovine) retention ()
or Campylobacter jejungave extremely low yields or no o(1—4)galactosyltransferase 95
(LgtC) retention (o)

reaction'? Typically, the reactions were treated with more

enzyme and excesses of nucleotide sugar donors. However, ®For reaction conditions, see ref 20Acceptor4 (1 mM), HEPES (50
- - . . mM), MgCl, (20 mM), CMP-Neu5Ac (2 mM), 0.08 U of enzyme, 3C,

_the glycqsylatlon reaction yields were not increadsgtC 18 h.< For reaction conditions, see ref 20.

is a retaining enzyme, so we testddas a substrate for

another retaining enzyme, the boving1l—3)galactosyl

transferasé?® As expected, near-quantitative galactosylation

of the MPEG-bound acceptdiwas achieved in the presence

of only a small excess of uridine'-Biphospho galactose
(UDP-Gal, 1.5 equiv). The 1D and 2D NMR spectroscopy

(8) The stereo- and regiochemistry@fl—4) linkage6 was confirmed (gCOSY, gHSQC, and HMBC) ofi4 indicated that the
by 1D and 2D NMR spectroscopy (gCOSY, gHSQC, and HMBC). Selected ' !

1H and 3C NMR data for compoun@: *H NMR (500 MHz, CDCH) o glycosidic linkage is @is-Galpo(1—3)Ga linkage (chemi-
3-58—3-64L§3m, 1H, Hf), 3.75 (t, 1H) = 7.0 Hz, H-¥), 3.82 (t, 1H,Jg cal shift of terminal Gal anomeric protoni = 5.23 ppm,J
E{_%c'_,' 22 ': H?gé‘)'?g.g@;ﬁi (mz,'ngfz,q_%ﬂ’_gég 82.%11 ?d(iml’,f JH’:Hg.(’) = 2.0 Hz). This allows for the synthesis of the so-called
Hz, H-1°), 4.52 (d, 1HJ = 8.0 Hz, H-¥), 4.60 (d, 1H,J = 12.5 Hz, xenotransplantation antigen @a(1—3)Gap'4 (see Scheme
CHDOX), 4.73 (dd, 1HJ = 3.0, 10.5 Hz, H-8), 4.86 (d, 1H,J = 12.0 3

Hz, CHDOX), 4.96 (dd, 1HJ = 8.5, 10.0 Hz, H-B), 4.98 (d, 1HJ = 3.5 )-

Hz, H-1°), 5.07 (dd, 1HJ = 8.0, 9.2 Hz, H-8), 5.09 (s, 2H, DOXCH),
5.16 (t, 1H,J = 9.0 Hz, H-$), 5.17 (dd, 1H,J = 3.5, 11.0 Hz, H-2), 5.38
(dd, 1H,J = 3.5, 11.0 Hz, H-8), 5.58 (d, 1H,J = 2.5 Hz, H-#); 13%C
NMR (50.32 MHz, CDC4,) 6 60.24 (C-8), 61.26 (C-6), 62.12 (C-6),

65.90 (CH), 67.04 (C-B), 67.10 (C-B), 67.86 (C-®), 68.80 (C-2), 68.95 Scheme 3

(C-29), 70.26 (CH), 71.71 (C-5), 71.78 (C-8), 72.57 (C-5), 72.76 (C- OH

30), 73.08 (C-8), 76.37 (C-&), 76.88 (C-#), 99.00 (C-), 99.59 (C-P), HO HO OH OH
101.03 (C-¥%). o] o)

(9) The 5(1—6) regio- and stereochemistry dflL was confirmed by HO " Ho )
measuring 1D and 2D NMR spectroscopy (gCOSY, gHSQC, and HMBC). HO on 1O OR
SelectedtH NMR and MS data for compounttl: H and3C NMR (500 ubpP OH
MHz, CDCL) 6 3.62-3.66 (m, 1H, H-5), 3.73-3.83 (m, 3H, H-5, H-6", (15eq) 4 R =DOXPEGM
H-48), 3.89 (dd, 1H,J = 4.0, 10.5 Hz, H-6), 3.96-4.05 (m, 2H, H-53, 12a R = DOXOH
H-4€), 4.09-4.19 (m, 4H, H-6, 2 x H-6P, H-6°), 4.41-4.46 (m, 1H, H-6), 12b R =FCHASE
4.46-4.54 (m, 2H, H-6, H-5P), 4.52 (d, 1H,J = 7.5 Hz, H-F), 4.59 (d,
1H,J = 8.0 Hz, H-B), 4.69 (d, 1H,J = 8.5 Hz, H-1), 4.69 (d, 1H,J = .

11.5 Hz, CHDOX), 4.73 (dd, 1H] = 2.0, 10.5 Hz, H-8), 4.92 (dd, 1H, Bovine a(1—-3)GalT, ACBSA
J =85, 10.0 Hz, H-), 4.93 (d, 1H,J = 12.0 Hz, CHDOX), 4.98 (1H] (1mg/ml), MnCl; (20 mM), >95% yield
= 3.0 Hz, H-P), 5.04 (s, 2H, DOXCH), 5.11 (dd, 1H,J = 7.5, 10.5 Hz, HEPES (20 mM), 37 °C

H-29), 5.18 (dd, 1H,J = 3.5, 11.0 Hz, H-2), 5.20 (t, 1H,J = 9.5 Hz,

H-38), 5.33 (dd, 1HJ = 3.0, 10.5 Hz, H-8), 5.39 (dd, 1H,J = 3.0, 10.5 Ro OR

Hz, H-2), 5.59 (2H, H-4, H-4P), 5.72 (dd, 1HJ = 8.0, 10.0 Hz, H-2); 0 OrR OR

13C NMR (50.32 MHz, CDCJ) 6 60.29(C-6), 61.37 (C-6), 62.09 (C-6), RO OR

65.96 (CH), 67.09 (C-3), 67.17 (C-5), 67.90 (C-6), 67.89 (C-2), 68.98 o

(C-4), 69.52 (C-2), 69.62 (C-£), 69.95 (C-2), 70.00 (CH), 71.66 (C- R o) o]

28), 71.79 (C-3), 71.88 (C-5), 72.73 (C-5), 72.74 (C-B), 72.85 (C-3), or RO ODOXY
73.05 (C-8), 76.32 (C-8), 77.23 (C-£), 99.48 (C-1), 99.67 (C-P), 100.27 OR

(C-18), 101.03 (C-£); MS (MALDI) calcd for CroHg-03Na 1521.45, found

T orae . lbert, M.; Wakarchuk, W. W.; Whitfield, D. 1r Se(OThs, Aey0 - 13 ¥ =PEGM, R= H
Lo 2)000 s M. W W D Mrg. 64% yield X\ 14 Y =OAc,R =Ac
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Richards, J. CJ. Biol. Chem.1996 271, 19166, (b)o(2—3)Sialyltrans-
ferases fromC. jejuni Gilbert, M.; Brisson, J.-R.; Karwaski, M.-F.;

Michniewicz, J.; Cunningham, A.-M.; Wu, Y.; Young, N. M.; Wakarchuk, A recent report successfully used glycosidases with our
W. W. J. Biol. Chem200Q 275 3896. ; ;

(13) Blanken, W. M.; Van den Eijnden, D. H. Biol. Chem1985 260, (MPEG)(DOX) system, but the maximum reported yields
12927. were 24%, which would compromise our new iterative
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protocol® A recent report using a dendritic linker system small molecule withwz, < 1 and, hence, positive NOEsS;
attached to a PEG derivative also encountered difficulties see Figure 1c. Once bound to the protein, the NOEs across
in obtaining quantitative yield®.The origin of this inhibition the Gapo(1—4)Gab linkage become negativenf. > 1),

of the transferases by MPEG-bound acceptors is not clear.whereas those in the DOX linker remain positive; see Figure
We have done a number of control experiments that rule 1b. This clearly indicates that the major binding is between
out simple explanations. For example, the deacetylatedthe sugar and the protein and not the linker or the PEG.

lactoseDOX glycosidd2ais an acceptor for some of the
inactive transferases, ruling out a simple conformational
explanation. Also, incubating a standard lactose-FCHASE
acceptorl2bin the presence of (MPEG)(DOX)OH does

not inhibit the inverting transferase of(2—3)sialyltrans-
ferase fromN. meningitidis Similarly, incubatingl2ain the
presence of and thea(2—3)sialyltransferase fror@. jejuni
(CST-06) did not inhibit the sialylation df2a while 4 was

not sialylated. These direct competition experiments rule out
nonspecific inhibition by PEG.

We currently hypothesize a “strangulation” effect in which
binding of the acceptor to the enzyme active site leads to
metastable binding of the PEG chains to the protein and
hence inhibition of transferase activity. Without the nucle-
ation by sugat protein binding, the PEGprotein interaction
is too weak to lead to enzyme inhibition. We are currently
examining more transferases and testing different experi-
mental protocols to optimize these reactions.

To study the mechanism(s) of MPEG-attached oligosac-
charides binding to proteins, we performed NMR studies of
5 in D,0O solution. Construch was shown to bind to the
Verotoxin-1 fromE. coli 01572 by '"H NMR transfer NOE
measurements.In the absence of proteiB,behaves like a

Furthermore, without sophisticated numerical analyses of the
NOE data, one can conclude that the [@8gl—4)Galp
portion of the molecule binds to the protein in agreement
with previous NMR studie&’? These interesting motional
properties of MPEG-bound oligosaccharides are currently
being studied in more detail to ascertain if this provides a
general method for determining binding sites of protein-
bound oligosaccharides.
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