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Abstract: The paper describes the pseudos@d&alf1—3GalNAg1—4(NeuAa2—3)DCCHD], a high affinity

binder of cholera toxin (CT). The molecule was designed using molecular modeling techniques to mimic the
natural CT membrane receptor, ganglioside GM1. The central residue of GM1, a 3,4-disubstituted galactose
unit, was recognized as the ganglioside scaffold element and substituted with a conformationally locked
cyclohexanediol (DCCHD). DCCHD was synthesized in enantiopure form using enantioselective Diels Alder
methodology and regioselectivety-sialylation at the equatorial position. Glycosylation with a &t3)-

GalNAc donor completed the synthesis2fThe solution structure a2 and its binding ability to CT were

found to be analogous to those of the GM1 oligosaccharide.

Introduction \Y% If [ I

o o ) _ Galf(1-3)GalNACcB(1-4)

The inhibition of carbohydrateprotein interactions is an GalB(1- 4)GlcB(1-1)Cer
attractive strategy to control a number of important biological on NeuSAca(2-3)
A Lo . . HO HO OoH N

phenomena which are initiated by formation of a stgaotein
complex. Although carbohydrate mimetics have been used to H
this end! their rational design has rarely been addredgéthe cav oM

complex formed by cholera toxin (CT), a hexameric protein,
and its membrane receptor, the membrane glycolipid ganglioside
GM1 1, is regarded as a paradigm in the study of stgaotein
interactions. In this paper we report on the use of computational
tools for the rational design of a pseudosugar mimic of GM1.
The pseudosuga;, which contains the novel conformationally
constrained dioB as a 3,4-disubstituted galactose mimic, was s 8

. . k 4 CcoomB
found to exhibit the same three-dimensional structure of GM1 HO_OH H — coomBy
oligosaccaharide and to be a potent inhibitor of the interaction H o HO on ;DCCHD
of GM1 with CT. The methodology presented here, as well as o

diol 3, may have wider applications in the study of protein
sugar interactions.

The sialic acid-containing glycolipids of cell membranes are
implicated in a number of cellular signaling events, and function
as binding sites for various toxins, hormones, and virdgeéw
specific membrane receptor of the bacterial toxins CT and heat-
labile toxin of Escherichia coli(LT) is the pentasaccharide

go(r;tlonlo_fgél?gllfilngl\/ll [L(_Bl_ﬁll ;’%ﬁ!NA(ﬁ;O;(ﬂeUAcﬁz Figure 1. Structures of ganglioside GM1, its designed mimic,
)Gap (ﬁ gr] ’ an . are_ 70 _omo qgous and the conformationally restricted dicarboxy cyclohexanediol (DC-
ABs hexamgnc proteins: actual cell mtoxmgnon is carried out CHD) 3. The binding determinants dfare highlighted in the boxes.

by a catalytic fragment of the A subunit, while the Bentamer )

performs recognition of and anchoring to the cell membrane. the two sugars at the nonreducing end of GM1, galactose (Gal-
The interaction of GM1 with LT and CT has been fully IV) and sialic acid (NeuAc) (see Figure 1), are essential for

characterized:® Biochemical and structurdldata indicate that ~ Pinding. In particular, the structure of the CT:GM1 comSfex
shows that the GM1 pentasaccharide binds with a two-finger
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grip: the large majority of interactions between the receptor
and the toxin involve Gal-IV and NeuAc, with a limited %
contribution from theN-acetylgalactosamine (GalNAc) residue /-g
(see Figure 1). A computational model of the LT:GM1 complex '
which was a fair reproduction of the CT:GM1 X-ray structure

was obtained using a Monte Carlo/energy minimization (MC/

EM) conformational search of the sugar within the toxin binding
pocket’

NMR dat# and MC/EM calculatiorsfor GM1 in water
solution have revealed that its pentasaccharide is significantly q
conformationally restricted. In particular the core trisaccharide
GalNAgs1—-4(NeuAa2—3)Gafs was found to exist mainly in a
a single conformation, which closely resembles the bound Figure 2. (a) Lowest energy conformation o2. (b) Solution
conformation observed by X-ray crystallography. Thef3al conformation of GM11 (from refs 8 and 9).
3GalNAc anomeric bond is only slightly more flexible, and the
NOE contacts observed around it can be interpreted as arisingtheir sugar complexésand were likewise included in the calculation
from either twd or one “average” conformations. The overall ~ ©f the LT:2 complex.
picture is that of a highly preorganized receptor for toxin ~ NMR. ROESY experiment§were conducted applying a spin lock
binding. Very likely, the loss of conformational freedom in GM1  Pulse of 2.6 kHz strength at one end of the spectrum to avoid scalar
resuis fom the 3,4-branching at Galel (Fgure™ )1 thus  (2Tet P e xpermerts D g e s i between
:glzgtezlsd;es,c\gf?(ﬁg :r?giglgt éngf{scérmtplézifirr?tﬁ:g'r:gﬁﬁ 2&5 experiments in DMSO, mixing time was varied between 180 and 230

o o . ) ms and the temperature in the range 3838 K. Spectral assignments
position. The GM1 mimic2 was designed based on this gre reported as Supporting Information.

hypothesis by retaining the ganglioside binding determinants |hipition of the GM1:CT Formation. Binding of 2 to CT was
and replacing the scaffold element with an appropriate diol, investigated by measuring the inhibition of GM1:CT formati8rin
designed to reproduce the topological features of a 3,4- parallel experiments GM1 oligosaccharide was used. Each well of a
disubstituted galactose. 96-well microtiter plate (Greiner) was covered with @.§ of GM1
dissolved in 50uL of 95% ethanol. After overnight drying at room
temperature the wells were incubated for 2.5 h with 2800f 1%
albumin in 0.05 M PBS (sodium phosphate buffer, pH 7.4, 9% NacCl).

Materials. GM1 ganglioside was preparédrom the total ganglio- After removal of the solution, the wells were washed five times with
side mixture extracted from calf brathThe penta-oligosaccharide of ~ 0:05 M PBS and incubated for 2.5 h with 3@ of 1% albumin in

GM1 was obtained by ozonolysis of GM1, followed by alkaline 0.05 M PBS containing 0.2g of Vibrio choleraetoxin B subunit
hydrolysis!s conjugated to horseradish peroxidase (Sigma) preincubated for 2.5 h

with increasing amounts of GM1 oligosaccharid€oihe CT solution

was discarded, the wells were washed five times with 25@f 0.05

M PBS, and 5Q:L of a 0.04% solution ob-phenyldiammine in 0.02

M citrate/phosphate buffer (pH 5) and LL of H,O, were added.
After 20 min in the dark, 5L of H,SO, were added to block the
reaction, and the color intensity was determined by spectrophotometry.

NeuAc Gal

Materials and Methods

Computational. All calculations were run with MacroModel 415,
using the AMBER* force field with MNDO-derived parameters for
NeuAcZ and following previously established MC/EM protocéfs.
Twenty thousand MC/EM steps were performed both for the complex
and isolate®. Bulk water solvation was simulated using MacroModel’s
generalized Born GB/SA continuum solvent motdPrevious studi€'s
had shown that under these conditions the crystal structure of the CT: . .
GM1 complex was best reproduced when five crystallographic water R€sults and Discussion

molecules were retained. Of these, three are located outside the protein After the central 3,4-disubstituted Gal-Il unit of GM1 was

binding site and solvate the carboxy group of Glu-51. The other two ized h liosid ffold el he desi f
molecules, at crystallographic solvation sites 2 and 3, mediate specific '©¢09Nized as the ganglioside scaftold element, the design ot a

interactions between the sugar and the protein. These molecules weréStructural and functional analogue was sought using an ap-
consistently found in a set of five different structures of LT, CT, and Propriate conformationally lockedis-1,2-cyclohexanediol to
replace it. One such molecule is the dicarboxy cyclohexanediol

(7) Bernardi, A.; Raimondi, L.; Zuccotto, B. Med. Chem1997, 40, 3 (DCCHD), which possesses the same absolute and relative
1855-1862. 3 i i ; ; ;
. ) . : ] ) configuration of natural galactose and is locked in a single chair
S'.(i)eﬁgﬂq”:rfg’ gjlpAorff%hLe"mE_)aSbgg‘ggg’1J1"2V'7$'72LL"3;9’7§ ~W.iSennino, o nformation. Indeed, MM3* calculations show that the chair
(9) Bernardi, A.; Raimondi, LJ. Org. Chem1995 60, 3370-3377. conformation of DCCHD depicted in Figure 1 is 3.2 kcal miol

(10) Both the unbranched carbohydrates asialo-GM1 (ref 11) and GM4 more stable than the chair which features trans diaxial carboxy
(NeuAc@2,3)GalffOMe) (ref 12) were shown to be considerably more

flexible than GM1 by NMR spectroscopy. groups. ) ) )
(11) Scarsdale, N. J.; Prestegard, J. H.; Yu, RBiachemistry199Q Based on the above considerations, the pseudo-tetrasaccharide
29, f§4§9855€f‘%r%fefe“§¢5jt.hefglnl-_, G Numata M- O 2, which retains the Gal and NeuAc recognition determinants
T 6 3. Blochem1989 180 337342, o B B8 and uses as the scaffold element, was devised as an artificial
(13) Acquotti, D., CantulL., Ragg, E.; Sonnino, SEur. J. Biochem. receptor for LT and CT. Conformational analysis »fwas
1994 225 271-288 o o ) ) performed both for the isolated molecule and in the binding
_(14) Tettamanti, G.; Bonali, F.; Marchesini, S.; Zambotti, Biochim. pocket of LT, and the predicted three-dimensional structures
Biophys. Actal973 296, 160-170
(15) Wiegandt, H.; Bucking, H. WEur. J. Biochem197Q 15, 287— were compared to those of GM1.
292.
(16) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; (18) Farmer, H. B. T.; Macura, S.; Brown, L. B. Magn. Res1987,
Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W.XComput. 72, 347-352.
Chem.199Q 11, 440-467. (19) Wu, G.; Leeden, RAnal. Biochem1988 173 368-375; Carpo,
(17) still, W. C.; Tempzyk, A.; Hawley, R.; Hendrickson, J. Am. M.; Nobile-Orario, E.; Chigorno, V.; Sonnino, S&lycoconjugate J1995

Chem. Soc199Q 112 61276129. 12, 729-731.
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Figure 3. (a) Minimum energy conformation of the LT complex as calculated by MC/EM. LT in blug;in white; the two water molecules in

pink are crystallographic water molecules from the LT crystal structure that are conserved in the calculations (see ref 7). (b) Superimpeasition of th
calculated LT2 complex with the X-ray structure of CT:GM1. The picture was obtained by sumperimposing three binding-site residues conserved
in LT and CT (Glu-51, Lys-91, and Trp-88). LT was deleted for clarity. CT in bRi@ white; GM1 1 in yellow.

picture is reported in Figure 3b qnd sr.lc.)ws.tﬁamd GMl are
expected to adopt a common dlspgs[uon in the toxin b!ndlng
; " pocket. The root-mean-square deviation (rmsd) for equivalent
: residues of the sugar substrates are collected in Table 1. The
: buried surface area of the protein binding site in the lowest-
H ’ energy conformation of the LZ.complex was calculated to be

347 A2, which compares favorably with the experimental value
of 403+ 10 A2 for the CT:GM1 complex?

AT On this basis, the synthesis & was undertaken and
? performed as outlined in Scheme*1Enantiopure3?! was
5 synthesized using Helmchen's stereoselective Bialder
methodology??23 followed by functional group manipulation
1H20] and cis-dihydroxylation (Osg| MesNO) of the cyclohexene
Gy double bond. Regioselective-sialylatior?* of 3 with the
phosphite4?> (TMSOTf, EtCN, —40°, 50% yield, based on

Figure 4. Map of the interactions o2 with LT, as calculated in the ~ reacted3) followed by glycosylation with the GA(1-3)-

global minimum of the MC/EM search. GalNAc donor5 (TMSOTT, refluxing CHCl,, 30% yield)
completed the synthesis af
The conformational search of isolat@dvas run simulating Two-dimensional 500-MHz ROESY¥ spectra of2 were
water solvation with the GB/SA model and yielded 10 conform- obtained in RO and DMSOeg solution. The observed inter-
ers within 1 kcal mof? from the global minimum. They all residual contacts and corresponding NOE distances are collected

shared the common conformation of the branched pseudo-in Table 2 and compared with the computational prediction and

trisaccharide fragment shown in Figure 2a. Comparison of the the data reported in the literature for GM1 in DM3Ig?

global minimum with the NMR solution structure of GNI1 The conformational restriction of the core trisaccharide in

(Figure 2b) clearly shows that DCCHD holds the terminal Gal GM1 results in a very characteristic set of NOE contacts.

and NeuAc in the same relative position as the native galactose.Typically, a strong cross-peak is observed between the H3 of
The analysis of the L2 complex was also very promising,  Gal-ll (II-3) and the 3-axial proton of NeuAc (N-3ax) (Table

and yielded low energy conformations which featured all the 2, entry 1). The GalNAc anomeric proton (lll-1) shows a single

expected sugamrotgin conta}cfﬁ(see gI'obaI minimum in Figure (20) Merritt, E. A.; Sarfaty, S.; Feil, I. K.; Hol W. G. Btructure1997,

3a). A map of the interactions ¢f with LT, as seen in the 5 1485-1499 and references therein.

global minimum of the MC/EM search is reported in Figure 4 (21) Analytical data for compoundsand3 are given in the Supporting

The corresponding maps for GM1:CT and GML.LT as seen by '”f‘()zrgq)aﬂg’r‘{m%entﬁ"ZOf:";ecjijthgt'g pg’acﬁgr“rs W\'/'\'/ggtrfﬁgr?r?dﬁéslggngge-

X-ray crystallography (from ref 6a) or calculated by molecular Angew. Chem., Int. Ed. Engl987, 26, 1143-1144. The desiredSS-

mechanics (from ref 7) are reported as Supporting Information. diacid was obtained as a 6:1 mixture with tiReR)-enantiomer and purified

The main difference between the calculated contacts in2.T: via crystallization of its quinine salt, following a published procedure (ref

23).

and those observed in GM1:CT is the absence in the former of (23) Walborsky, H. M.: Barash, L.: Davis, T. Cetrahedronl 963 19,

interactions between the NeuAc side-chain and the water 2333-2351.

molecule at crystallographic solvent site 2 (W2 in Figure 3a).  (24) Okamoto, K.; Goto, TTetrahedron199Q 17, 5835-5857.

A visual comparison of the lowest energy conformation of2.T: (25) Martin, T. J.; Schmidt, R. RTetrahedron Lett1992 33, 6123—
. . . 6126; Martin, T. J.; Brescello, R.; Toepfer, A.; Schmidt, R.Gtycocon;.

and the X-ray structure of CT:GM1 was obtained by superim- j 1993 10, 16-25.

posing three active-site residues of LT and CT. The resulting  (26) Bax, A.; Davis, D. GJ. Magn. Res1985 64, 533-535.
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Table 1. Superimposition between the X-ray CT:GM1 Structure and thelJomplex. Rms Deviatiois

NeuAc side chain
residue Gal-IVv GalNAc Gal-1Il/DCCHD NeuAc Cc7 C8 Cc9 o7 (]3] 09
rmsd (A) 0.495 0.815 0.252 0.587 1.129 1.154 1.560 1.117 1.241 1.755

a As obtained by superimposing Glu-51, Lys-91, and Trp-88 side chains. The lowest minimum conformation was used fd toenplex.
bRms deviations of sugar residues were measured between ring centroids.

Table 2. Experimental and Calculated Inter-residual Contacts2foh)

entry contacts calcd distance NOE distance (BO) NOE distance (DMS@k) NOE distance in GM9(contact)
1 N-3ax/CHD-3 2.3 25 2.3 2.1 (N-3ax/11-3)
2 N-8/GN-1 2.9 d d 3.1 (N-8/111-1)
3 N-8/CHD-4 2.6 45 2.8 e (N-8/11-4)
4 N—OH8/GN-1 3.1 3.0 2.6 (NOHB8/II-1)
5 N—OH8/CHD-3 5.4 4.1 e (N—OH8/11-3)
6 GN-1/CHD-4 2.3 2.2 2.2 2.2 (I1-1/11-4)
7 GN—Ac/CHD-2ax 3.2 d e 3.1 (llI—=Ac/l-2)
8 G-1/GN-2 4.0 3.6 3.6 3.5 (IV-1/111-2)
9 G-1/GN-3 2.4 2.2 2.3 2.5 (IV-1/111-3)
10 G-1/GN-4 4.0 35 3.6 3.5 (IV-1/111-4)
11 G-1/GN-NH 3.4 3.4 3.5 (IV-1/11I-NH)

a Abbreviations: N: NeuAc; CHD: DCCHD; GN: GalNAc; G: Gal. DCCHD numbering as reported in Figur&He distances were calculated
asr = [i-SOY¢ were[i°[is the Boltzmann average of the® of all the individual conformations found within the first 3 kcal mbfrom the global
minimum (86 conformationsy.DMSO-ds solution, from ref 84 Not measurable, due to signal overl&No cross-peak detected.

Scheme 1. Synthesis o2
COOR* .COOH HO
e D §
*ROOC COOH 5 Bu =
R*= (S)-Methyl lactate s
(E10) PO, CO2Me £
c o) °
AcQ 4 °
AcO. ’,)) OAc £
AcHN OAc
HO |
d WOOBU
2 Me0,C._° COOBu 0,3
AcO 0Ac opi Inhibitor [mM]
v, "
AcO&LO\S:CE\Z AcQ Figure 5. Inhibition of the GM1:CT binding in ELISA by the GM1
OAc - 0.CCl3 -/ OAc pentasaccharide®) and2 (W). Standard deviation of data determined
5 NHASNH AcO—/ACHN on 4 experiments was=30%. Over a concentration of 2Qdy/mL
aa. TiCl, butadiene, CkCl,, —50 °C: LiOH. b. DMF-ditert- inhibition was always 100%, for bothand the pentasaccharide. Each
butylacetal, refluxing benzene; OsesNO. c. TMSOTF, EtCN,—40 microtiter well was covered with &g of GM1. Peroxidase conjugate

°C, then4; d. TMSOTf, CHCl,, 40 °C, then5; cat. MeONa, MeOH, CT B subunit was used at 1.78/mL.

then HO. o
the N—OHB8/GN-1 cross-peak (Table 2, entry 4) indicates

transglycosidic contact with the H4 proton of Gal-ll (11-4) (Table proximity of the NeuAc side chain and the GalNAc residue.
2, entry 6), and gives two cross-peaks with the H8 and OH8 Furthermore, the spectra @ in DMSO show a cross-peak
protons of NeuAc (N-8 and NOHB8) (Table 2, entries 2 and  between N-8 and the H4 proton of DCCHD (N-8/CHD-4; Table
4). This pattern of contacts is consistent with a single dominant 2, entry 3), which is, in turn, in proximity of GN-1 (Table 2,
conformation for both the glycosidic Neu&2—3Gal and entry 6)2” The main difference in the spectral patternd afind
GalNAgS1—-4Gal bonds. The conformation of the @a+ 2 is the IlI-Ac/ll-2 cross-peak observed fdr, which is not
3GalNAc linkage is defined by the NOE contacts observed for paralleled by an equivalent contact between the acetyl protons
the anomeric proton of Gal-1V (IV-1, Table 2, entries 81), of GalNac and the H2ax proton of DCCHD 2(GN-Ac/CHD-
which shows cross-peaks of equal intensity with the H3, the 2ax; Table 2, entry 7). However, NMR analysis 2hows a

H4, and the NH protons of GalNAc. The resulting three- remarkable similarity to GM1, and clearly supports the hypoth-
dimensional picture of GM1 is reported in Figure 2@he esis that the two molecules share a common conformation of
ROESY spectra oR showed an equivalent pattern of inter- the binding determinants.

residual contacts, and the corresponding NOE distances were The computational values of the interproton distances (first
found to be very similar to those observed for GM1. The cross- column in Table 2) were calculated as Boltzmann averages over
peaks and the NOE distances observed for the galactoseall of the conformers included in the first 3 kcal mblfrom
anomeric proton (G-1) o2 are almost identical to those seen the global minimum (86 conformers). They reproduce the NOE-
in GM1 (Table 2, entries 811). A strong cross-peak also derived distances fairly well, thus validating the computational
appears between the NeuAc-3ax proton and the H3 of DCCHD procedure and the three-dimensional modeRakported in
(N-3ax/CHD-3, Table 2, entry 1), equivalent to the N3ax/II-3 Figure 2a.

contact in GM1. The contact between NeuAc H8 and the - - - -
anomeric proton of GalNAc (N-8/GN-1) cannot be ascertained may cugaest a differont diibation of the H-bonding nemwork ot the NeUAC
due to spectral overlap (Table 2, entry 2), but the presence ofside chain o2 in the two solvents.
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Binding of 2 to CT was investigated by inhibiting the GM1: Acknowledgment. This work was supported by funding
CT interaction in ELISA and TLC overlay assays, using pre- from the Ministero dell’Universit@ della Ricerca Scientifica e
viously published proceduré8The ELISA inhibition profiles Tecnologica (MURST) and the Consiglio Nazionale delle
of 2 and of the GM1 pentasaccharide are reported in Figure 5, Rjcerche (CNR).
and they are clearly overlapping. This result establishes
the strongest artificial monovalent CT binder reported thugfar.

In conclusion, the computational tools developed for the study ~ Supporting Information Available: Analytical data for
of GM1 and its toxin complexéd were shown to have  compound£ and3, maps of the sugar toxin contacts in 2T:
predictive value for the design of a potent CT binder. More LT:GM1 and CT:GM1 (PDF). This material is available free
generally, the conformationally locked diBlwas shown to be  of charge via the Internet at http:/pubs.acs.org.
an effective mimic of a 3,4-disubstituted galactose and may have
a wider use in the construction of pseudo-oligosaccharides
featuring 3,4-Gal branching. JA983567C



