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Abstract: Protein—carbohydrate recognition is ohdamental importance for a large
number of biological processes; carbohydrate—arnomstcking is a widespread, but
poorly understood, structural motif in this recdgm. We describe, for the first time, the
measurement of carbohydrate—aromatic interactimm their contribution to the stability
of a dangling-ended DNA model system. We obsereardiifferences in the energetics of
the interactions of several monosaccharides witheazene moiety depending on the
number of hydroxy groups, the stereochemistry, thedpresence of a methyl group in the
pyranose ring. A fucose—benzene pair is the meadtilsting of the studied series@.4
Kcal mol') and this interaction can be placed in the samgeas other more studied
interactions with aromatic residues of proteinghsas Phe—Phe, Phe—Met, or Phe—His. The
noncovalent forces involved seem to be dispersowoet and nonconventional hydrogen

bonds, whereas hydrophobic effects do not seemve the interaction.
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INTRODUCTION

Protein—carbohydrate interactions play a fundantenta within the living organisms in
processes such as apoptosis, infection, inflammasiofertilization.[1] Among the most
cited noncovalent forces that participate in caylooate—protein recognition are hydrogen-
bonding and ionic interactions. The role of watexs halso been mentioned to be a

determinant driving force in this process.[2] Inddin, a widespread, but poorly



understood, structural motif found between carbodityg$ and proteins is the stacking of
apolar patches of oligosaccharides with aromatisidues,[3] in which different
noncovalent forces have been suggested to plale anamely, CHH interactions, Van der
Waals forces, and hydrophobic effects.[4] Studie® icarbohydrate—aromatic stacking
interactions have been approached by using molecbialogy tools,[5] NMR
spectroscopy,[3b, 6] IR spectroscopy,[7] computatiomethods,[4a—c, 8] and model
systems.[9] Artificial receptors that incorporateoraatics in their structure and take
advantage of stacking interactions for carbohydratognition in apolar solvents have
been reported.[10] Recently, a receptor containwegaterphenyl units has been shown to
bind cellobiose derivatives selectively in watet][1

Nevertheless, few experimental binding data on isugaene stacking interactions have
been reported and the quantification of these actens has been attempted only in two
specific examples. The interaction of a glucosedyre pair as a transition-state
stabilization was measured to be 0.7 kcalmii the -IV subsite of a 1,3—1@+D-glucan-
4-glucanohydrolase system, in which cooperativayld be playing a role.[12] Recently, a
nonbiologically relevant tetraacetylglucose— trygtan interaction was found to stabilize a
hairpin-peptide model system by 0.8 kcalthf13]

Herein, we describe the first model system in whieltbohydrate— aromatic stacking
interactions are measured and systematically studi® do so, we quantified the
contribution of two sugar—arene pairs to the sighif a dangling-ended DNA system. The
energetic contributions of monosaccharide—benzairs ;n our DNA model system range
from -0.15 to -0.40 kcalmdl The observed differences are due to the influesfcthe

number of hydroxy groups, the stereochemistry, thedoresence of a methyl group in the



pyranose ring. An upfield chemical shift of the NMiRynals of all sugar protons in the
oligonucleotide—carbohydrate conjugates confirntesl groximity of the carbohydrate to

the face of the arene ring.

Results and Discussion
Design of the DNA model systenOur design of a dangling-ended DNA model is iregbi
by studies of aromatic stacking in DNA in whichurai[14] or non-natural nucleosides[15]
were placed at the end of a duplex in a “danglipgsition. The resulting stabilization of
the duplex was measured and compared with the xllgatking the added nucleotides.
Our model system consists of a “dangling” benzenelaoside with a covalently bound
monosaccharide placed at the 5’-ends of a DNA dufieheme 1A). The sugar is linked
through an ethylene glycol spacer to a phosphatapgtocated on the primary hydroxy
group of the benzene nucleoside. This allows thhanmse ring to be on top of the benzene
ring because it will be apart from the phosphateh®/ same distance as that found in a
nucleoside between the base and its correspondiogppate group (Scheme 1B). At the
same time, this spacer allows enough freedom #istigar to be either immersed in bulk
water or in contact with the benzene ring. The DébAIble helix acts as an energetic probe
that allows the carbohy-drate—aromatic interactmbe quantified when the carbohydrate—
oligonucleotide conjugate is compared with the waracking the carbohydrate moiety. In
addition, the conjugate will allow the incorporatiof different non-natural aromatic

nucleosides and monosaccharides to quantify tleeaction.

Synthesis of the carbohydrate—oligonucleotide congates Preparation of the

carbohydrate—oligonucleotide conjugates (COECs; Scheme 1C) was carried out by



standard solid-phase oligonucleotide automatic rh®sis by using the DMT-
phosphoramidite benzene nucleoside[16] and the esponding carbohydrate
phosphoramidite  (DMT:  4,4'di-methoxytriphenylmethyl B-D-Glucose, [(-D-2-
deoxyglucose, a-D-2-deoxyglucose, [3-D-galactose, and (-L-fucose were the
monosaccharides selected to study how the interagtith a benzene ring is affected by
different factors, such as the number of hydroxyugs, the anomeric configuration, the
stereochemistry of the pyranose ring, and the poesef a methyl group.

The synthesis of the carbohydrate phosphoramieies carried out in two steps. First, in
the case of glucose, galactose, and fucose, attatthof the ethylene glycol spacer to the
carbohydrate was carried out by classical glycdgidachemistry with the peracetylated
bromo monosaccharides to obtain only the correspgnfl isomers (Scheme 2). 2-
Hydroxyethyl- 2,3,4,6-tetr®-acetyl3-D-glucopyranoside 14) and 2-hydroxyethyl-
2,3,4,6-tetra@-acetylf3-D-galactopyranoside 17) were prepared as described
previously,[17] and 2-hydroxyethyl-2,3,4-fD-acetylf-L-fucopyranoside 20) was
synthesized following the same methodology. Thee@gglucose derivatives were
prepared by electrophilic addition to the correspog acetyl-protected glucal and
subsequent separation of the a and b isomers hymeolchromatography.[18] The
corresponding carbohydrate phosphoramidites weren thprepared by standard
phosphoramidite chemistry (Scheme 2).[19]

Finally, the monosaccharide controB-12, Scheme 1C), used for structural comparison
with the carbohydrate—oligonucleotide conjugatesrew prepared in high vyield by
deprotection of the corresponding acetylated daeviea (4, 17, 20, 23, and 24) by

classical methanolysis.



Thermodynamic parameters of the carbohydrate—DNAdehsystems: The measured
thermodynamic parameters for the carbohydrate—aligieotide conjugates under
physiological conditions (140 mm NaCl, 20 mm KQ0, thm phosphate buffer, pH 7) are
illustrated in Table 1. The thermodynamic paransetgere calculated from the average
values obtained from melting curve fitting and An@lots of 1T, versus In[conjugate].[20]
Calculation of the contribution of the carbohydra@tematic interaction to DNA
stabilization was carried out by comparison of twresponding carbohydrate—DNA
conjugate with the control that lacks the pyrandsg but still maintains the ethylene
glycol spacer (second row in Table 1). In fact, finesence of the linker destabilizes the
DNA conjugate, most probably due to the entropyt @exause of its high mobility, and
this factor must be taken into account.

The thermodynamic data show that all of the coregydhat contain a carbohydrate—
aromatic moiety show higher stability than the coihtonjugate2, most probably due to
the affinity of the monosaccharides to stack with benzene ring. It is important to note
that the interaction is enthalpy driven, which seem indicate the minor significance of
classical hydrophobic effects in the interactiomtually, the glucose—benzene interaction
showed a stabilization of -0.25 kcalritoh our dangling-ended DNA system.

Next, we investigated the effect of the number ydrbxyl groups in the pyranose ring on
the interactionf3-Glucose stacks more strongly on the benzene hiag3-2-deoxyglucose,

a more hydrophobic sugar that lacks the hydroxglugrat the 2-position. This result seems
to support the fact that dispersion forces and aowentional hydrogen bonds are the main
noncovalent forces involved in this interactioncdngse the proton at the 2-position may be

less polarized ir3-2-deoxyglucose and, therefore, the interaction rnusg one of the



nonconventional hydrogen bonds.[4a] When 2-deoxyaga is attached in the a-anomeric
configuration, the stacking is similar to that fdufor b-2-deoxyglucose. This result could
indicate a similar stacking geometry with the artmmoiety due to the high flexibility of
the spacer, but the different chemical shifts & HVR signals of the sugar protons seem
to point to different approaches to the benzeng (see the structural features section
below).

The effect of the stereochemistry of the carbohygdom the interaction was examined by
comparison oP3-glucose and@-galactose in their interactions with benzene. Ssinmly,
the results show that stacking is stronger for gdecthan for galactose, although a more
extended apolar area in galactose could lead toofhmosite result being predicted,
especially if dispersion forces are involved in theeraction. A possible reason for this
result could be that the ethylene glycol spaceraslong enough to allow the galactose
moiety to adopt a more apical geometry and intenattt the arene ring through the apolar
patch formed by its H3-5 protons. Actually, the roieal-induced shifts of the NMR
signals for the protons, obtained by comparinggbhgar unit in conjugatéd with the (3-
galactose contrd, indicate a higher population of parallel-stackgepmetry between the
carbohydrate and the aromatic ring (see the straidieatures section below). In addition, it
should be pointed out that the monosaccharidespproach the benzene unit through both
faces of the pyranose ring due to the high fleiipibf the linker. A stacking interaction
with a parallel geometry between tReface of galactose and the aromatic ring is not
possible due to the axial configuration of the loygt group in the 4-position and,
consequently, the potential contribution to théiity due to contacts through that face is

lost in galactose but not in glucose (Figure 1).



It is important to note that the energetic dataawmi®d refer to differences in stability
between carbohydrate—DNA conjugates but these etiergalues are an average of the
different conformations available for each carbahyel- DNA conjugate. Furthermore, the
possibility of formation of a hydrogen bond betwdbe 4-OH group of glucose and the
arene moiety cannot be ruled out; this interaci®mot possible in galactose without
disrupting the parallel stacking with benzene, daeits intrinsic geometry. Similar
reasoning should also be considered when compd¥glyicose and3-2-deoxyglucose.
Actually, an H-bond between a glucose 4-OH group @tuene has been observed in the
gas phase by IR spectroscopy,[7] and similar H-bamalve been observed in the X-ray
crystal structures of proteins, such as betweemydeoxy group of Thrl3 and the center of
the arene ring of Tyr6 in a clagglutathione transferase.[21]

Finally, we studied the relevance of a methyl grauphe structure of the pyranose ring.
The contribution to DNA stabilization of the fucesenzene interaction is -0.40 kcal fhol
which makes this pair the most stable of the sefibs carbohydrate—aromatic interaction
is in the same range as other more studied interactvith aromatic residues of proteins,
such as Phe—Phe, Phe—Met, or Phe—His.[22] Thermmesd the methyl group considerably
increases the apolar surface of the carbohydratetharefore, dispersion forces involved
in the interaction may be favored.

Structural features of the carbohydrate—aromatic sacking: 'D and D NMR
experiments were carried out to study the geomefrythe dangling moiety of the
carbohydrate—oligonucleotide conjugates. We contpattee chemical shifts of the
resonances of the sugar protons in the carbohyarégenucleotide conjugate8<7) with

those of the corresponding monosaccharide conf@s{s?) that possess the linker moiety



but not the benzene nucleoside or the DNA strah@. domparison of the chemical shifts
of the DNA resonances along the series of carba@tgdoligonucleotide conjugates
indicates no structural changes in the nucleic &@gdment. We observed that all of the
proton resonances of the pyranose ring in the tedate—oligonucleotide conjugates
exhibited upfield shifting relative to those of tlerresponding carbohydrate controls
(Table 2). Comparison of thtH NMR spectrum of carbohydrate conjugdie which
contains thef-L-fucose unit, with that of th@-L-fucose controll0 clearly shows the
upfield shift observed for all of the protons iretbarbohydrate moiety (Figure 2). These
data seem to confirm that all of the monosaccharidehe study prefer to stay close to the
arene ring rather than just being immersed in thl& tvater molecules. The proximity of
the monosaccharides to the face of the arene oolyl@xplain the extra stability found in
the carbohydrate—oligonucleotide conjugates due thie presence of a potential
carbohydrate—aromatic stacking interaction.

Moreover, the monosaccharides can approach theehenmit through both faces of the
pyranose ring, probably due to the high flexibiliti/the linker. It is important to note that
the chemical-induced shifts show a similar trendha four sugars linked to the DNA
conjugate through 8-anomeric configuration. Upfield shift is more giggant on thea
face of the pyranose moiety, where protons H1, at@l H5 are pointing down, as can be
observed, for example, -glucose (Figure 3). This seems to indicate a nfiaveurable
interaction of theB-linked monosaccharides with the benzene ring djnotheir a face.
Actually, a similar geometric tendency has beemébhy Waters and co-workers between

B-glucose and tryptophan inBahairpin-peptide model.[13]



In contrast to the results for sugars linked thioagg-anomeric configuration to the DNA
conjugate, the chemical-induced shifts for a-2-ggtucose show similar magnitude on
both sides of the pyranose moiety. This could ssigtieat this sugar approaches the arene
ring in a different way to th-2-deoxyglucose and, therefore, different conforamst are
present during stacking with the aromatic moiety.

Finally, the 3-2-deoxyglucose unit shows the largest resonanifes st the series, even
larger than those foB-L-fucose. This result is surprising since the siigbiheasured is
higher for3-L-fucose than fof-2-deoxyglucose during the interaction with benzélrtas
point to the fact that closer contact [@2-deoxyglucose with the benzene ring may be
possible due to the lack of a hydroxy group atzhposition but this does not translate into

a more favourable interaction.

Conclusion
Our results indicate that a dangling-ended DNA nhagistem is a useful tool to measure
carbohydrate—aromatic stacking interactions. Ctktierences have been observed in the
energetics of the interaction depending on the mmbf hydroxy groups, the
stereochemistry, and the presence of a methyl grotige pyranose ring. The noncovalent
forces involved seem to be dispersion forces amtoventional hydrogen bonds between
the protons of the pyranose ring and the benzemg whereas classical hydrophobic
effects do not seem to drive the interaction. Itigations into the influence of other
aromatic rings in the interaction and NMR spectopycand molecular modelling studies
are in progress to obtain a better understandingcavbohydrate—aromatic stacking

interactions by using our dangling-ended DNA majesitem.



Experimental Section

General remarks: All chemicals were obtained frofdrish Chemicals and used without
further purification, unless otherwise noted. Adlactions were monitored by TLC on
precoated silica gel 60,4 plates (Merck), with detection by heating with Nte (10%
H.SO; (500 mL), (NH)sM0;024-4H,0 (25 g), Ce(SQ»-4H,0 (1 g)). Products were
purified by flash chromatography with Merck siligel 60 (200-400 mesh). High-
resolution FAB (+) mass spectral analyses wereimdaon a Micromass AutoSpec-Q
spectrometer.

NMR spectra were recorded on Bruker AVANCE 300, ARQD, or Advance DRX 500
MHz spectrometers (300 or 400 MHHJ, 75 or 100 3C); 500 MHz for the carbohydrate
controls and for the carbohydrate— DNA conjugatem@as) at room temperature for
solutions in CD{, D,O, or C3OD. Chemical shifts were referenced to the solgaal.
2D experiments (COSY, TOCSY, ROESY, and HMQC) wdome when necessary to
assign resonances of the oligosaccharides or theoltgdrate-DNA conjugates. The
carbohydrate—DNA samples for NMR spectroscopy vpengfied by HPLC and then ion-
exchanged with Dowex 50W resin. Finally, samplesawgophilized to dryness three times
from D,O to deuterate all exchangeable protons and disdafv99.999% BD just prior to
recording of the NMR spectra. Sample concentratmged from 0.7 to 2.8 mM depending
on the conjugate. Chemical shif§ @re given in ppm with respect to the acetoneatjgn
which was used as an external reference (volumg of). In all experiments, theH

carrier frequency was kept at the water resonabeg¢a were processed by using the



manufacturer software, raw data were multipliecatshifted exponential window function
prior to Fourier transformation, and the baseliras worrected by using polynomial fitting.
Melting curves for the DNA conjugates were measure@ Perkin—Elmer Lambda 12
UV/Vis spectrophotometer at 280 nm while the terapee was raised from 20 to 80°C at a
rate of 1.0 °C min. Curve fits were excellent, wit{f values of 18 or better, and the Van't
Hoff linear fits were quite good40.98) for all oligonucleotides. Differences ofdethan
10% were observed between thermodynamic paramatemdetermined by T, versus
In[conjugate] plots and curve fittingAH, AS, andAG errors were calculated as described

previously.[20]

Preparation of carbohydrate alcohols and phosphoraidites.
2-Hydroxyethyl-2,3,4-tri-O-acetylf3-I-fucopyranoside (20) NaSO, (7 spatula tips) and
ethylene glycol (2.0 mL, 35.86 mmoL, 18 equiv) wexéded to a solution of t@-
acetylfucopyranosyl bromide (0.68 g, 1.93 mmolairhydrous ChkCl, (40 mL). After the
mixture had been stirred at room temperature formib under an argon atmosphere,
Ag>CO; (9.00 g, 16.31 mmol, 8.5 equiv) was added to &aetion mixture and stirring was
continued for 18 h (TLC: hexane (Hex)/EtOAc 2:3heTmixture was filtered, diluted with
CH.CI; (40 mL), washed with water (3x100 mL), and driagtroanhydrous MgSg; the
solvent was then evaporated under reduced presteeproduct was purified by silica gel
column chromatography by using Hex/EtOAc (2:3)reseluent to give compound 20 (0.4
g, 62%) as a syrugH NMR (300 MHz, CDC}): 8=5.19 (dd,3J(H,H)=0.5, 3.0 Hz, 1H;
H4), 5.14 (dd2J(H,H)=7.8, 10.5 Hz, 1H; H2), 4.98 (dd) (H,H)=3.3, 10.5 Hz, 1H; H3),

4.44 (d,%) (H,H)=7.8 Hz, 1H; H1), 3.84-3.66 (m, 5H; H5, 2xHXH8), 2.64 (br s, 1H;



OH), 2.14, 2.04, 1.94 (3 s, 9H; 3XOCOGHL.19 ppm (d*J( H,H)=6.3 Hz, 3H; CH); *C
NMR (75 MHz, CDC}): d=170.4, 169.9, 169.6, 101.2, 71.9, 70.9, 6689, 68.7, 61.4,
20.5, 20.4, 20.3, 15.7 ppm; FAB HRMS: m/z: calcd ®4H,:09: 334.1264 [M]; found:
357.1167 [M+Nal.

2-Hydroxyethyl-3,4,6-tri-O-acetyl-2-deoxye,3-D-glucopyranoside (23, 24):A solution
of PPh-HBr (0.71 g, 2.07 mmoL) and ethylene glycol in @.Cl, (25 mL) was added to
a solution of tri©-acetyl-glucal (7.5 g, 27.5 mmol) in dry @El, (8 mL). The reaction
mixture was stirred at 40°C. After 24 h, more PABr (2.13 g, 6.21 mmoL) was added to
the reaction mixture, and stirring was continued#d. The reaction was then stopped by
addition of CHCI, (120 mL) and water (150 mL). The organic phase washed with
saturated NaHC§X(3T150 mL), dried over anhydrous £, and filtered; the solvent was
then evaporated to dryness. The final product wasfipd by silica gel column
chromatography by using a solvent gradient (HexA&t®:4, 1:1, 4.5, 2:3) to obtaifi
isomer23 (460 mg, 5%)a isomer24 (1.84 g, 20%), and a fraction mixture 28 and24
(1.38 g, 15%)'H NMR (300 MHz, CDCJ): B isomer23: 3=5.03-4.86 (m, 2H; H3, H4),
4.58 (d,2J(H,H)=9.6 Hz, 1H; H1), 4.18 (ddJ)(H,H)=5.6,%)(H,H)=12.2 Hz, 1H; H6a), 4.12
(t, 2J(H,H)= 11.7 Hz, 1H; H6b), 3.82-3.59 (m, 5H; H5, ZKI2xH8), 2.74 (t3J(H,H)=6.1
Hz, 1H; OH), 2.32 (ddfJ(H,H)=4.7,%)(H,H)=12.5 Hz, 1H; Hgy), 2.05, 2.00, 1.99 (3 s, 9H;
3xOCOCH}), 1.72 ppm (q2J(H,H)=11.0 Hz, 1H; H2); **C NMR (75 MHz, CDCJ): B
iIsomer23: 6=170.6, 170.2, 169.7, 100.1, 72.7, 71.9, 70.3,,68%, 62.0, 36.0, 20.8, 20.6
ppm; FAB HRMS:B isomer23: m/z: calcd for GsH2,0g : 334.1264 [M]; found: 357.1165
[M+Na]*. *H NMR (300 MHz, CDCJ): a isomer24: 8= 5.25 (ddd3J(H,H)=5.3, 9.5, 11.5

Hz, 1H; H3) 4.96-4.89 (m, 2H; H1, H4), 4.94 (dd(H,H)=4.5,%J (H,H)=12.4 Hz, 1H;



H6a), 4.00 (dd3J(H,H)=2.2,2J(H,H)=12.3 Hz, 1H; H6b), 4.01-3.92 (m, 1H; H5), B-7
3.64 (m, 3H; H7a, 2xH8), 3.54-3.47 (m, 1H; H7b)7 Zbr s, 1H; OH), 2.22 (dd,
3J(H,H)=5.3,%J(H,H)=12.9 Hz, 1H; Hgy), 2.02, 1.97, 1.95 (3 s, 9H; 3xOCOQH1.77
ppm (dt, 1H2J(H,H)=3.6,%J(H,H)=12.9 Hz; H2); **C NMR (75 MHz, CDC}): a isomer
24: d=170.4, 170.0, 169.6, 96.9, 69.1, 69.0, 68.76,662.0, 61.1, 34.6, 20.6, 20.4, 20.3
ppm; FAB HRMS: m/z: a isom&4: calcd for GsH20o : 334.1264 [M]; found: 357.1167
[M+Na]".
B-Cyanoethoxyf-(2,3,4,6-tetraO-acetyl{f3-D-glucopyranosyl)ethoxy-diisopropylamine
phosphine (15): DIEA (0.49 mL, 3.72 mmol) and 2-cyanoethy|N’-diisopropylamino-
chlorophosphoramidite (170L, 0.76 mmoL) were added to a solution of 2-hydeetiyl-
2,3,4,6-tetra@-acetylf3-D-glucopyranoside 14;[17] 0.2 g, 0.51 mmol) in anhydrous
CH.CIl; (4 mL) at room temperature under an argon atmaspldter 1.5 h, the solution
was diluted with EtOAc (20 mL), and the organic gdhavas washed with brine (3x25 mL),
dried over anhydrous MgSQand filtered; the solvent was then evaporatedryoess. The
product was purified by silica gel column chromagany by using Hex/EtOAc (2:1 with
2% of NE§) as the eluent to give compoutfl (215 mg, 74%) as a syrufd NMR (300
MHz, CDCk): mixture of isomers:3=5.11 (t, J(H,H)=9.4 Hz, 1H; H3), 4.99 (t,
3J(H,H)=9.6 Hz, 1H; H4), 4.89 (£J(H,H)=8.0 Hz, 1H; H2), 4.55 (£J(H,H)=8.6 Hz, 1H;
H1), 4.18 (dd2J(H,H)=2.6,%J(H,H)=12.1 Hz, 1H; H6a), 4.06—-3.99 (m, 1H; H6b)3B-
3.45 (m, 9H; H5, 2xH7, 2xH8, OCKHH,CN, 2xCHisopropyl), 2.56 (m, 2H;
OCH,CH,CN), 1.99, 1.97, 1.96, 1.93, 1.91 (5 s, 12H; 4xOER)C 1.09 ppm (2 d,
3J(H,H)=6.2 Hz, 12H; 4xCH3isopropyl}*C NMR (75 MHz, CDCI3): mixture of isomers:

6=170.4, 170.0, 169.2, 169.1, 169.1, 117.6, 10(&,772.6, 72.5, 71.5, 71.0, 69.4, 69.3,



69.2, 69.1, 68.1, 68.1, 62.4, 62.3, 62.2, 62.17,640.1, 58.4, 58.3, 58.1, 58.0, 42.9, 42.9,
42.8,42.7,24.4,24.4, 24.3, 24.3, 20.8, 20.%4,220.2, 20.2, 20.1, 20.1 ppm; FAB HRMS:
m/z: calcd for GsH41N201,P: 592.2397 [M]; found: 615.2294 [M+N4d]
B-Cyanoethoxyf3-(2,3,4,6-tetraO-acetylf3-D-galactopyranosyl)ethoxy-diisopropyl-

amine phosphine (18): DIEA (0.96 mL, 3.72 mmol) and 2-cyanoethyN,N’-
diisopropylamino-chlorophosphoramidite (332, 1.49 mmoL) were added to a solution of
2-hydroxyethyl-2,3,4,6-tetr@-acetylf3-D-galactopyranosidel{;[17] 0.39 g, 0.99 mmol)
in dry CH2CI2 (4 mL) at room temperature under agoa atmosphere. After 1.5 h, the
solution was diluted with EtOAc (20 mL), and thegyanic phase was washed with brine
(3x25 mL), dried over anhydrous Mga@nd filtered; the solvent was then evaporated to
dryness. The product was purified by silica geluomh chromatography by using
Hex/EtOAc (2:3 with 2% of NEJ as the eluent to give compouhfl (368 mg, 84%) as a
syrup.*H NMR (300 MHz, CDCY): mixture of isomersd=5.32 (d,3J(H,H)=2.9 Hz, 1H;
H4), 5.13 (ddd3J(H,H)=2.2, 8.0, 10.3 Hz, 1H; H2), 4.95 (d§(H,H)=3.6, 10.3 Hz, 1H;
H3), 4.53 (t,3)(H,H)=7.5 Hz, 1H; H1), 4.15-4.01 (m, 2H; 2xH6), 3-8.45 (m, 9H; H5,
2xH7, 2xH8, OCHCH,CN, 2xCHisopropyl), 2.59 (£J(H,H)=6.1 Hz, 2H; OCHCH,CN),
2.09, 2.01, 2.00, 1.94, 1.91 (5 s, 12H; 4xOCQCH.12 ppm (2 d®J(H,H)=6.5 Hz, 12H;
4AxCHsisopropyl); *C NMR (75 MHz, CDCJ): mixture of isomersd=170.2, 170.1, 170.0,
169.3, 117.6, 101.1, 101.0, 70.7, 70.4, 69.4, 68931, 69.0, 68.6, 68.5, 66.9, 66.8, 62.4,
62.3, 62.2, 62.1, 61.1, 61.0, 58.4, 58.3, 58.11,583.0, 42.9, 42.8, 24.5, 24.4, 24.4, 24.3,
20.7, 20.5, 20.5, 20.4, 20.3, 20.3, 20.2, 20.2 ppmAB HRMS: m/z: calcd for

CosH41N>O15P: 592.2397 [M], found: 592.2397 [M+Né—_|



B-Cyanoethoxy{f3-(2,3,4,-tri-O-acetyl-I-fucopyranosyl)ethoxy-diisopropylamine
phosphine (21):DIEA (0.51 mL, 2.92 mmol) and 2-cyanoethi;N’-diisopropylamino-
chlorophosphoramidite (260L, 1.18 mmoL) were added to a solution of 2-hydetiyl-
2,3,4-tri-0O-acetylf-L-fucopyranoside 40; 0.26 g, 0.78 mmol) in dry Ci€l, (4 mL) at
room temperature under an argon atmosphere. Affehlthe solution was diluted with
EtOAc (20 mL), and the organic phase was washed tine (3x25 mL), dried over
anhydrous MgS@ and filtered; the solvent was then evaporatedrymess. The product
was purified by silica gel column chromatographyusing Hex/EtOAc (2:1 with 2% NEt
as the eluent to give compouBl as a syrup (200 mg, 48%H NMR (300 MHz, CDCJ):
mixture of isomersd=5.18 (d,3J(H,H)=3.3 Hz, 1H; H4), 5.13 (dddJ(H,H)=2.4, 7.9, 10.4
Hz, 1H; H2), 4.96 (dt}J(H,H)=3.8, 10.4 Hz, 1H; H3), 4.51 (MJ(H,H)=8.3 Hz, 1H; H1),
3.98-3.48 (m, 9H; H5, 2xH7, 2xH8, OGEH,CN, 2xCHisopropyl), 2.60 (£J (H,H)=6.3
Hz, 1H; OCHCH,CN), 2.13, 2.03, 2.02, 1.93 (4 s, 9H; 3XOCQ{H..18 (d,2I(H,H)=6.3,
3H; CHs), 1.14 ppm (2 d3J(H,H)=6.7 Hz, 12H; 4xCHsopropyl); *C NMR (75 MHz,
CDCl3): mixture of isomersd=170.6, 170.1, 169.4, 117.7, 101.0, 100.9, 71.22,720.2,
70.1, 69.3, 69.2, 69.0, 69.0, 68.9, 68.8, 68.75,6@2.4, 62.3, 62.2, 58.5, 58.2, 43.0, 43.0,
42.9, 42.8, 24.5, 24.5, 24.4, 20.8, 20.8, 20.65,220.3, 20.3, 15.9 ppm; FAB HRMS: m/z:
calcd for GaH41N>O10P: 534.2342 [M]; found: 557.2240 [M+N4d]
B-Cyanoethoxyf3-(3,4,6-tri-O-acetyl-2-deoxyp-D-glucopyranosyl)ethoxydiisopropyl-
amine phosphine (25): DIEA (0.39 mL, 2.24 mmol) and 2-cyanoethy|N’-
diisopropylamino-chlorophosphoramidite (2@0, 0.9 mmoL) were added to a solution of
2-hydroxyethyl-2,3,4-tr©-acetyl-2-deoxyB-D-glucopyranoside 23; 0.2 g, 0.6 mmol) in

anhydrous CbLCl, (4 mL) at room temperature under an argon atmospldter 1.5 h, the



solution was diluted with EtOAc (20 mL), and theganic phase wawashed with brine
(3x25 mL), dried over anhydrous Mgg@nd filtered;the solvent was then evaporated to
dryness. The product was purifidgy silica gel column chromatography by using
Hex/EtOAc (2:1 with2% of NEg) as the eluent to give compoufl (284 mg, 89%) as a
syrup.*H NMR (300 MHz, CDGJ): mixture of isomersd=4.98-4.79 (m, 2H; H3, H4),
4.56 (d,3J(H,H)=9.4 Hz, 1H; H1), 4.19 (ddJ(H,H)=4.4,%)(H,H)=12.1 Hz, 1H; H6a),
4.06-3.92 (m, 1H; H6b), 3.92-3.40 (m, 9H; H5, 2xHZxH8, OCHCH.CN,
2xCHisopropyl), 2.56 (t3J(H,H)=6.2 Hz, 2H; OCHCH.CN), 2.22 (dd2J(H,H)=4.4, 2]
(H,H)=10.0 Hz, 1H; HZy), 1.97, 1.92, 1.91 (3 s, 9H; 3xOCOQHL.71-1.53 ppm (m, 1H;
H2.); *C NMR (75 MHz, CDCJ): mixture of isomers®=170.4, 170.0, 169.9, 169.5,
117.5,99.5, 994, 71.6, 71.6, 70.3, 69.1, 69.(8,688.7, 62.4, 62.3, 62.1, 58.4, 58.3, 58.1,
42.9, 42.7, 35.9, 24.4, 24.4, 24.3, 20.7, 20.65 3tpm; FAB HRMS: m/z: calcd for
CosHaoN2010P: 534.2342 [M; found: 557.2240 [M+Nd]
B-Cyanoethoxy{f3-(3,4,6-tri-O-acetyl-2-deoxye-D-glucopyranosyl)ethoxydiisopropyl-
aminophosphine (26): DIEA (0.59 mL, 3.38 mmol) and 2-cyanoethy|N'-
diisopropylamino-chlorophosphoramidite (0.3 mL,5.r@mol) were added to a solution of
2-hydroxyethyl-2,3,4-tr©-acetyl-2-deoxya-D-glucopyranoside 24; 0.3 g, 0.9 mmol) in
dry CHCI, (4 mL) at room temperature under an argon atmaspidter 1 h, the solution
was diluted with EtOAc (20 mL), and the organic ghavas washed with brine (3x25 mL),
dried over anhydrous MgSQand filtered; the solvent was then evaporatedryoess. The
product was purified by silica gel column chromagany by using Hex/EtOAc (3:2 with
2% of NE§) as the eluent to give compound 26 (410 mg, 8594 ayrup*H-NMR (300

MHz, CDCk): mixture of isomers: d=5.33-5.36 (m, 1H; H3),%5-0.88 (m, 2H; H1, H4),



4.25 (dd2J(H,H)=4.4,%(H,H)=12.3 Hz, 1H; H6a), 4.08-3.91 (m, 2H; H5, HEB)P1-3.65
(m, 5H; H7a, 2xH8, OCKCH,CN), 3.65-3.44 (m, 3H; H7b, 2xCHisopropyl), 2.63 (t
3J(H,H)=6.2 Hz, 2H; OCKCH,CN), 2.20 (dd2J(H,H)=5.2, J(H,H)=12.8 Hz, 1H; H2eq),
2.04, 1.98, 1.95 (3 s, 9H; 3xOCOCH3), 1.76 @{H,H)=3.0, 2J(H,H)=12.2 Hz, 1H;
H2ax), 1.14 ppm (d?J(H,H)=6.7 Hz, 12H; 4xCHksopropyl);**C NMR (75 MHz, CDCJ):
mix of isomers:6=170.7, 170.7, 170.2, 169.9, 117.7, 97.1, 97.03,669.3, 69.1, 69.0,
67.9, 67.8, 67.6, 67.5, 67.4, 62.5, 62.4, 62.32,628.6, 58.4, 43.2, 43.1, 24.7, 24.6, 21.0,
20.8, 20.7, 20.4, 20.3 ppm; FAB HRMS: m/z: calcd @3H39N,010P: 534.2342 [M] ;
found: 573.2120 [M+K].

1-Hydroxyethyl-B-D-glucopyranoside (8):NaOMe (27 mg, 0.50 mmol) was added to a
solution of 2-hydroxyethyl-2,3,4,6-tet@-acetylf3-D-glucopyranoside 14; 100 mg, 0.25
mmol) in MeOH (3 mL), and the reaction was stire#doom temperature for 30 min. The
solution was then neutralized with Amberlite IRAGLEsIn and filtered, and the solvent
was eliminated in vacuo to obtain compouh@6 mg, quant yield) as a white solftH
NMR (500 MHz, D20): d=4.49 (FJ(H,H)=7.9 Hz, 1H; H1), 3.98 (m, 1H; H7a), 3.91 (dd,
3J)(H,H)=2.2, 12.3 Hz, 1H; H6b), 3.77 (m, 3H; H7b, 28}8.72 (dd3J(H,H)=6.0, 12.3 Hz,
1H; H6a), 3.50 (t2J(H,H)=9.2 Hz, 1H; H3), 3.45 (m, 1H; H5), 3.39 {§(H,H)=9.4 Hz,
1H; H4), 3.31 ppm (dd®J(H,H)=8.0, 9.4 Hz, 1H; H6b)**C NMR (100 MHz, CROD):
3=103.1, 76.6, 76.5, 73.8, 71.0, 70.2, 61.3, 60.9;pESIMS: m/z: calcd for
CosHaiN201,P: 592.2397 [M; found: 592.2397 [M+Nd]

1-Hydroxyethyl-B-D -galactopyranoside (9):NaOMe (27 mg, 0.50 mmol) was added to a
solution of 2-hydroxyethyl-2,3,4,6-tet@-acetylf3-D-galactopyranosidely; 100 mg, 0.25

mmol) in MeOH (3 mL), and the reaction was stireédoom temperature for 30 min. The



solution was then neutralized with Amberlite IRA@LEsin and filtered, and the solvent
was eliminatedn vacuoto obtain compoun® (56 mg, quant yield) as a white solftH
NMR (500 MHz, DO): d=4.42 (d3J(H,H)=7.8 Hz, 1H; H1), 4.05 (m, 1H; H7a), 3.92 (d,
3J(H,H)=3.4 Hz, 1H; H4), 3.81-3.75 (m, 4H; H6a, H2BHS), 3.74 (ddJ(H,H)=4.2, 11.7
Hz, 1H; H6b), 3.70 (ddJ(H,H)=4.2, 8.0 Hz, 1H; H5), 3.65 (ddJ(H,H)=3.5, 10.8 Hz, 1H;
H3), 3.55 ppm (dd2J(H,H)=7.9, 10.0 Hz, 1H; H2)*C-NMR (100 MHz, CROD):
6=103.8, 75.3, 73.5, 71.3, 70.0, 68.9, 61.1, 61.00;pRSIMS: m/z: calcd for £§H,607:
224.1 [MT; found: 247.1 [M+Nal.

1-Hydroxyethyl-B-I-fucopyranoside (10): NaOMe (32 mg, 0.60 mmol) was added to a
solution of 2-hydroxyethyl-2,3,4-tB-acetyl-L-fucopyranosideZ0; 100 mg, 0.30 mmol)
in MeOH (3 mL), and the reaction was stirred atmaemperature for 30 min. The solution
was then neutralized with Amberlite IRA-120 resindafiltered, and the solvent was
eliminatedin vacuoto obtain compoundO (53 mg, 86%) as a white solitH NMR (500
MHz, D,0): 8=4.90 (d, 3J(H,H)=7.9 Hz, 1H; H1), 3.98 (m, 1H; H7a), 3.90 (dd,
8J(H,H)=6.5, 7.6 Hz, 1H; H7b) 3.77(m, 1H; H5), 3.78,(2H; 2xH8) 3.74 (m, 1H; H4),
3.64 (dd,J(H,H)=3.5, 10.0 Hz, 1H; H3), 3.50 (dd)(H,H)=7.9, 10.0 Hz, 1H; H2), 1.25
ppm (d,*J(H,H)=6.5 Hz, 1H; CH); *C NMR (100 MHz, CROD): 5=103.6, 73.6, 71.6,
71.0, 70.8, 70.6, 61.0, 15.3 ppm; ESIMS: m/z: cébedCsH1c07: 208.1 [M]; found: 231.1
[M+Na]".

1-Hydroxyethyl-2-deoxy8—-D-glucopyranoside (11):NaOMe (16 mg, 0.30 mmol) was
added to a solution of 2-hydroxyethyl-2,3,4@Hacetyl-2-deoxy-D-glucopyranoside (23;
50 mg, 0.15 mmol) in MeOH (2 mL), and the reactroas stirred at room temperature for

30 min. The solution was then neutralized with Aniib=IRA-120 resin and filtered, and



the solvent was eliminated in vacuo to obtain conmpid 1 (31 mg, quant yield) as a white
solid. 'H NMR (500 MHz, DO): 8=4.74 (dd2J(H,H)=1.5, 9.8 Hz, 1H; H1), 3.96 (m, 1H;
H7) 3.92 (dd,2J(H,H)=2.3, 12.3 Hz, 1H; H6b), 3.74 (m, 4H; H6a, HZxH8) 3.71 (dd,
3J(H,H)= 1.5, 9.8 Hz, 1H; H4), 3.38 (ddd)(H,H)=2.0, 6.5, 9.0 Hz, 1H; H5), 3.26 (t,
3J(H,H)=9.6 Hz, 1H; H4), 2.29 (ddd)(H,H)=1.8, 4.6,2)(H,H)= 12.1 Hz, 1H; H2), 1.52
ppm (dt, *J(H,H)=10.6, 2J(H,H)=12.1 Hz, 1H; HR); **C NMR (100 MHz, CROD):
06=100.0, 76.6, 71.7, 71.2, 70.5, 61.5, 61.0, 38.8;pRSIMS: m/z: calcd for £11¢0s :
208.1 [M]; found: 231.1 [M+Nal].

1-Hydroxyethyl-2-deoxy-a-D-glucopyranoside (12):NaOMe (16 mg, 0.30 mmol) was
added to a solution of 2-hydroxyethyl-2,3,4@Hacetyl-2-deoxya-D-glucopyranoside4;
50 mg, 0.15 mmol) in MeOH (2 mL), and the reactias stirred at room temperature for
30 min. The solution was then neutralized with AnfiteeIRA-120 resin and filtered, and
the solvent was eliminatad vacuoto obtain compound?2 (31 mg, quant yield) as a white
solid. 'H NMR (500 MHz, DO): 8=4.74 (dd2J(H,H)=1.5, 9.8 Hz, 1H; H1), 3.96 (m, 1H;
H7) 3.92 (dd2J(H,H)=2.3, 12.3 Hz, 1H; H6b), 3.74 (m, 4H; H6a, HATHS) 3.71 (dd,
3J(H,H)=1.5, 9.8 Hz, 1H; H4), 3.38 (dddJ(H,H)=2.0, 6.5, 9.0 Hz, 1H; H5), 3.26 (t,
3J(H,H)=9.6 Hz, 1H; H4), 2.29 (dddJ(H,H)=1.8, 4.607J(H,H)=12.1 Hz, 1H; HZ), 1.52
ppm (dt, 2J(H,H)=10.6, 3J(H,H)=12.1 Hz, 1H; HR); **C NMR (100 MHz, CROD):
06=100.0, 76.6, 71.7, 71.2, 70.5, 61.5, 61.0, 38.8;pRSIMS: m/z: calcd for £11¢0s :
208.1 [M]’; found: 231.1 [M+Nal].

Synthesis of carbohydrate—oligonucleotide conjugase 1-7 Carbohydrate—
oligonucleotide conjugates were synthesized on pligéd Biosystems 394 synthesizer by

using standard B-cyanoethylphosphoramidite chemistry. The benzeneMTD



phosphoramidite derivative was prepared as preljodsscribed.[16] Oligonucleotide
conjugates were synthesized on a 0.2 ouin@| scale low-volume resin and in DMT-off
mode. DMTethane phosphoramidite was purchased fr@hemgenes Corp.
Oligonucleotide supports were treated with 33% agaeammonia for 16 h at 55°C, then
the ammonia solutions were evaporated to drynedstlam conjugates were purified by
reversed-phase HPLC in a Waters Alliance separatiodule with a PDA detector. HPLC
conditions were as follows: Nucleosil 120 C18, 25Grnm 10um column; flow rate: 3
mLmin?; 27 min linear gradient 0-30%B (solvent A: 5% £/ 95% 100 mM
triethylammonium acetate (TEAA; pH 6.5); solvent % CHCN/30% 100 mM TEAA

(pH 6.5)).
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Scheme 1A. Dangling-ended DNA model system designed to nreasarbohydrate-
aromatic interactionsB. Enlarged view of the structure of the dangling-emea of the
carbohydrate-oligonucleotide conjugat€. Carbohydrate oligonucleotide conjugates
included in the study. Oligonucleotide conjugats BCGCGCG, where B is the benzene

nucleoside. In conjugat@s/, DNA seq represents -OBGBCGCGCG.
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Scheme 2. Synthetic routes used to prepare thelogtbate phosphoramidite derivatives.
(a) Ethyleneglycol, AgCO;, CH,Cl,, R.T., 18h, 28-62%; (b) 2-cyanoethy|N'-
diisopropylamino-chlorophosphoramidite, N,N-diisopylethylamine (DIEA), CHCI,,
R.T., 1.5h, 74-92%; (c) ethyleneglycol, BPBr, CH,Cl,, R.T., 7h, 5% oR3 and 20% of
24.
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Table 1. Carbohydrate-aromatic stacking, as medsanra DNA-duplex context.

—AH©° _ _ 0 AAG;,
Dangling moiety? ("TCTb (Kcaﬁ:ol) c (caI/KA.:c))I} c (ch/cr;nz) . stackingOI

(Kcal/mol)

- 511 58.2 156 9.7 -

HO-C2- 50.0 56.1 150 9.4 -
B-D-Glc-C2- 51.6 63.1 171 9.9 -0.25
B-D-Gal-C2- 50.4 59.1 159 9.7 -0.15
B-L-Fuc-C2- 51.8 67.4 185 10.1 -0.40
B-D-2-deoxy-Glc-C2- 50.7 61.0 166 9.7 -0.15
a-D-2-deoxy-Glc-C2- 51.0 60.9 165 9.8 -0.20

aCore sequence is BCGCGCG, in which B is the benpecleosideC2- indicates ChCH,-

OPG,". P Melting temperaturesTm was measured at i COC concentrationSEstimated
errors are + 8 % if\H, + 8 % inAS + 11 % inAG,,. 9 AAG,, stacking per carbohydrate-

benzene pair=AG conjugate with carb(AG conjugate with spac)avz)-



Figure 1. Model of the dangling-end area of carbohydrateADBbnjugate4, which
contains aB-galactose unit. A) Possible stacking geometnBafalactose on top of the
benzene ring through tleeface of the sugar. B) Possible stacking geomdtf+galactose
on top of the benzene ring through fhéace of the sugar, with the steric clash betwaen t

4-OH group and the arene shown
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Table 2."H NMR chemically induced shift differences betwehr sugar residues of the
carbohydrate-oligonucleotide conjuga8g and the corresponding monosaccaride controls

8-12in D,O™

B-D-Glc | B-D-Gal | B-L-Fuc B-D-2-deoxy-Glc | a-D-2-deoxy-Glc
H1 -0.112 | -0.102 | -0.144 -0.190 -0.094
H2 -0-056 | -0.059 | -0.084 -0.163 -0.100
H2b | - - - -0.127 -0.087
H3 -0.074 | -0.087 | -0.082 -0.149 -0.071
H4 |-0.048 | -0.051 | -0.093 -0.086 -0-074
H5 -0.120 | -0.116 | -0.178 1) -0.067-0.067
H6 -0.069 | -0-058 | - 12 - [0l
Héb | -0.086 | -0.050 | - -0.118 -0.092
CH; |- - -0.122 - ;

[ Chemical-shift differences are given in pph.Unassigned proton due to overlapping

resonances.



Figure 2. *H NMR spectra of carbohydrate—oligonucleotide cgaje5 (bottom) and the
corresponding monosaccharide contd® (top) in DO showing the chemical-shift

differences for the protons of tgel-fucose residue
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Figure 3. A) Upfield shifting of carbohydrate protodue to the proximity to the face of the
aromatic ring. Differences are calculated betwdmnconjugate containing-D-glucose on
the sequence BCGCGCG, and 2-hydroxyethy@-D-glucopyranoside8). B) Model of
possible stacking geometry pfglucose on top of the benzene ring throughatace of
the sugar. C) Model of possible stacking geometrfg-glucose on top of the benzene ring

through the face of the sugar.
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