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Mimicking the Binding Motifs Found in the Crystal Structures of Protein—
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An aromatic analogue of the side chain hydroxyl/main chain
amide of Ser or Thr was used for the construction of artificial
receptors for N-acetylneuraminic acid (Neub5Ac), the most
common occurring sialic acid. The acyclic receptors, incorpo-
rating only neutral recognition sites, are able to bind Neu5Ac
with an overall binding constant f3, of 10° M2 in a competi-

tive solvent, such as water-containing [Dg]DMSO. Both re-
ceptors show remarkable selectivity for NeuSAc over D-
glucuronic acid (GlcA).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The binding motifs observed in the crystal structures of
protein—carbohydrate complexes!!! provide much of the in-
spiration for the development of artificial carbohydrate re-
ceptors.?l The protein—carbohydrate interactions involve
hydrogen bonding, van der Waals forces, interactions of
sugar CHs with aromatic residues of the protein, and metal
coordination. Quiocho et al. pointed out that “hydrogen
bonds are the main factors in conferring specificity and af-
finity to protein—carbohydrate interactions”.['3l The hydro-
gen bonds have both neutral and ionic character, and are
both direct and water-mediated. Ion pairing and ionic hy-
drogen bonding are frequently observed in the complex-
ation of proteins with charged sugars, such as N-acetylneur-
aminic acid (3), which is the most commonly occurring
sialic acid. It should be noted that the design of both selec-
tive and effective carbohydrate receptors operating through
noncovalent interactions in competitive media still repre-
sents a significant challenge.

Our interest in the area of sugar recognition with artifi-
cial receptors concentrates on receptors that possess a rela-
tively simple, acyclic structure and that are expected to
complex uncharged carbohydrates through neutral and
charge-reinforced hydrogen bonds in combination with the
CH-r interactions between the sugar CHs and the aromatic
rings of the receptor.’! Recently, we showed that binding
motifs (including cooperative and bidentate hydrogen
bonds) observed in the complexation of uncharged sugars
with lectins can be successfully mimicked with acyclic pyr-
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idine- and pyrimidine-based receptors.”l In this study we
focused on mimicking the binding motifs shown in Fig-
ure la, b.
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Figure 1. (a) Examples of charge-reinforced hydrogen bonds in the
complex between 2-a-O-methyl N-acetylneuraminic acid and rhe-
sus rotavirus hemagglutinin.['*#4 (b) Neutral hydrogen bonds in
the complex between Mana6(Mano3)Man and concanavaline
A.le4] (¢) Aromatic analogue of the side chain hydroxyl/main
chain amide groups of Ser or Thr.

The analyses of the crystal structures of sialic acid bind-
ing lectins with bound N-acetylneuraminic acid (NeuSAc)
or Neu5Ac-containing ligands showed that, with the excep-
tion of the polyoma virus, the carboxylate moiety of Ne-
uSAc interacts with the main-chain amide groups, polar
side chains (especially serine, see Figure la), and ordered
water molecules rather than fully charged side chainsl'e!d]
(in contrast, formation of ion pairs with the NeuSAc car-
boxylate appears to be a common feature of neuraminid-
ases!'dl),

The binding motif shown in Figure la was found, for
example, in the crystal structure of 2-a-O-methyl-N-acetyl-
neuraminic acid with rhesus rotavirus hemagglutinin.['e4a]
The noncovalent interactions shown in Figure 1a consist of
two charge-reinforced hydrogen bonds: one from the side
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chain hydroxyl group of Ser190 to the carboxylate oxygen,
and one from the main chain amide functionality of Ser190
to the sugar carboxylate. Neutral hydrogen bonds formed
between sugar hydroxyl groups and the side chain hydroxyl
moiety of Ser or Thr, as well as the main chain amide func-
tionality of the same amino acid, could also be observed in
the crystal structures of protein—carbohydrate complexes. In
the crystal structure of concanavaline A with Mano6-
(Mana3)Man (see Figure 1b), for example, the al-3-linked
mannose contributes to the binding of the trisaccharide by
hydrogen bonds between the 3- and 4-OH groups and the
hydroxyl moiety of Thrl15, as well as between the 3-OH and
the main chain NH group of the same amino acid.['>#]

The binding motifs shown in Figure la, b inspired the
design of an aromatic analogue of the side chain hydroxyl/
main chain amide groups of Ser or Thr, as shown in Fig-
ure lc (recognition unit I). Artificial receptors consisting of
more than one recognition unit I were expected to complex
Neu5Ac (3) through multiple interactions, incorporating
charge-reinforced hydrogen bonds with the Neu5Ac carbox-
ylate and neutral hydrogen bonds with the sugar hydroxy
groups (2-OH, 4-OH, and the OHs of the glyceryl side
chain). Furthermore, interactions with the acetamido moi-
ety and the CH units of NeuSAc were expected to provide
further stabilization of the receptor—sugar complexes. In the
complexes of sialic acid binding lectins, the glyceryl side
chain of Neu5Ac is often involved in hydrogen bonds; the
acetamido moiety of NeuSAc is frequently a significant re-
cognition determinant.

NeuS5Ac and NeuSAc-containing ligands play a key role
in a variety of biological processes,['®#%1 including different
cellular recognition processes. Specificity for NeuSAc-con-
taining ligands is expressed by the hemagglutinins of nu-
merous viruses, notably of influenza (including H5N1 influ-
enza A virusesPl), as well as several others, such as Sendai,
Newcastle disease, and polyoma viruses.['*! Furthermore,
NeuSAc is known to be overexpressed on the cell surface
of tumor cells. Thus, the design of artificial receptors for
the recognition of NeuSAc may serve as a basis for the de-
velopment of new therapeutics or sensors.[!

Results and Discussion

Molecular modeling calculations indicated that a
3,3',5,5 -tetrasubstituted diphenylmethane or a 3,3',5,5'-
tetrasubstituted biphenyl scaffold (see formula 1 and 2,
respectively) provides a cavity of the correct shape and size
for NeuSAc encapsulation. According to the molecular
modeling studies, receptors 1 and 2, including four recogni-
tion units I, should be able to form both 1:1 and 1:2 recep-
tor/sugar complexes with NeuSAc (see Figure 2).

Receptors 1 and 2 were prepared by the reaction of 2-
amino-4-methylphenol (15) with 3,3',5,5'-diphenylmeth-
anetetracarbonyl (14) or 3,3’,5,5'-biphenyltetracarbonyl tet-
rachloride (22) (see Schemes 1 and 2, and the Supporting
Information).

3272

WWW.eurjoc.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. Energy-minimized structure of the (a) 1:1 complex be-
tween receptor 1 and NeuSAc 3p (two different representations),
(b) 1:2 receptor/sugar complex between 1 and 3f (two different
representation), (c) 1:1 (left) and 1:2 (right) receptor/sugar complex
between 2 and 3B. (d) Examples of charge-reinforced hydrogen
bonds indicated by molecular modeling (MacroModel V.8.5,
OPLS-AA force field, MCMM, 50000 steps). Color code: receptor
C, blue; receptor N, green; receptor O, red; the sugar molecule is
highlighted in yellow or orange.

The interactions of receptors 1 and 27! with Neu5Ac
were investigated by '"H NMR spectroscopy in water-con-
taining [Dg]DMSO ([receptor]/[H,O] = 1:100; the solubility
behavior of 1 and 2 prevents the binding studies in both
pure water and nonpolar solvents, such as chloroform). The
binding properties of 1 and 2 towards NeuSAc were com-
pared with those towards glucuronic acid (GlIcA, 5), an an-
ionic sugar actively participating in biotransformations and
detoxification processes of a number of endogenous com-
pounds, through hepatic glucuronidation.!® The titration
experiments were carried out by adding increasing amounts
of the tetramethylammonium salt of Neu5Ac (for a- and -
anomer, see formulas 4a and 4f) or tetramethylammonium
D-glucuronate (6) to a solution of receptor 1 or 2.0 The 'H
NMR spectroscopic binding titration data were analyzed
by using the Hostest 5.6 program.['” Additionally, compar-
ative binding studies were carried out with neutral sugars,
such as methyl B-p-glucopyranoside (7), methyl B-pD-galac-
topyranoside (8), b-maltose (9), and p-lactose (10).
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Scheme 1. a) 20% Oleum; b) CH;O0H, HCI; ¢) 10% NaOH; d) 50% H,SOy; ¢) SOCl,, THF; f) 15 (9 equiv.), THFE.
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Scheme 2. a) NaNO,, 20% HCI, KI; b) PdCl,(dppf), KOAc/DME, 80 °C, 2 h; c¢) 17 (2 equiv.), PdCl,(dppf), CsF, 80 °C, 12 h; d) 10%

NaOH:; ¢) 50% H,SO,; f) SOCl,, THF; g) 15 (10 equiv.), THE.

During the titration of 11" with 4 (used as an anomeric
mixture), the signals due to the NH and OH protons of 1
shifted downfield with strong broadening of the peaks and
they were almost unobservable after the addition of about
1 equiv. of 4 (see Figure 3c), which indicates the important
contribution of the OH and NH groups of 1 to the forma-
tion of the complex in the competitive solvent. The com-
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plexation between 1 and 4 was further evidenced by chemi-
cal shift changes of the CH units of 1 (in the range of 0.03—
0.07 ppm; Figure 3a, b), which were monitored as a func-
tion of sugar concentration.'?! The best fit of the titration
data was obtained with the mixed 1:1 and 1:2 receptor/
sugar binding model (for comparison of the plots obtained
for the different binding models, see Figures Sla and Sl1b,
3273
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Supporting Information); the binding constants were
found to be K, = 140m! and K, = 1450 (B, =
2.03 X 10° M 2). Typical titration curves are shown in Fig-
ure 3d, e.

e - —
7| S— . ——
S j\»/ \\,,/’ \VJ” | e N ) /
6.88 6.84 6.80 6.76 752 748 744 9.70 9.%0 9.30
[ppm] [ppm] [ppm
d) e)
E T ++'+/4F// % N
2+
o

=} P =)

©
; N /,,/ g P
Q L7 Ge |+
” ¥ N

© + ¥ &

Nia | 2] ok

~ ¥ 2

¥ T
[ S
<
N T T 1 2 . ; .
0.00 0.04 0.08 012 %00 0.04 0.08 0.12

[TITRANTI %101 /M [TITRANT] %10 /M

e
e
- ———— /: fr(‘

752 748 744 8.66 8.64 862 860 102 100 98 96 94 92
[ppm] [ppm] [ppm]

Figure 3. (a—c) Partial '"H NMR spectra (400 MHz; water-contain-
ing [Dg]DMSO) of receptor 1 after the addition of (from bottom
to top) 0.0-19 equiv. of 4 ([1] = 0.51 mm). Shown are chemical
shifts of the phenyl CH (a, b), OH and NH (c) resonances of 1.
(d,e) Plots of the chemical shifts of the phenyl CHs of 1 as a func-
tion of added 4. (f-h) Partial '"H NMR spectra of receptor 2 after
the addition of 0.0-21 equiv. of 4 ([2] = 0.50 mMm). Shown are chem-
ical shifts of the phenyl CH (f), biphenyl CH (g), OH and NH (h)
resonances of 2.

Similar to 1, the NH and OH signals of receptor 2
broaden during the titration with 4, and were almost unob-
servable after the addition of about 1 equiv. of 4 (see Fig-
ure 3h). Furthermore, the '"H NMR spectra showed small
changes in the chemical shifts of the CH protons of 2 (in
the range of 0.02-0.05 ppm; Figure 3f, g). The spectro-
scopic changes indicated stronger 1:1 binding followed by
weaker association of the second sugar molecule. The best
fit of the titration data was obtained with the mixed 1:1 and
1:2 receptor-sugar binding model; the binding constants
3274
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were found to be K,; = 930 ' and K, = 120Mm7! (B, =
1.11 X 10° M 2).[11d]

The comparison of the overall binding constants f, indi-
cates that diphenylmethane-based receptor 1 exhibits about
a twofold higher affinity for sugar 4 than biphenyl-based
receptor 2 in the competitive solvent (Figure 3).

The 'H NMR binding studies between 1 or 2 and sugar
6 indicated that the interactions with GIcA are less favor-
able than those with NeuS5Ac. The chemical shifts of the
OH, NH, and CH signals (see Figure4) were affected
weakly (some CH signals almost did not move, Ad <
0.01 ppm) during the titrations with 6. The NH and OH
signals of 1 or 2 broaden during the titrations, but in con-
trast to the titrations with 4, were still observable, even after
the addition of 20 equiv. of 6. Among the CH signals, the
signal of the CH proton in the neighboring position to the
OH group of 1 or 2 shows the largest shift (Adpa.x =
0.018 ppm in the case of 2; in the case of 1 the changes
were smaller). However, the binding constants could not be
accurately determined on the basis of the small chemical
shift changes; the Hostest program indicated K, =
100 m ! for 2+6 (the titration curve is shown in Figure Slc).
Thus, the '"H NMR spectroscopic binding studies suggested
high selectivity for NeuSAc over GIcA (of a factor of about
1000 in the case of 2), which indicates an important contri-
bution of the glyceryl side chain and the acetamido moiety
of Neu5Ac to the formation of the complex, in line with
the observation in natural complexes.

102 100 98 96 9.4
[ppm]

[ppm]

Figure 4. (a) Partial '"H NMR spectra (400 MHz; water-containing
[Dg]DMSO) of receptor 1 after the addition of 0.0-19 equiv. of 6
([1] = 0.45 mm). Shown are the phenyl CH signals of 1. (b,c) Partial
'"H NMR spectra of receptor 2 after the addition of 0.0-19 equiv.
of 6 ([2] = 0.59 mMm). Shown are the phenyl CHs (b), NH and OH
signals (c) of 2.

The comparative binding studies with neutral sugars 7—
10 showed that the interactions between the neutral binding
partners are unable to effectively compete with the interac-
tions with the solvent molecules. The complexation-induced
shifts observed after the addition of 20 equiv. of 7-10 into
the solution of 1 or 2 in water-containing [D¢]DMSO were
very small (largest changes = 0.015 ppm for NH/OH signals,
= 0.005 for CH signals of 1 or 2). It should be noted that
the spectral changes observed after the addition of disac-
charides 9 and 10 were more substantial than those ob-
served in the presence of monosaccharides 7 and 8. These

Eur. J. Org. Chem. 2007, 3271-3276
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results indicate that neutral sugars need receptors contain-
ing both neutral and ionic recognition sites for effective
complexation in competitive media (see also ref.3h).

Conclusions

The analysis of the binding motifs in the protein—carbo-
hydrate complexes has inspired the design of an aromatic
analogue of the side chain hydroxyl/main chain amide
groups of Ser or Thr. This recognition unit (Figure 1c) was
used for the construction of artificial receptors for the com-
plexation of Neu5Ac, the most naturally abundant sialic
acid. Receptors 1 and 2 are able to form 1:2 receptor/sugar
complexes with Neu5SAc with the overall binding constant
B> of 10° M2 in water-containing [Dg]DMSO ([receptor]:
[water] = 1:100). The affinity of 1 is about twofold higher
than that of 2. Binding of NeuSAc is achieved through a
combination of neutral and charge-reinforced hydrogen
bonds as well as CH-r interactions.

Receptors 1 and 2 are able to distinguish between two
anionic sugars, Neu5Ac and GIcA, with high selectivity for
Neu5SAc over GIcA (of a factor of about 1000 in the case
of 2). Thus, acyclic receptors 1 and 2, which contain only
neutral recognition sites and operate through noncovalent
interactions, exhibit remarkable binding selectivity in the
competitive solvent.

Further improvement of the binding affinity is expected
with receptors constructed on the basis of recognition unit
IT as the intermolecular interactions formed through such
receptors should compete more effectively with the intra-
molecular hydrogen bonds (see Ia, Ib, and II).

CH,
i L, S
LA LA, L
,,'H Ia O\H HIb l,'H 11 O\,H

The synthesis of new receptors of this type and complex-
ation studies with different sugar molecules, including 2-a-
O-methyl NeuSAc, which serves as a model for NeuSAc
bound to a neighboring unit in glycoproteins,[®®!3 are in
progress.

The acyclic scaffold of the receptors provides simplicity
in the synthetic plan for many modifications to the struc-
ture of the receptor, which provides a basis for systematic
studies directed towards recognition motifs of carbo-
hydrates.

Supporting information (see footnote on the first page of this arti-
cle): Syntheses of 1 and 2; additional titration curves.
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