COMMUNICATION

www.rsc.org/chemcomm | ChemComm

Evaluation of a carbohydrate—r interaction in a peptide model systemT
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A carbohydrate-r interaction contributes —0.8 kcal mol ' to
the stabilization of a p-hairpin peptide.

The binding of carbohydrates by proteins plays many important
roles in biology, including recognition of bacterial cell walls, viral
infection, and fertilization." Thus, there is significant interest in
understanding the driving force for affinity and selectivity in
carbohydrate binding in water, both for the purpose of under-
standing protein—carbohydrate interactions and for the design of
carbohydrate receptors.” In proteins, a common feature in
carbohydrate binding sites is the interaction of the sugar with an
aromatic sidechain;® for example, all of the galactose-specific
lectins exhibit stacking of an aromatic sidechain with the a-face of
the sugar.* Such carbohydrate-m interactions have been proposed
to contribute to carbohydrate recognition and have been
investigated through protein mutation studies,” NMR,>**® IR,’
and computationally.>® In addition, aromatic rings are often
incorporated into synthetic carbohydrate receptors to assist in
binding.” Indeed, some have suggested that the carbohydrate—n
interaction may be more important than hydrogen bonding in
aqueous solution.” However, there is limited experimental data
demonstrating the favorable contribution of such a carbohydrate—
7 interaction to binding.****“!® Given the challenges of carbohy-
drate recognition in water, a better understanding of the role
of carbohydrate-nt interactions in carbohydrate recognition is
warranted.

To investigate the efficacy of an isolated carbohydrate—rnt
interaction in aqueous solution, we incorporated tetraacetylgluco-
serine, Ser(Ac,Glc), or glucoserine, Ser(Glc), in close proximity to
a Trp residue on the face of a B-hairpin peptide (Fig. 1)."
Ser(Ac,Glc) was compared to Ser(Glc) to probe the role of
desolvation in the carbohydrate—r interaction, as the acetyl groups
reduce its hydrogen bonding ability as compared to Ser(Glc), and
hence reduce its desolvation cost. We chose a [-hairpin model
system since it has been shown to be useful for the investigation of
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Fig. 1 Peptide sequences and structure of Ser(R4Glc).
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noncovalent interactions in aqueous solution.'? In this system, we
found that the interaction of Trp with Ser(Ac,Glc), but not with
Ser(Gle), is significantly stabilizing. These findings have implica-
tions for the role of carbohydrate-r interactions in carbohydrate
binding proteins and glycosylated proteins as well as in the design
of carbohydrate receptors.

A 12-residue peptide based on a previously reported system
was used for the study of carbohydrate— interactions (Fig. 1). Trp
and Ser(Ac,Glc), Ser(Glc), or serine (control) were placed in
positions 2 and 9, respectively. These positions have been shown to
allow for a sidechain-sidechain interaction and were expected to be
able to accommodate the large glycosylated amino acid.'?¢!3
Hairpin formation was promoted viz an Asn-Gly Type I’ turn,'*
and Lys and Arg residues were included to provide water solubility
and prevent aggregation.

NMR spectroscopy of the Trp and glucose sidechains provides
insight into the nature and geometry of the interaction. The
carbohydrate protons of peptide 1 exhibit considerable upfield
shifting relative to random coil chemical shifts (Fig. 2a), indicating
that they are in close proximity to the face of the aromatic ring of
Trp."® Shifting is most significant on the o-face of the glucose
moiety (H1, H3, and HS), up to 1.35 ppm at position HS5,
indicating a favorable interaction between the o-face of the sugar
and the face of the aromatic ring.} Interestingly, H6 and H6" were
found to be upfield shifted to a similar extent as H3, suggesting
that the exocyclic CH, group also contributes to the interaction, in
a geometry such as that seen in galactose-binding lectins (Fig. 2b).*
Although the individual acetyl groups could not be assigned, the
maximum upfield shifting of those peaks was <0.07 ppm,
appreciably less than that of the protons on the o-face of the
sugar, indicating that the acetyl groups do not directly contribute
to the interaction.

Further support for a favorable carbohydrate—r interaction
came from NOEs between AcyGlc and Trp in peptide 1: NOEs
were only observed to the protons on the a-face of Ser(Ac,Glc)
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Fig. 2 (a) Upfield shifting of carbohydrate protons in peptides 1 and 2.
See Table 1 for conditions. (b) Proposed geometry between AcyGlc and
Trp in peptide 1.

4026 | Chem. Commun., 2007, 4026-4028

This journal is © The Royal Society of Chemistry 2007



T
J\I(NJ\I(

8

HO o

*EC“%“”E“

Peptide 2

*&“ ”p”
%Hg

Peptide 1

Fig. 3 NOE:s present between the carbohydrate side-chain and Trp for 1
and 2.

(Fig. 3). A few NOEs were also observed between Trp and the
acetyl groups of peptide 1, but could not be assigned.

The fraction folded was determined from the Gly nd
o-proton (H,)'® chemical shifts relative to control peptides
representing the fully folded and random coil states (see ESIT).!”
Analysis of the NMR data indicates that the incorporation of
Ser(Ac,Glc) in peptide 1 results in a well-folded B-hairpin
structure, and that removal of the sugar (peptide 3) results in a
decrease in the hairpin stability (Table 1, Fig. 4).

Quantification of the sidechain-sidechain interaction energy in
peptide 1 was achieved through a double mutant cycle (see ESIY),
which allows for the measurement of a specific interaction while
correcting for any differences in [-sheet propensities of the
residues, hydrogen bond strengths, efc., in the mutant pepti-
des.’>*!® The magnitude of the AcyGle—Trp interaction in peptide
1 was determined to be —0.8 (+0.1) kcal mol ™. Interestingly, the
magnitude of this interaction is greater than that of either a m—mn
interaction between two Phe sidechains or a cation—m interaction
between Trp and Lys or Arg, as measured in the context of a
B-hairpin.'>

From thermal denaturation,'® folding of 1 was found to be
enthalpically favorable (AH® = —5.9 kcal mol ') and entropically
unfavorable (AS° = —16.4 cal mol ! K !) with a negative change
in heat capacity (AC,” = —112 cal mol ™! K™!) (see ESIf). The
enthalpic driving force for the folding of peptide 1 is consistent
with values determined for protein-oligosaccharide interactions.>
Moreover, it is similar to that observed for peptides containing
cation—r and m—r interactions, 2
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7 but differs from that of peptides
with primarily hydrophobic interactions which are entropically
more favorable.'” Hence, this suggests contributions from
C-H--'m and van der Waals to the carbohydrate-r interaction,
as has been proposed elsewhere.’

To determine the role of solvation on the Trp-carbohydrate
interaction, peptide 2, in which glucose is unprotected, was
investigated. Surprisingly, removal of the acetyl groups greatly
reduced the sidechain-sidechain interaction, as determined from

1 M 1: Ser(Ac,Glc)
1 2: Ser(Glc)

N G
Residue

Fig. 4 Fraction folded as determined from H, chemical shifts. See

Table 1 for conditions.

NMR chemical shifts and NOEs. Little upfield shifting of the
glucose was observed (Fig. 2), with the greatest shifts observed at
the hydrophobic cluster at H5, H6, and H6'. In addition, fewer
NOEs between the Trp and Ser(Glc) sidechains were observed
(Fig. 3). Moreover, the hairpin itself was significantly destabilized
(Table 1); indeed, peptide 2 is no more stable than the control
peptide 3, in which there is no carbohydrate. The fact that Ser(Glc)
does not stabilize the hairpin structure is likely due to the higher
desolvation cost of Glc relative to AcyGlc: the ClogP values for
1-MeGlc and 1-Me-AcyGle (where the Ser was replaced by a
methyl group) are —2.42 and 0.93, respectively, indicating that
1-MeGlc is hydrophilic and 1-Me-Ac,Gle is hydrophobic.§ Hence,
this suggests that the desolvation cost for Ser(Glc) is larger than
the magnitude of the Trp-Glc interaction, resulting in no net
stabilization.

These studies indicate that glucose and Trp interact in an
attractive manner via the o-face of the sugar and that this
interaction provides considerable stabilization to a B-hairpin
peptide when the desolvation cost is reduced through protection
of the hydroxyl groups. This model system differs from a
carbohydrate binding protein in that the sugar must be protected
to interact with the aromatic ring. This difference arises from the
fact that a protein complex provides specific hydrogen bonds
between the sugar and protein which effectively supply the energy
to overcome the desolvation penalty. Hence the hydrogen bonds
act in concert with the carbohydrate-r interaction to bind the
carbohydrate. This is conceptually similar to Lemieux’s hydrated
polar gate concept for the binding of amphiphilic molecules.'®

Although numerous synthetic hosts have incorporated aromatic
groups as part of the recognition site for carbohydrate binding, to
the best of our knowledge, this is the first example quantifying the
magnitude of the carbohydrate-m interaction experimentally.
Moreover, we demonstrate the ability to utilize a carbohydrate—
7 interaction to control folding.

In conclusion, these studies provide insight into the role of
carbohydrate-mt interactions in carbohydrate recognition and
demonstrate its utility as a molecular recognition element

Table 1 Fraction folded and AG® at 298 K for peptides 1-3¢

Peptide Carbohydrate Fraction folded (Gly)” Fraction folded (H,)‘ AG°/kcal mol ™' ¢
1 AcyGlc 0.85 0.83 (0.02) —1.03

2 Glc 0.65 0.63 (0.02) -0.37

3 None 0.64 0.60 (0.01) —0.34

¢ Conditions: 50 mM sodium acetate-d4, pD 4.0 (uncorrected) at 298 K, referenced to DSS. > Error is +0.01 based on the NMR chemical

shifts.

standard deviation. ¢ AG® was determined from the Gly splitting. Error is

¢ H,, fraction folded was determined from the average of the values for Val 3, Val 5, Lys 8, and Ile 10. The value in parentheses is the

< 40.06 keal mol™! based on the error in the fraction folded.
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comparable in magnitude to other aromatic interactions. Further
studies are underway to explore the scope and driving force of this
interaction.
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and GMO072691), the STC Program of the National Science
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§ ClogP is the calculated octanol-water partition constant. Values were
calculated using Chemdraw Ultra 9.0.1.
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