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Compelling evidence that glycosylation influences protein
structure has been obtained from studies comparing the global
conformations of fully glycosylated proteins with their degly-
cosylated counterparts.! A desire to understand in more detail
how sugars exert their effects has prompted studies on glyco-
peptide model systems.?* One conclusion that has been drawn
from investigations of O-glycosylated peptides is that the effects
of glycosylation on peptide conformation are due to the sugar
closest to the peptide backbone. '»324 We felt that the previous
studies were equivocal because the methods used for character-
izing the structures did not provide information about the local
peptide backbone conformation.’ We have therefore compared
the backbone conformations of two different peptides containing
either a mono- or a disaccharide at an internal threonine. Our
studies show that in both peptides the backbone conformation
is radically different depending on whether a mono- or a
disaccharide is attached. This finding could have implications
for how glycosylation mediates biological activity in glycopro-
teins, It certainly has consequences for the design and study
of model glycopeptides.

Small peptides are flexible molecules that can adopt a large
number of conformations. The flexibility makes structural
studies difficult. Nevertheless, we have shown that it is possible
to use NMR to evaluate differences in backbone conformation
between peptides in different glycosylation states.5 NOEs
between sequential amide protons provide a particularly useful
indicator of the ensemble average backbone conformation.” To
evaluate the effects of mono- and disaccharides on peptide
backbone conformation, we synthesized glycohexapeptides 1
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and 2 (Figure 1) on Rapp TentaGel resin® and purified them by
RP-HPLC.>!® Proton resonances in DMSQ were assigned using
DQF-COSY and ROESY experiments.!' Sequential dNN NOE
connectivities were then analyzed to characterize the structures.

As shown in Figure 1, the sequential amide—amide ROESY
cross peak intensities are very different for glycopeptides 1 and
2. In peptide 1, the strongest amide—amide ROESY cross peak
is between the amide resonances of Lys and Thr. A weaker
NOE cross peak is observed between Phe2 and D-Trp, and there
is no NOE cross peak between D-Trp and Lys. In contrast, the
NOE cross peak between D-Trp and Lys in peptide 2 is very
strong. The Lys—Thr cross peak, which is the strongest one in
peptide 1, is absent in peptide 2. Thus, the hexapeptide with
the disaccharide attached has a profoundly different average
backbone conformation from the hexapeptide with the monosac-
charide attached.

Our finding that the second sugar has a significant effect on
the backbone conformation is not limited to the specific peptide
sequence Ac-Phe-Phe-D-Trp-Lys-Thr-Phe-NH; or to the DMSO
solvent. We also synthesized the Ac-Val-Thr-His-Pro-Gly-Tyr-
NH; sequence derived from oncofetal fibronectin with both
GalNAca (3) and a Gal(1—3)GalNAca (4) attached to the
threonine.'? Contour plots of the amide region of the ROESY
spectra for these peptides in H,O are shown in Figure 2. Since
the proline does not have an amide proton,'> the possible
sequential amide—amide cross peaks are Val-Thr, Thr-His, and
Gly-Tyr.'* In peptide 3, the Gly-Tyr amide—amide NOE is
very strong while the Val-Thr NOE cross peak is absent. In
peptide 4 the Val-Thr NOE cross peak is very strong and the
Gly-Tyr NOE cross peak is absent. It is also worth noting that
the amide—amide NOE between threonine and the sugar, which
is strong in peptide 3, is absent in peptide 4.

The NMR data clearly show that the monosaccharyl peptides
have very different ensemble average conformations from the
disaccharyl peptides. Although none of the peptides has a single
discrete structure, an analysis of the NMR data for peptides 1
and 2 suggests an interesting possibility. Peptides 1 and 2 are
glycosylated linear analogues of a cyclic peptide designed to
contain a type II’ 8 turn with D-Trp and Lys inthe i + 1 and i
+ 2 positions, respectively.%'> The NMR data for 1, showing
a large NOE between Lys and Thr and no NOE between D-Trp
and Lys, is consistent with this kind of turn (Figure 3). Peptide
2, in contrast, has a large NOE between D-Trp and Lys and no
NOE between Lys and Thr. These NOEs are inconsistent with
a type II’ turn containing D-Trp and Lys inthe i + 1 and i + 2
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Figure 1. (A) Amide regions of the 500 MHz ROESY spectra of 1 (left) and 2 (right) in DMSO-d,. Conditions: 30 °C, 3.7 mM, 175 ms mixing
time. Empty boxes indicate absent amide—amide ROESY cross peaks. (B) Sequential amide—amide contacts in 1 and 2 are shown by the solid

arrows. The broken arrows correspond to the empty boxes in the spectra.
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Figure 2. (A) Amide regions of the 500 MHz ROESY spectra of 3 (left) and 4 (right) in 90:10 H»O:D>0. Conditions: 15 °C, 6 mM (3), 7 mM
(4). pH 4.1. 175 ms mixing time. Empty boxes indicate absent amide—amide ROESY cross peaks. (B) Sequential amide—amide contacts in 3 and
4 are shown by the solid arrows. The broken arrows correspond to the empty boxes in the spectra.

Figure 3. Computer-generated models of the preferred turns for
peptides 1 and 2 based on the dNN NOEs. The oxygen atoms are
represented by shaded circles. the nitrogen atoms by striped circles,
and the carbons and hydrogens by large and small open circles,
respectively. In solution the peptides actually adopt an ensemble of
conformations of which these turns may comprise only a small fraction.

positions but are compatible with a type II’ turn with Lys in
the i + 1 and Thr in the i + 2 position (Figure 3).'% It is
noteworthy that the second sugar overwhelms the effect of p-Trp
in disfavoring a turn with the p-amino acid in the i + 1
position.'”

Recent experimental evidence has suggested that glycosyla-
tion causes flexible peptides to bend, i.e., to turn.*'* Our results
provide the first evidence that the type of bend depends on the
structure of the attached sugar. It has been proposed that Nature
uses post-translational glycosylation, like phosphorylation, as

a general way to modulate protein structure and thus activity.'?
Our findings provide a glimpse into how glycosylation with
different sugars could be used as a biological switch since they
show that different sugars can interact with the same peptide
backbone to stabilize profoundly different conformations.

Acknowledgment. This work was supported by the National
Science Foundation (PYI program).

Supporting Information Available: Procedures for the synthesis
and purification of compounds 1-4, 1-D and 2-D NMR spectra for
1—4, and FAB MS for 1—4 (22 pages). This material is contained in
many libraries on microfiche. immediately follows this article in the
microfilm version of the journal, can be ordered from the ACS, and
can be downloaded from the Internet; see any current masthead page
for ordering information and Internet access instructions.

JA950403C

(16) The mono- and disaccharyl fibronectin peptides 3 and 4 are also
compatible with two different frame-shifted turn conformations. However,
the presence of proline reduces the information available from NMR and
makes modeling more difficult.

(17) Chandrasekaran, R.; Lakshminarayanan, A. V.. Pandya, U. V.
Ramachandran, G. N. Biochim. Biophys. Acta 1973, 303, 14-27.

(18) Imperiali, B.; Rickert, K. W, Proc. Natl. Acad. Sci. U.S.A. 1995,
92, 97—-101.

(19) (a) Lis. H.; Sharon, N. Eur. J. Biochem. 1993 218, 1-27. (b) Varki,
A. Glyeobiology 1993, 3, 97—130. (¢) Wyss, D. F.: Choi, J. S.; Li, J.;
Knoppers, M. H.; Willis, K. J.; Arulanandam, A. R. N.; Smolyar, A.;
Reinherz, E. L.; Wagner, G. Science 1995, 269, 1273.



