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Asparagine glycosylation (N-glycosylation) of the Asn-
Xaa-Ser/Thr sequence is a cotranslational process that
can affect protein structure and function.1,2 Little is
known, however, about glycosylation’s influence on the
structure of flexible N-glycopeptides.3-7 Fluorescence
studies show that N-glycosylation can alter peptide
backbone conformation.6 Circular dichroism also indi-
cates that N-glycosylation can perturb R-helical struc-
ture.7 In this work, we use NMR to determine details
about N-glycopeptide structure in an organic solvent.
Significantly, glycopeptide Ac-Asn(â1-N-GlcNAc)Leu-Thr-
NH2 (1) shows long-range 1H-1H NOEs between the
peptide and the N-acetylglucosamine (GlcNAc) sugar
attached to Asn1. Besides these peptide-sugar NOEs, a
comparison of 3JR,â coupling constants and NH temper-
ature coefficients in glycopeptide 1 and aglycosyl peptide
Ac-Asn-Leu-Thr-NH2 3 indicate that N-glycosylation
stabilizes peptide conformation.
Until recently, NMR studies showed that N-glycosy-

lation caused little change in peptide structure.3,4 Pep-
tide-sugar NOEs have not been observed in flexible
N-glycopeptides. Our studies of a glycodecapeptide in
H2O indicated nonrandom conformation near the N-
glycosylation site but showed no intramolecular peptide-
sugar NOEs.3e We have now examined tripeptides
containing one sugar, Ac-Asn(â1-N-GlcNAc)Leu-Thr-NH2

(1) and Ac-Gln(â1-N-GlcNAc)Leu-Thr-NH2 (2). The “un-
natural” glycopeptide 2 has an Asn1-Gln1 mutation that
allows one to determine if glycopeptide structure is
sequence-specific. Glycopeptide 1 and aglycosyl peptide
3 contain an N-glycosylation consensus sequence. Com-
parison of 1 and 3 reveals glycosylation’s influence on
peptide conformation.
Glycopeptides 1 and 2 were synthesized from â-1-

amino-GlcNAc and the corresponding Asp and Glu pep-
tides.8 The 1H resonances in 1-3 were assigned using
TOCSY, DQF-COSY, and ROESY experiments.9 NMR
data indicated that glycopeptide 1 was not structured in

DMSO-d6 at 298 K. To narrow the conformational
distribution and favor low-energy structures, NMR analy-
sis of 1-3 was done at low temperature.
ROESY experiments at 233 K in 30% DMSO/70%

CD2Cl2 revealed that glycopeptide 1 (2.0 mM) had unique
intramolecular peptide-sugar NOEs. The aglycosyl pep-
tide 3 showed no long-range NOEs under identical
conditions. As shown in Figure 1, the C-terminal trans
amide NH (δ 7.01) has an NOE to GlcNAc H1 (δ 4.60)
while the C-terminal cis amide NH (δ 7.45) has NOEs to
GlcNAc H5 (δ 3.26) and a GlcNAc H6 (δ 3.33). Impor-
tantly, NMR spectra of glycopeptide 1 in 30% DMSO/
70% CD2Cl2 at 233 K indicated no change in the NH
resonances over a 5.0-0.05 mM concentration range. The
concentration independence of the NH chemical shifts
verified that the peptide-sugar NOEs were intra-
molecular.
The peptide-sugar NOEs significantly limit glycopep-

tide conformation since, under these conditions, dipolar
interactions are not observed for interproton distances
>3.1 Å.10 These intramolecular peptide-sugar interac-
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Figure 1. Contour plot of a region of the 500 MHz ROESY
spectrum of Ac-Asn(â1-N-GlcNAc)-Leu-Thr-NH2 (1) (2.0 mM)
recorded at 233 K in 30% DMSO-d6/70% CD2Cl2. The spin
locking time was 200 ms. Key peptide-sugar NOEs are
indicated.
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tions are specific for Asn glycopeptide 1. The “unnatural”
Gln glycopeptide 2 had no sugar-peptide NOEs under
identical conditions. Apparently, the longer Gln side
chain in 2 does not allow the same intramolecular
contacts that favor folded structures for Asn glycopeptide
1.11 Sequential NOEs between Leu2 NH and Thr3 NH
and between Thr3 NH and the C-terminal trans NH and
a Thr3 NH-Asn1 HR NOE also indicate a folded backbone
structure in glycopeptide 1.
Thirty NOE distance constraints were used in molec-

ular dynamics calculations to determine the structure of
glycopeptide 1 (Sybyl 6.1). An extended conformation for
1 was heated to 1000 K for 1 ns and exponentially cooled
to 0 K over 10 ns. The simulated annealing process was
repeated 10 times, and the resultant structures were
minimized using a conjugate gradient method with 500
iterations. The 10 minimum energy structures, overlaid
in Figure 2A, all show the peptide main chain folded
toward the GlcNAc sugar. All 10 structures, including
the minimum energy structure in Figure 2B, have Thr3
NH hydrogen bonded to the Asn1 γ-carboxamide. In
addition, the C-terminal trans NH is within hydrogen

bond distance of the Asn γ-carboxamide and/or the
GlcNAc endocyclic oxygen. The Asn1-Thr3 hydrogen
bond forms an Asx-turn.12,13 Under these conditions, the
Asx-turn is stabilized by peptide-sugar interactions.
Other NMR data support our model. Both 3J coupling

and NH variable-temperature data indicate that N-
glycosylation stabilizes the Asx-turn in glycopeptide 1
relative to the aglycosyl peptide 3. N-Glycosylation
clearly restricts Asn ø1, as reflected by the greater 3JR,â

differences for glycopeptide 1 compared to 3. At 233 K,
3JR,â for glycopeptide 1 were 11.1 and 3.4 Hz, while
peptide 3 had 3JR,â values of 9.2 and 4.9 Hz. The 3JR,â

coupling data and stereospecific Asn NH-â,â′ and Asn
R-â,â′ NOEs indicate that the glycopeptide's predominant
Asn1 ø1 rotamer is trans ((180°), consistent with a type
It Asx-turn.12a,14

Temperature dependence of amide NH chemical shifts
(-∆δ/∆T) can identify hydrogen bonds.15 Usually, amides
with -∆δ/∆T values less than 3 ppb/K in competitive
solvents are solvent shielded. Temperature coefficients
were measured for glycopeptide 1 and aglycosyl peptide
3 in 30% DMSO/70% CD2Cl2. For the aglycosyl peptide
3, all amides had -∆δ/∆T values greater than 6.7 ppb/
K, except for the C-terminal trans NH (1.9 ppb/K),
suggesting its involvement in secondary structure.16
Glycopeptide 1 also had a C-terminal trans NH with a
low -∆δ/∆T value of 1.6 ppb/K. N-Glycosylation dra-
matically lowered the Thr3 NH -∆δ/∆T value, from 6.7
ppb/K in 3 to 1.3 ppb/K in glycopeptide 1. The low -∆δ/
∆T values for the glycopeptide's Thr3 NH and C-terminal
trans NH indicate that these two protons are hydrogen
bonded. Again, the Asn1 γ-carbonyl is a likely acceptor
for Thr3 NH, while the C-terminal trans NH can hydro-
gen bond with the GlcNAc endocyclic oxygen and/or the
Asn γ-carboxamide.
We have provided the first detailed evidence for long-

range peptide-sugar interactions in a flexible N-linked
glycopeptide. Under these conditions, N-glycosylation
stabilizes a main-chain to side-chain turn. Since turns
have been implicated as folding initiation sites, our
results are significant in understanding how N-glycosy-
lation might influence peptide folding.
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Figure 2. Structural model for glycopeptide 1. (A) Overlay
of 10 structures from simulated annealing/energy minimiza-
tion protocol, showing the peptide main chain and GlcNAc
residue. (B) The lowest energy structure for glycopeptide 1.
Key interproton NOEs are indicated. For clarity the Leu2 and
Thr3 side chains are not shown.
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