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The Peptide Can Influence
Sugar Conformation in
Small Asn Glycopeptides

Margaret L. Hindley, Kwun-Chi Lee, and Jeffery T. Davis

Department of Chemistry and Biochemistry, University of Maryland, MD, USA

The Asn glycopeptide 1, when compared to analogs Gln 2 and (D)Thr 3, displays intra-
molecular sugar-peptide interactions in a DMSO-d6/CD2Cl2 organic solvent mixture. A
comparative 1H NMR study between Asn 1 and Gln 2 shows sequence-specific changes
in the sugar’s C5–C6 rotamer population. The diastereomeric glycopeptide 3 containing
a (D)-Thr3 residue also shows some significantly different sugar 1H and 13C NMR
chemical shifts compared to the parent glycopeptide 1. The GlcNAc sugar attached to
the Asn1 sidechain is able to sense the stereochemistry at the remote Thr3 residue.

Keywords Glycopeptide, Sugar conformation, Peptide-carbohydrate interactions

In this paper we describe conformational studies of 3 N-linked glycopeptides
that carry a GlcNAc monosaccharide on an Asn or Gln sidechain. The study’s
main objective is to determine whether intrinsic features of the Asn-
Xaa-Ser/Thr N-glycosylation site might influence the attached sugar’s confor-
mation. Protein glycosylation canmodulate structure and dynamics by altering
the conformational space available to the connected peptide and glycan units,
or by providing opportunities for direct peptide-sugar interactions. These con-
formational effects typically occur for the oligosaccharide’s internal sugar units
and for those amino acid residues closest to the glycosylation site.[1–5] These
local peptide-sugar interactions may well influence such crucial processes as
protein folding and presentation of carbohydrate ligands to their receptors.
Small glycopeptides are, therefore, useful models for investigating how
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intramolecular sugar-peptide interactions influence glycoprotein structure and
dynamics. While many studies have shown that glycosylation can affect
peptide conformation,[6–15] less attention has focused on how the peptide influ-
ences carbohydrate conformation.[16–21] We present solution NMR evidence
that sugar conformation can be modulated, in a sequence-selective manner,
by the neighboring peptide. Specifically, the peptide’s sequence and stereo-
chemistry influence the sugar’s C5–C6 rotamer population.

Asparagine glycosylation (N-glycosylation) of the Asn-Xaa-Ser/Thr
sequence is a cotranslational process that can affect protein structure and
function.[1,2] We are interested in understanding how glycosylation of the
Asn sidechain influences peptide and carbohydrate conformation.[7,22] Our
main goal in this study was to determine if there are intrinsic sugar-peptide
interactions that occur within the context of the tripeptide N-glycosylation site.

We describe NMR studies on three related tripeptides: Ac-Asn(b1-N-
GlcNAc)LeuThr-NH2 1, Ac-Gln(b1-N-GlcNAc)LeuThr-NH2 2, and Ac-Asn(b1-
N-GlcNAc)Leu(D)Thr-NH2 3 (Chart 1). Glycopeptides 2 and 3 differ from 1
due to changes within the N-glycosylation consensus sequence. Glycopeptide
2 has an Asn1 ! Gln1 mutation, while glycopeptide 3 contains the unnatural
(D)-Thr at residue 3 rather than (L)-Thr3. We carried out these
comparative NMR studies in d6-DMSO/CD2Cl2 mixtures. NMR studies in
organic solvents have merit. For example, intramolecular hydrogen bonds
that are possible between the peptide and sugar domains, particularly for
short and flexible glycopeptides like 1–3, should be best manifested in a less
competitive organic solvent. This allows one to gain insight into the fundamen-
tal interactions that are possible between the Asn-Xaa-Ser tripeptide and
sugar domains. Furthermore, there is also a growing interest in how glycopep-
tides might interact with biomembranes, and organic solvents are potential
models for better understanding how a membrane’s hydrophobic environment
might influence glycopeptide conformation.[23–25]

Chart 1: Structures of the N-linked glycopeptides 1–3 compared in this study.
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We previously reported that Asn glycopeptide 1 is structured in DMSO-
d6:CD2Cl2.

[22] Our conclusion was based on 1H NMR data for glycopeptides
Asn 1, Gln 2, and the corresponding aglycosyl peptides Ac-AsnLeuThr-NH2 (4)
and Ac-GlnLeuThr-NH2 (5). Comparison of 1H NMR chemical shifts, NH tempe-
rature coefficients, Asn a,b 3J coupling constants and 1H-1H NOEs indicated
that glycopeptide 1 had sequence-specific secondary structure that the other
compounds lacked. NOEs between the peptide’s C-terminal NH protons and
the GlcNAc H1, H5, and upfield-shifted H6 protons provided compelling
evidence that the peptide chain folded back on the sugar unit. Energy-minimized
structures showed that the Thr3 NH hydrogen bonds to the Asn1 gC55O to form
an “Asx-turn.”[26,27] We also concluded that N-glycosylation stabilized this Asx-
turn in glycopeptide 1, relative to the aglycosyl peptide 4. The schematic
model in Figure 1 shows that the GlcNAc’s O6 hydroxyl group is close to the
peptide’s C-terminus. The sugar’s O6 hydroxyl, by functioning either as an
H-bond donor or acceptor, could well stabilize the Asx-turn in glycopeptide 1

by providing intramolecular peptide-sugar interactions that would not be
possible for the aglycosyl peptide. Thus, we became interested in detecting
potential peptide-sugar interactions in Asn 1 by studying the GlcNAc C5–C6
hydroxymethylene conformation in the glycopeptides 1–3. Our hypothesis was
that modification of the peptide’s amino acid sequence might show changes in
the sugar sidechain conformation, especially if peptide-sugar interactions were
important for stabilizing the solution structure in the parent glycopeptide Asn 1.

Glycopeptide Synthesis
Glycopeptides 1–3 were prepared by coupling b1-N-amino-GlcNAc with

the Asp- or Glu-tripeptides.[22,28] After HPLC purification, 1–3 were

Figure 1: Schematic representation of secondary structure for Asn glycopeptide 1 (see ref.
22). This model shows an Asx-turn with hydrogen bond between the Asn1 sidechain’s C55O
and the Thr3 NH and a C-terminal amide NH. Peptide-sugar NOEs are indicated by the
double-headed arrows. The GlcNAc C6–C5 sidechain is close in space to the peptide’s
C-terminus.
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characterized by 1H and 13C NMR spectroscopy and FAB mass spectrometry.
The 1H and 13C NMR resonance assignments for 1–3 in 30% DMSO-d6/70%
CD2Cl2 were obtained from 2D 1H-1H TOCSY and DQF-COSY and 1H-13C
HMQC and HMBC experiments, as previously described.[22]

Comparison of 1H NMR Data for Glycopeptides Asn 1
and Gln 2 Indicate that the GlcNAc C5–C6 Rotamer
Population Depends on Peptide Sequence
Figure 2 shows Newman projections for the three major conformers about

the GlcNAc C5-C6 bond. These rotamers are designated gt (gauche-trans), gg
(gauche-gauche), and tg (trans-gauche), where the first letter indicates
relative O6–O5 orientation and the second letter indicates the O6–C4 orien-
tation. By measuring chemical shifts and 3J5,6 coupling constants as a
function of temperature and solvent we hoped to learn whether the peptide
influences the equilibrium populations of these GlcNAc C5–C6 rotamers.[29–33]

The 1H NMR chemical shifts for the GlcNAc H6R and H6S protons in
glycopeptides 1 and 2, in a 30% DMSO-d6:70% CD2Cl2 solvent mixture, are
presented in Table 1. We assigned the H6S resonance as the more downfield
shifted of the two C6 diastereotopic signals. This assignment is strongly
supported by the following information: (1) we previously used selective 2H
labeling at C6 to make stereospecific assignments for H6R and H6S in the
parent GlcNAc sugar[34] and (2) glucopyranose derivatives with unsubstituted
O4 and O6 hydroxyl groups always show a H6S signal at a higher frequency
than the H6R resonance, irrespective of solvent.[35] Even if this glycopeptide
system is the exception to this rule and the stereospecific assignments are
reversed, the comparative 3J and chemical shift data below still show that
the GlcNAc sugar on the native Asn glycopeptide 1 undergoes a temperature-
and solvent-induced change in conformation that is not observed for the unna-
tural Gln glycopeptide 2.

Figure 2: Newman projections for the three main rotamers about the GlcNAc C5–C6 bond.
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The important point from Table 1 is that the chemical shift difference (Dd)
between the diastereotopic sugar protons H6R and H6S in glycopeptides 1 and
2 is significantly in the organic solvent mixture. This was the first indication
that the peptide’s amino acid sequence must influence the sugar’s C5–C6
rotamer population. For Asn 1, Dd ¼ 0.31 ppm at 298K, while Gln 2 has a
value of Dd ¼ 0.14 ppm under identical conditions. In addition, the DdH6S,H6R

value shows significant temperature dependence for the Asn glycopeptide 1,
increasing from Dd ¼ 0.31 ppm at 298K to Dd ¼ 0.45 ppm at 233K. In
marked contrast, the H6S/H6R chemical shift separation is temperature inde-
pendent for Gln 2. In this mixed organic solvent the data imply that the GlcNAc
sugar is able to interact with the Asn peptide, but not with the Gln peptide.
Moreover, both Asn 1 and Gln 2 have identical Dd values for GlcNAc’s H6R,
and H6S, at all temperatures, in 100% DMSO-d6, a solvent in which neither
glycopeptide 1 or 2 is structured. In summary, the NMR data in Table 1 are con-
sistent with the GlcNAc C5–C6 sidechain being involved in intramolecular
interactions with the peptides that stabilize secondary structure in Asn 1,
but not in the homologous Gln glycopeptide 2.

GlcNAc 3J5,6 Values Indicate Peptide-Sugar Interactions
in Asn 1
More strong evidence for the GlcNAc C5–C6 sidechain’s participation in

structure in glycopeptide 1 was obtained from comparing 3J5,6 coupling con-
stants for Asn 1 and Gln 2.[29–33] Table 2 shows that the 3J5,6 values, and there-
fore the GlcNAc C5–C6 rotamer population, in 30% DMSO-d6:70% CD2Cl2
depends on the amino acid sequence. These 3J5,6 coupling constants for Asn
glycopeptide 1 change significantly with temperature, indicating a shift in the
equilibrium population of sidechain rotamers (Table 2). In contrast, the 3J5,6S
coupling constants for Gln 2 are temperature invariant. We note that the cor-
responding 3J5,6R values for Gln 2 could not be determined because the H6S
resonance could not be clearly resolved between 298 and 253K. These compara-
tive 3J data indicate that sugar C5–C6 conformation in Asn 1 must be

Table 1: 1H chemical shifts (ppm) for C6 protons in Asn 1 and Gln 2
in 30% DMSO-d6/70% CD2Cl2.

Glycopeptide Temp. d H6S dH6R Dd (ppm)

Asn 1 298 K 3.79 3.48 0.31 (0.15)a

233 K 3.78 3.33 0.45 (0.15)a

Gln 2 298 K 3.66 3.48 0.14 (0.14)
233 K 3.64 3.49 0.15 (0.15)

a Values in parentheses determined in 100% DMSO-d6 at both 298 and 233 K.
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modulated by the neighboring peptide, whereas the same sugar is not at all
influenced by the peptide domain in the homologous Gln glycopeptide 2.

As shown in Table 3, we calculated the GlcNAc C5–C6 rotamer populations
for Asn 1 using the measured 3J5,6R and 3J5,6S coupling constants in Table 2
and equations (1)–(3) shown in footnote 36.[36] The data indicate that more of
the gt rotamer is favored at lower temperatures in this organic solvent mixture.
Figures 1 and 2 show that the gt rotamer is that conformation that would point
the O6 hydroxyl group back toward the attached peptide chain. As the tempera-
ture is lowered, a new rotamer population is established for Asn glycopeptide 1,
due to enhanced intramolecular peptide-sugar interactions. In marked
contrast, the C5–C6 sidechain in Gln 2 is not involved in peptide-sugar inter-
actions, as its 3J5,6 coupling constants are temperature independent (Table 2).

Thr3 Stereochemistry Affects Sugar C5–C6 Conformation
Todeterminewhethermoresubtleaspects ofpeptideprimarystructuremight

impact N-glycopeptide secondary structure, we compared 1H and 13C NMR data
for Asn glycopeptide 1 with that for Ac-Asn(b1-NGlcNAc)Leu(D)Thr-NH2 3.

Table 2: GlcNAc 3J5,6 coupling constants for glycopeptides Asn
1 and Gln 2.a

Asn 1 Gln 2

Temp 3J5,6R
3J5,6S

3J5,6R
3J5,6S

298 6.5 2.5 —b 5.0
283 7.0 1.9 — 5.0
273 7.5 1.5 — 5.0
263 8.1 — — 5.0
253 8.7 — — —

a The uncertainty in 3J values, measured from 500 MHz spectra, is 0.3 Hz.
b For Asn 1, H6R and H6S were resolved from other signals at most
temperatures.
For Gln glycopeptide 2 only H6S was resolved in the 1D spectra.

Table 3: Calculated GlcNac C5-C6 rotamer
populations in glycopeptide Asn 1.a

298K 273K

Xgt (%)b 58 73
Xgg (%) 31 26
Xtg (%) 11 1

a See refs. 33 and 36 for method used to determine
rotamer percentages.
b See Figure 2 for rotamer definitions.
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Glycopeptides 1 and 3 have identical functional groups, but differ in their Thr3
configuration. Below, we show that the stereochemistry at this terminal
peptide residue does indeed influence the conformation of the remote sugar
C5–C6 sidechain in Asn glycopeptide 1. Due to the solubility properties of 3,
comparative NMR experiments with diastereomeric glycopeptides 1 and 3
were done in 50% DMSO-d6/50% CD2Cl2. In this more competitive solvent,
containing higher percentages of DMSO-d6, glycopeptide 1 still showed
peptide-sugarNOEs that were diagnostic of folded structure. As in our previous
study,[22] ROESY experiments at 273K showed strong NOEs between the
C-terminal trans NH and GlcNAc H1, as well as between the C-terminal cis
NH and GlcNAc H5. In contrast to the intramolecular dipolar interactions
for 1, no peptide-sugar NOEs were observed for the analogous (D)-Thr3
glycopeptide 3 in this 50% DMSO-d6/50% CD2Cl2 solvent, indicating that the
(D)-Thr3 is likely to be unstructured under these conditions. We note that
increasing the DMSO-d6 concentration to approximately 70% leads to the dis-
appearance of NOES in glycopeptide 1.

Thr3 Stereochemistry Influences 1H Chemical Shifts
for GlcNAc H6R, H6S
The 1H NMR chemical shifts for the H6R/H6S protons of glycopeptides 1

and 3 in 50% DMSO-d6/50% CD2Cl2 at 298 K are presented in Table 4. The †d

value for the H6R/H6S pair in glycopeptide 1 is †d ¼ 0.39 ppm. In contrast, †d
is much smaller (†d ¼ 0.11 ppm) for the H6R/H6S protons in (D)-Thr glycopep-
tide 3. In this solvent, the GlcNAc sugar’s H6R/H6S chemical shifts clearly
depend on Thr3 stereochemistry. Such a long-range effect, in terms of primary
sequence, suggests that the Thr3 absolute configuration has an important influ-
ence on the preferred GlcNAc C5–C6 rotamer. This would occur only for folded
conformations of Asn glycopeptide 1 where the sugar attached to Asn1 could
interact with the Thr3 residue. Again, the solvent was crucial for chemical
shift dispersion. The †d values (†d ¼ 0.15 ppm) are identical for glycopeptides
1 and 3 in 90% H20–10% D2O, a solvent that does not stabilize structures in
such small glycopeptides. The sensitivity of the GlcNAc H6R, H6S chemical

Table 4: 1H NMR chemical shifts (ppm) for C6 protons in
glycopeptides 1 and 3.a

Glycopeptide d H6S dH6R Dd (ppm)

1 3.54 3.15 0.39 (0.15)b

3 3.46 3.35 0.11 (0.15)

aIn 50% DMSO-d6/50% CD2Cl2 at 298 K.
bValues in parentheses determined in 90% H2O/10% D2O.
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shifts to temperature and solvent polarity is entirely consistent with the
GlcNAc C5–C6 sidechain stabilizing the Asx-turn in glycopeptide 1, but not
in the diastereomeric glycopeptide 3. Live et al. recently reported another
example of an N-glycopeptide that shows stereochemical communication
between its carbohydrate and peptide domains.[37]

GlcNAc 13C Resonances Differ in Glycopeptides 1 and 3
Isotropic 13C NMR chemical shifts in solution, particularly for carbo-

hydrates, can be quite sensitive to conformation.[38–42] We assigned 13C reson-
ances for glycopeptides 1 and 3 through the use of 2D homonuclear (TOCSY
and DQF-COSY) and heteronuclear (1H-13C HMQC and 1H-13C HMBC)
NMR experiments as previously described.[22] Figure 3 shows a region of the
13C NMR spectra for glycopeptides 1 and 3 at 298K in 50% DMSO-d6/50%
CD2Cl2. This region (d 60–85) shows resonances for the GlcNAc sugar carbons
(C1, C3–C6) and for the Thr3 b-carbon. Under identical conditions of concen-
tration, solvent, and temperature, these diasteromeric glycopeptides have
much different chemical shifts for GlcNAc C6 (Dd 0.97 ppm) and C4 (Dd
0.85 ppm). In contrast, the GlcNAc C1, C2, C3, and C5 chemical shifts are
essentially the same for the two compounds. These different 13C chemical shifts
for GlcNAc C4 and C6 in glycopeptides 1 and 3 clearly indicate that the sugar

Figure 3: A region of 13C NMR spectra comparing glycopeptides 1 and 3 at 298 K in 50%
DMSO-d6/50% CD2Cl2. The sugar’s carbon resonances are labeled. The chemical shifts for the
GlcNAc C4 and C6 resonances differ significantly for the two diastereomeric peptides, as
portrayed by the dashed lines.
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attached to Asn1 can sense the Thr3 stereochemistry, once again consistent
with a much different GlcNAc C5–C6 rotamer population for the two diastero-
meric glycopeptides 1 and 3.

The Newman projections in Figure 2 show that the 13C chemical shift for
GlcNAc C4 should be influenced by the sugar’s C5–C6 rotamer population.
The C6 resonance is also sensitive to sidechain rotamer populations, most
likely due to involvement of the 6-OH hydroxyl group in an intramolecular
sugar-peptide hydrogen bond.

Summary
As summarized in Figure 4, comparison of 1H and 13C NMR data for glyco-

peptides 1–3 confirm that only the structured Asn glycopeptide 1 has peptide-
sugar interactions in a mixed DMSO-CD2Cl2 solution. In particular, the
GlcNAc hydroxymethylene conformation is sensitive to the peptide’s amino
acid sequence, indicating that this sugar C5–C6 sidechain is involved in intra-
molecular interactions with the peptide domain. Modifications to the Asn1 and
Thr3 residues in glycopeptide 1 result in significant changes in the equilibrium
populations of GlcNAc C5–C6 rotamers. These local peptide-sugar interactions
seem to be an intrinsic property of the Asn-Xaa-Thr/Ser glycosylation site,
suggesting that they may also be important in stabilizing local structure in
N-linked glycoproteins as well.

Figure 4: Schematic showing that changes to the amino sequence within the N-glycosylation
site influences the GlcNAc C5–C6 sidechain conformation of glycopeptides 1–3 in the mixed
organic solvent system.
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EXPERIMENTAL

The 1H and 13C NMR spectra were recorded on a 500MHz spectrometer. The
2D-homonuclear (TOCSY and DQF-COSY) and heteronuclear NMR (13C-1H
HMBC and 13C-1H HMQC) experiments used to assign 1H and 13C NMR
chemical shifts were done as described in the supporting information to refe-
rence 22. The 1D spectra for glycopeptide 3 are included as supporting infor-
mation to this paper. The 2D NMR spectra for glycopeptides 1–3 can be
obtained by contacting the corresponding author.

Peptide Synthesis
Peptides were synthesized by solid-phase synthesis using t-Boc protocols.

Peptides were cleaved from the resin with HF, using anisole (10:1) as a scaven-
ger. Peptides and glycopeptides were purified by HPLC, detected at 214nm
with a UV/VIS detector, and separated on a C-18 reverse phase column
(2.2 � 25 cm, 300A) using a 5 to 35% gradient of 80% acetonitrile in 0.1%
TFA against 0.1% TFA in water.

Glycopeptide Synthesis
Compounds 1 and 2 were prepared as described in reference 22. Ac-Asn (b

1-N GlcNAc)-Leu-(D)Thr-NH2 (3). To a solution of Ac-Asp-Leu-(D)Thr-NH2

(20mg, 0.052mmol) and BOP (98mg, 0.156mmol) in 1.5mL of DMSO-d6 was
added 1-amino-2-acetamido-b-D-glucose (34mg, 0.156mmol, Sigma) in
1.5mL of DMSO-d6. The reaction was stirred at rt for 18hr and monitored
by 1H NMR until the glycopeptide’s anomeric H1 signal (d 4.75) had reached
a constant intensity. Glycopeptide 3 was purified by HPLC to yield 12.5mg
(41%) of a white solid after lyopholization. 1H NMR (500MHz, DMSO-d6)
d 8.24 (d, 1H, J ¼ 8.7Hz, GlcNAc NH1), 8.14 (d, 1 H, J ¼ 8.9, Asn NH), 8.05
(d, 1 H, J ¼ 7.9Hz, Leu NH), 7.78 (d, 1 H, J ¼ 9.0, GlcNAc NHAc), 7.62
(d, 1H, J ¼ 8.7, Thr NH), 7.14 (s, 1 H, term NHE), 7.08 (s, 1H, term NHz),
4.98 (m, 2 H, C3 OH & C4 OH), 4.75 (t, 1H, J ¼ 8.7, H1), 4.74 (m, 1 H, Thr3
OH), 4.58 (m, 1 H, C6 OH) 4.51 (dd, 1 H, J ¼ 7.2, 8.9 Asn a), 4.27 (m, 1 H,
Leu a), 4.02 (m, 2H, Thr a,b), 3.63 (m, 1H, H6S), 3.51 (dd, 1H, J ¼ 9.0, 10.9,
H2), 3.48 (m, 1H, H6R) 3.43 (d, 1H, J ¼ 10.9, H3), 3.08 (d, 1H, J ¼ 5.9, H5),
2.64 (dd, 1 H, J ¼ 6.4, 15.6, Asn b), 2.32 (dd, 1 H, J ¼ 8.9, 15.6, Asn b), 1.81
(s, 3H, NHAc), 1.79 (s, 3H, NHAc), 0.98 (d, 3H, J ¼ 6.4, Thr Me), 1.60–1.40
(m, 3H, Leu a,b) 0.87 (d, 3 H, J ¼ 5.8, Leu Me), 0.81 (d, 3 H, J ¼ 5.8, Leu
Me); 13C NMR (125MHz, DMSO-d6): d 172.3, 172.0, 171.1, 170.0, 169.5, 88.5,
78.8, 78.6, 74.5, 70.3, 66.2, 60.7, 58.2, 54.5, 51.3, 49.4, 36.9, 24.1, 23.0, 22.8,
22.4, 21.5, 20.0; FAB MS m/z (%) (Mþ) 590.9 (24.1), 371.2 (17.8), 225.1 (38.9),
204.1 (77.2): HRMS m/z (Mþ1

þ1) calcd. for C24H43N6O11 591.2990, found
591.2972.
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SUPPORTING INFORMATION AVAILABLE:

Copies of 1H and 13C NMR spectra for glycopeptide 3.
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