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Correct folding of many glycoproteins, including the influenza
virus coat protein hemagglutinin, requires asparagine-linked
glycosylation.!? The cotranslational® timing of N-linked gly-
cosylation suggests that the carbohydrate may influence protein
folding by altering the local secondary structure of the nascent
polypeptide proximal to the glycosylation site.*® Recent
fluorescence energy transfer experiments reveal that polypeptide
sequences adapted from S-turn regions of hemagglutinin adopt
distinct structures after the covalent carbohydrate modification,
suggesting that N-linked glycosylation triggers a change from
an open conformation to a more compact conformation.® Herein
we present a detailed 2D 'H NMR study of the structures of
the nonglycosylated (1) and glycosylated (2) peptides in water.

1: Ac-Orn-lle-Thr-Pro-Asn-Gly-Thr-Trp-Ala-NH3
2: Ac-Orn-lle-Thr-Pro-Asn (GleNAc)2-Gly-Thr-Trp-Ala-NH3

The structure of these peptides is based on the A282-288
sequence of hemagglutinin.” The spectroscopic studies pre-
sented in this paper reveal that the glycosylation site of peptide
1 adopts the extended Asx-turn conformation® that is important
for N-linked glycosylation. In contrast, glycopeptide 2° exhibits
the compact type I S-turn conformation observed in the final
native protein structure.

Analysis of ROESY spectra and amide proton variable
temperature (VT) coefficients!? reveal different peptide back-
bone conformations at the glycosylation sites of peptides 1 and
2. The NMR data for peptide 1 were consistent with an Asx-
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turn conformation. In this peptide, an Asx-turn conformation
would be characterized by hydrogen-bonding between the
threonine amide proton and the carboxamide carbonyl of the
asparagine side chain.!! NOEs indicative of an Asx-turn are
present in the ROESY spectrum (Figure 1A and Table 1), in
particular dyn(Gly®,Thr’). Furthermore, the low VT coefficient
observed for the Thr’ amide proton (Table 2) is also charac-
teristic of the hydrogen bond found in an Asx-turn. Taken
together, these data support an Asx-turn for this peptide.

Distinct differences between the ROESY spectra of glyco-
peptide 2 and peptide 1 were observed, indicating a change in
the conformation upon glycosylation. The diagnostic dnn(Gly®,
Thr”) NOE crosspeak, indicative of an Asx-turn in nonglyco-
sylated peptide 1, was not observed for peptide 2. Furthermore,
the intensity of the dyn(Asn®,Gly®) crosspeak was considerably
stronger and a substantial decrease in the glycine amide VT
coefficient was observed for peptide 2. The Gly® amide proton,
while solvent exposed in an Asx-turn conformation, is expected
to be protected by the i to i+3 [CO to NH] hydrogen bond
characteristic of a -turn (Table 2). Thus, both the variations
in NOE intensities and amide proton VT coefficients are
consistent with a change from an Asx-turn to a -turn upon
glycosylation (arrows a, b, and ¢ in Figure 1). Although the
Thr” amide proton VT coefficient remained low for peptide 2,
the observed NOEs are inconsistent with an Asx-turn. A
possible explanation for this low VT coefficient is suggested
by the observation of an unusual and strong dna(Gly®,Thr’) NOE
which indicates that the threonine may fold back, thereby
offering some protection of the threonine amide which is
unrelated to the -turn (Figure 2B).

Although the NMR data indicated the presence of a S-turn
in the glycosylated peptide, it was difficult to distinguish
between the topologically similar type I and type II 3-turns using
NOE data alone due to similar interproton distances expected
in the two structures.!? This problem is compounded by the
presence of a proline residue, which lacks an amide proton,
therefore removing the possibility of observing additional,
diagnostic NOEs. However, ideal ¢ (N—Ca) dihedral angles
for the residue at position i+2 in the type I and type II S-turns
are very distinct, being —90° and 90°, respectively.'> A high
3Juna coupling constant should be noted for the type I
structure;!3 a type I S-turn structure is expected to have an
asparagine coupling constant of approximately 8 Hz, while the
type II turn would exhibit a value closer to 5 Hz. The 3Jynq
coupling constant for asparagine in 2 was 9.6 Hz, a value falling
well within the range of the type I ¢-angle as predicted by the
modified Karplus curve. Additionally, two contiguous L-amino
acids (at i+1 and i+2) have a greater propensity to form a type
I turn, since a type II turn requires adoption of backbone dihedral
angles that are energetically unfavorable for L-amino acids.!*

The solution state structures of peptides 1 and 2 were solved
by a simulated annealing procedure,' (also see Supporting
Information) revealing that both peptides are well ordered in
the central region of the sequence that includes the glycosylation
site (Figure 2). For peptide 1, ¢ and y1 dihedral restraints for
threonine calculated from vicinal coupling constants, along with
96 NOE-derived distances obtained from the ROESY experi-
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the simulated annealing experiments using only these data
generated a well-defined backbone at the glycosylation site, the
asparagine side chain was poorly defined which is partially due
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Figure 1. A. Structure of Asx-turn. B. Structure of Type I S-turn.
The Gly amide Thr (from dnn(Gly, Thr)] interproton distance a is
expected to be shorter in an Asx-turn. The Asn amide Gly amide [from
dnn(Asn, Gly)] interproton distance b is expected to be shorter for a
p-turn. The amide protons indicated by the asterisks show reduced
amide proton VT coefficients.

Table 1. Relative Intensities of Diagnostic ROESY Crosspeaks in
the Turn Regions of Peptides 1 and 2

NOE 1 2
a dnn(Gly®, Thr? weak absent
b dnn(Asn?, Gly®) weak strong
c dan(Asn®, Gly%) strong medium
d den(Pro*, Asnd) strong strong

Table 2. Amide Proton Variable Temperature Coefficients
(—AS/AT, ppb/K) of Peptides 1 and 2¢

residue 1 2
Thr 10.2 9.8
Asn 7.0 8.6
Gly 7.8 6.8
Thr 6.2 6.0

4 Data points were taken at 5° increments from 280 to 300 K. (See
Supporting Information for experimental data.)

Figure 2. Backbone superimposition of simulated annealing structures.
A. Overlay of 7/10 structures derived from a simulated annealing pro-
cedure for peptide 1. Residues Asn’ to Thr’ are shown. The asparag-
ine side chain is highlighted in gray. B. Overlay of 5/10 structures for
peptide 2. Residues Thr? to Thr’ are shown, with the asparagine-linked
saccharide highlighted in gray. C. Superimposition of the backbone of
the A284-287 sequence taken from the hemagglutinin crystal structure'®
(in black) with a low-energy structure of glycopeptide 2 (in gray).

to the small number of protons on the side chain. Therefore, it
was desirable to also determine the conformation of the
asparagine side chain. There are three sterically favored side
chain conformations: gauche (+), gauche (—), and trans. A
gauche (+) conformation was ruled out by the unequal
intensities found for the two Asn {3 protons in the o.— ROESY
crosspeak. The Asn 1 restraint was therefore simultaneously
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constrained to the trans and the gauche (—) conformation in a
subsequent simulated annealing procedure. When this constraint
was applied, 9/10 structures generated converged to the trans
side chain rotamer. The backbone and Asn x1 dihedrals for 7
of the 10 structures were similar to the I; Asx-turn model
proposed by Abbadi er al.!!

One hundred nine NOE-derived distance restraints, 22 of
which involved the saccharide, and the asparagine ¢ dihedral
restraint range (—150° to —80°) were included in the simulated
annealing procedure implemented for glycopeptide 2. From this
analysis, 5/10 structures exhibited dihedral angles typical of a
type I B-turn. The remaining structures had aberrant proline
y-angles which was both unsurprising and unavoidable, given
the lack of NOE data for proline. The strong NOE dyn (Pro®,
Asn’®) was assigned a restraint of 1—5 A and resulted in a
distance of 3.6 A for all structures. This distance is consistent
with a type I turn (the corresponding distance in a type II turn
would be 2.2 A); additionally, the dihedral angles are close to
those predicted for a type I turn (see Supporting Information).

The NMR analysis of glycopeptide 2 reveals no significant
evidence of specific interactions between the peptide and the
carbohydrate. Only three very weak NOE interactions between
the carbohydrate and the side chain of Trp® were observed.
These weak NOEs may be due to the large relative size of the
indole moiety and are unlikely to reflect a specific peptide
carbohydrate interaction. Notably, isoleucine is found at this
position in the native hemagglutinin sequence. Therefore, it is
likely that the conformational change observed for the glyco-
peptide results from either a steric effect in which the carbo-
hydrate alters the conformational space available to the peptide
or from a modulation of the local water structure that influences
the environment that the peptide experiences.

This NMR analysis demonstrates that asparagine-linked
glycosylation induces a change in the backbone conformation
of a small peptide in aqueous solution. Whereas the nonglycosyl-
ated peptide adopts an Asx-turn conformation, the -turn confor-
mation favored after glycosylation is similar to that found in
the final folded native protein hemagglutinin (Figure 2C).!¢ In
fact, glycosylation sites are frequently found at S-turns in native
proteins.!” Thus, the cotranslational carbohydrate modification
may alter the conformational space available to the nascent pep-
tide such that the adoption of a small secondary structural ele-

ment is favored which may facilitate subsequent folding events.
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