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Abstract: The conformational properties of the homo oligomers of increasing chain length Boc-(Asn),-NHMe (n = 2, 4, 5), (GlcNAc-
B-Asn),-NHMe (n =2, 4, 5, 8 and Boc-[GIcNAc(Ac)s-B-Asn],-NHMe (n = 2, 4, 5) were studied by using NOE experiments and
molecular dynamic calculations (MD). Sequential NOEs and medium range NOEs, including (i,i+2) interactions, were detected by
ROESY experiments and quantified. The calculated inter-proton distances are longer than those characteristic of g-turn secondary
structures. Owing to the large conformational motions expected for linear peptides, MD simulations were performed without NMR
constraints, with explicit water and by applying different treatments of the electrostatic interactions. In agreement with the NOE
results, the simulations showed, for all peptides, the presence of both folded and unfolded structures. The existence of significant
populations of 8-turn structures can be excluded for all the examined compounds, but two families of structures were more often
recognized. The first one with sinusoidal or S-shaped forms, and another family of large turns together with some more extended
conformations. Only the glycosylated pentapeptide shows in vacuo a large amount of structures with helical shaped form. The
results achieved in water and in DMSO are compared and discussed, together with the effect of the glycosylation. Copyright ©
2005 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Despite the fact that glycosylation of proteins repre-
sents one of the most significant post-translational
events and is involved in important biological processes,
such as cellular and molecular recognition, intercellu-
lar communication, cell control and growth [1-6], the
consequences of glycosylation on the conformation and
molecular properties of proteins are not yet fully under-
stood [3-6]. Glycans intervene in protein folding during
their biosynthesis, stabilize their biologically active con-
formation and display important functions in many
other biological processes, but many questions on the
role of glycoconjugate glycans are still open [4-6]. Small
linear [7-13] and cyclic [14-16] glycosylated peptides
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have been used as model systems to study the effects
of the sugar moieties on peptide conformation.

NMR spectroscopy, in particular through NOE
experiments [17], can provide direct evidence for
sugar—peptide local interaction and for peptide back-
bone conformational preference. The main difficulty in
these studies is imputable to the high flexibility of small
peptides, which generally adopt many conformations
in solution. Furthermore, the detection of hydrogen
bonds in the solvents used, H,O or DMSO, is very
difficult.

More detailed investigations have been carried out
on N-glycoproteins in comparison with O-glycoproteins.
NMR studies have shown that N-glycosylation drasti-
cally affects the peptide conformation in linear peptides
[7], but no change in the backbone conformation of
a cyclic hexapeptide was observed upon glycosylation
[14,15]. Asparagine has a unique conformational prop-
erty due to the possible side chain-backbone hydro-
gen bond formation, which allows the formation of a
10-member ring (Asn-turn) [18] similar to a g-turn
structure [19]. A 7-member ring similar to a y-turn
can also occur [20]. Ten-member rings and type I or
type II B-turns were more frequently found in pro-
teins, mainly localized at the folding sites of the peptide
backbone. The ability of asparagine to adopt posi-
tive values for ® angles, analogous to p-proline [21]
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results in a relative stabilization of the ‘mirror image’
B-turns (type I' and type II'). The L-Asn-Gly segment
was in fact identified as a potential S-sheet promoter,
because it can be involved in a type I' conformation
and was then successfully used to nucleate g-hairpin
formation [22-24]. The high propensity of asparagine
to adopt turn-type structures has been suggested to
explain its unique reactivity to the glycosylation reac-
tion [8].

In order to study the conformational properties
of natural glycosylated homopolymers, three series
of asparagine-oligopeptides were synthesized [25]:
the carbohydrate-free peptides (series 1), the mono-
acetylated glycopeptides (series 2) and the fully acety-
lated glycopeptides (series 3). The results of the IR and
CD experiments [25] suggested the presence of turn-
type structures for the carbohydrate-free peptides and
for the fully acetylated glycopeptides, while ambigu-
ous results were obtained for the series 2 peptides.
A conformational study on selected compounds of the
three series was performed by using NMR spectroscopy
(NOE experiments) and molecular dynamics calcula-
tions.

1 Boc-(Asn),— NHMe

2 Boc-(GlcNAc-B-Asn),— NHMe

3 Boc-[GlcNAc(Ac)s-B-Asn],— NHMe
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Scheme 1
(R = COMe).
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RESULTS AND DISCUSSION

Assignment of Proton Resonances and H,H Coupling
Constants

The sequential assignments in the peptide backbones
were performed following the known strategy for
protein structure [19]. The procedure was established
using a series of TOCSY and NOESY experiments
in DMSO and in deuterated and non-deuterated
water; the ambiguities were resolved by acquiring
spectra at different temperatures and different pH
values. Starting from the NHMe signals of the C-
terminal end, and following the NH-NH and «H-NH
(i,i+ 1)NOE interactions, all protons were assigned for
the dipeptides and tetrapeptides. Some resonances of
the inner residues of the other oligomers are overlapped.
The data for the peptides of series 1 and 2 in water
solution are reported in Table 1.

The resonances of the sugar moieties were completely
assigned only for the dipeptide of series 2. The proton
signals are well separated for each sugar ring, except
for 4-H and 5-H and all the coupling constants, except
for J(4',5'), can be obtained by 1st order analysis. In
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(@) Non-glycosylated tetrapeptide (series 1) (b) Schematic representation of the peptides of series 2 (R=H) and 3
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Table 1 Assignments of the Proton Resonance for the Peptide
Fragment of Asn-oligopeptides of Series 1 and 22

1(n=2) 2(n=2)

NH oH  ppH NH oH  pgH

Asnl 7.33 4.50 2.87, 2.82 7.29 4.45 2.72, 2.80
Asn2 8.68 4.74 2.87, 2.82 8.58 4.66 2.72, 2.80
NHMe 8.03 7.94
1(n=4) 2 (n=4)

Asnl 7.23 4.45 2.95, 2.75 7.17  4.42 2.85,2.70
Asn2 8.67 4.70 2.85, 2.75 8.56 4.67 b
Asn3 8.65 4.70 2.85, 2.75 8.53 4.67 2.75,2.75
Asn4 8.47 4.62 2.95, 2.93 8.41 4.59 2.80, 2.80
NHMe 7.95 7.83

1(n=>5) 2 (n=>5) 2(n=29)

NH oH¢ NH oH4 NH oHe
Asnl 7.22 453 7.15 4.44 Asnl 7.20 4.48
Asn2 8.73 478 860 472 Asn2 860 4.69
Asn3 8.61 4.78 851 4.72 Asn3,4,5 855  4.69
Asn4 8.64 4.78 851 472 Asn6 850 4.69
Asn5 8.50 4.72 840 462 Asn7 872 @ 4.69
NHMe 7.95 7.85 Asn8 845  4.62

NHMe 7.88

2 Spectra measured in ppm (§) from external DSS reference.
Solvent HoO: D20 (9: 1), pH 6.0-6.7, temperature 5°C unless
otherwise specified. 8 and B’ stand for low and up-field,
respectively. Boc methyl protons lie at 1.43-1.46 ppm and the
terminal NMe protons lie at 2.72-2.76 ppm for all oligomers.
The geminal protons of y-NHjy groups lie at 7.03-7.06 and at
7.75-7.79 ppm for all oligomers.

b Not detected.

¢ g and B’ protons lie at 3.00 for Asnl, 2.85, 2.78 for Asn5 and
2.80, 2.79 for the others.

d8 and g’ protons at 2.81, 2.70 for Asnl, 2.81, 2.77 for Asn5
and 2.77 for the others.

¢ B and p’ protons at 2.85, 2.68 for Asnl, 2.85, 2.79 for Asn8
and 2.79 for the others.

the case of the other oligomers, the proton resonances
on each glucose ring are very close and only the protons
of the terminal residues can be distinguished. The 1’-H
and 1’-NH resonances were detected for all residues
of the tetrapeptide of series 2. Although not assigned,
they are enough separated to allow the measurement
of the most significant coupling constants, i.e. J(1’,2')
and J(1’,NH1’), which were used to obtain information
about the geometry at the glycosidic bond. The coupling
constants values for the di- and the tetrapeptide of
series 2 are reported in Table 2. The sugar protons
of the penta and octapeptide of the same series are
overlapped except for the 1'-H resonances, as occurs
for the 4-mer. This allowed J(1',2") to be measured,
which for all units was in the range 9.8-10.0 Hz. The
coupling constant J(1’,NH1') (8.8 Hz) was measured for
the pentapeptide Asn 5 unit only.

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

Table 2 Chemical Shift and Coupling Constant Values for
the Sugar Moieties of the Dipeptide and the Tetrapeptide of
Series 22

2(n=2)

Shift2 Asnl Asn2 J(H, H)P

1'-H 5.03¢ 5.07¢ J,2) 9.8
2-H 3.81 3.81 J@.,3) 10.0
3-H 3.60d 3.614 J@.4) 85
4'-H, 5'-H 3.48-3.58 3.48-3.58 J(5.6) 2.0
6-H 3.87 3.87 J(B'.6") 4.9
6’-H 3.75 3.75 Je',6”) 12.0
1’-NH 8.82¢ 8.80° J(1’,NH1) 9.0
2'-NH 8.32 8.35 J(2'.NH2) 9.2
NCOMe 2.02 2.02

2(n=4)

Shift? J(]’,z’)d
1-H 5.09, 5.07, 5.06, 5.054 9.8

2'-H 3.84-3.79 9.6

3'-H 3.78-3.73 9.8

4'-H, 5'-H 3.54-3.46 10.0

6'-H 3.86-3.90

1’-NH 8.72f, 8.798, 8.77h J(1’,NH1")¢
2/-NH 8.29-8.32 9.0

2 Measured in ppm (§) from external DSS reference; solvent
D20, 22°C, pH 8.9. NH data were obtained in HoO: D20 (9: 1),
5°C, pH 6.7. Js were measured in Hz by 1D experiments,
estimated accuracy +0.1 Hz.

P The values are the same for all the sugar units.

¢ Assigned by the NOE interaction with the Boc methyl protons.
The scalar interaction with 1’-NH could not be used because
1’-H protons lie under the water peak and in DoO the NH
signals are not visible. 1’-H protons were thus related through
TOCSY to the other protons, for each sugar ring.

dThe separation is not sufficient for the assignment, but
allowed to measure the coupling constants.

€ Assigned by NOE interactions with «H of the same residue,
as the vicinal SH of all units are coincident.

fAsnl.

& Asn4.

h Asn2 and Asn3.

The proton coupling constants of the peptide
backbone, J(H«,NH) are good indicators for the
dimension of the dihedral angles CO-N-Ca-CO = &
[19]. The J values obtained (Table 3) were in the
range 7.2-8.5 Hz, as normally found in linear peptides.
In the case of the glycopeptides of series 2 (n =4,
5, 8), the inner residues showed values (7.2-7.6 Hz)
slightly lower than the terminal ones (8.0 Hz) which
were similar to those found for the dipeptide of
the same series. However, the Js did not show the
alternating values, typical of g-turn structure [19], but
rather indicate a conformational averaging due to the
high flexibility of the molecules. The values for the
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Table 3 Coupling Constant Values for the Backbone of the
Peptides 1 and 22

J(aH, 2-mer 4-mer 5-mer 8-mer
NH)

DMSO HsO HO0 DMSO DMSO H;O H0

1 2 2 1 2 1 2 1 2 2
Asnl 7.4 80 80 7.8 80 7.2 80 8.2 8.4 8.0
Asn2 8.2 9.0 83 7.4 7.4 72 P 75 74 7.5
Asn3 74 76 7.8 7.5 7.3 7.2 b
Asn4 7.8 7.8 80 80 7.5 7.2 b

@Measured in Hz by 1D experiments and without pre-
saturation of water signal. Estimated accuracy +0.1 Hz. In
DMSO at 22°C, in H9O at 5°C and pH 6.0-6.1.

b Not detected for partial overlapping with other signals.

carbohydrate-free compounds (series 1, n=2, 4, 5)
were similar, although their spectra were broader.

The cis-trans stereoisomers at the terminal amide
bonds of the dipeptides of the series 1 and 2 can
be easily quantified by simple integration of the well-
separated NH peaks. The inter-conversion process is
slow with respect to the NMR time scale, and the
resonances can be correlated by NOE-exchange peaks.
The most abundant isomer (85%-90%) must have the
most stable trans configuration [26]. For the inner
amide bond, a small amount of the cis isomer was
present, but it could not be quantified. In the case
of tetra- and pentapeptides, the ratio of cis-trans
stereoisomers at the amide bonds can be measured
only for Asnl (trans isomer 80%). Owing to their low
solubility in water the fully acetylated peptides (series
3) were measured in TFE-H;O mixture and gave similar
results (data not reported).

NOE Experiments

Dipeptides and tetrapeptides of series 1, 2 and 3.
The conformational study of the dimeric species was
a basis for the analysis of the other homo-oligomers.
Two solvents, DMSO and water, were used for the
NOE experiments. Intra-residue and sequential NOE
interactions involving «H, BH and NH protons were
detected, in both solvents, in the glycosylated and in
the non-glycosylated peptides. The strong sequential
N,N and «,N interactions suggest [19] the presence of
folded structures, which seems to be strengthened by
the finding of an (i,i+ 2)o,N NOE between «H and NH
protons of the two last units at the C-terminal ends.
The same results and specifically the same (i,i + 2) NOE
interactions were found in TFE-H,O mixture for the
fully acetylated peptides (series 3), whereas for the
non-glycosylated compounds (series 1), this interaction
was detected in DMSO and not in water. An example of
ROESY spectrum is reported in Figure 1.

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 1 2D ROESY spectrum of the glycosylated tetrapep-
tide 2 (n =4) in HoO: D20 (9:1) at 5°C pH 6.2.

For the tetrapeptides of the three series no interac-
tions (zero NOE) were found between protons of Asnl
and Asn3, whereas NOE contacts of Boc-methyl pro-
tons with NH and «H of Asnl and Asn2 were always
detected. Other weaker (i,i + 2) interactions, found only
by NOESY experiments for the glycosylated 4-mer, i.e.
2N,4N and 3N,5N, were affected by spin diffusion, as
shown by experiments with different mixing times, from
50 to 300 ms, and confirmed by MD calculations. Only
three of the 22 structures derived from MD calcula-
tions, presented corresponding distances shorter than
5A.

The quantification of the NOE results is a neces-
sary step for conformational analysis; consequently the
inter-proton distances were derived from the experi-
mental volumes. The data for the tetrapeptides of series
1 and 2 are given in Table 4. The distances for the
compounds of series 1 are not reported; although their
solubility in water is low, the values for the intra-
residue and the sequential interactions were similar
to those obtained in DMSO, but the (i,i + 2) interactions
were not detected. The data for the dipeptides are not
reported, but they are available upon request.

The results showed that the (i,i+ 1) dyy and the
(i,i+2) d,n distances were longer than those typical
of B-turns [19]. In particular the (i,i+2) «,N were
4.3-4.5 A instead of 3.6 A, and for the tetrapeptides the
alternating intensities of the sequential interactions,
generally required for g turn structures [19], were not

J. Peptide Sci. 11: 452-462 (2005)
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Table 4 Inter-proton Distances (A) for the Tetrapeptides 1
and 2 (n = 4), obtained from the Experimental NOEs?

Peptide segment

Intra-residue 1P 2b 2c
distance (A)

Sequential 1b 2P 2¢
distance (A)

AsnleH...NH 3.1 3.1 3.5 INH...2NH 3.2 3.2 3.2
Asn2«¢H...NH 2.6 3.0 3.0 2NH...3NH W W W
Asn3eH...NH 2.3 2.2 2.7 3NH...4NH 32 w w
Asnd4aH...NH 2.6 2.4 2.7 4NH...5NH 3.0 3.2 3.5

3.6 3.6

AsnlgH...NH 2.6 2.6 md leH...2NH 3.2
Asnlf/H...NH 3.7 3.7 m% 2¢H...3NH m® s¢ s
Asn4BH...NH 2.6 2.7 s¢ 3aH...4NH m¢ s¢ s€
Asn4f'H...NH 3.7 3.6 sd 4qH...5NH 3.1 2.8 3.0

Medium range Sugar-peptide

Distance (A) 1> 2P 2c Distance (A) 2P 2¢

3«H...5NH 47 m® 4.5 AsnlNHI'...NH w 4.5
2NH...5NHf P ww " AsnINHY!'...oH w 4.7
leH....3NH zero NOE  Asn4NH1'...NH w w
BocMe...INH 3.4 3.6 3.7 Asn4NHI1'...oH w 4.5

BocMe...2NH 4.0 3.8 4.0 Boc-Me...1H-1’ 3.5¢ 3.5
BocMe...laH 3.6 3.4 3.4 Boc-Me...1NH1’ ww! 4.8!
BocMe...20H w w w Boc-Me...1NH2' w! 4.2
BocMe...3NH w w h Boc-Me...1NH2 w wi

2The NOEs were measured by ROESY experiments and
converted in distances by using Felix software and referenced
to the known distance (2.5 A) between NH and CHs protons
of the C-terminal end. For the volumes that could not
be measured the distances were estimated as follows: s =
2.5-3.0A, m=3.0-4.0 A, w=4.0-5.0 A, ww = 5.0-5.5 A. The
«a, B interactions were detected but not reported, g and g’
stand for low and up-field, respectively. Sugar-free peptide 1,
although poorly soluble in water showed intra-residue and
sequential NOEs as in DMSO but the 3«¢H...5NH was not
detected.

b In DMSO at 22°C.

¢In HoO-D20O (9:1) at 5°C, pH 6.2.

d 8 and g’ protons are overlapped.

¢ Estimated value, because the signal is partially overlapped
by the intra «,N cross-peak.

fDetected only for 2 at —20°C in DMSO:CDCl3 (1:1) by
NOESY.

€Overlapped by the sequential 4«,5N, but detected (w) at
—20°C as in (f).

h Not detected.

IThe signals for all the residues lie together: a single cross-peak
was detected, which is assumed to belong to Asnl.

J Presumed intra-residue interaction, as the signal for all the
residues lie together.

found. Actually the NOE data must be considered as
an average of the interactions occurring for many con-
formations, and the amount of unfolded conformations
might be relevant in the case of linear peptides.

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

Most of the sugar—sugar and sugar—peptide interac-
tions, such as those between 1-NH and BB’'H within
the same residue, are obvious but other NOE con-
tacts gave information about the glycosydic bonds and
the orientation of the sugar moieties with respect to
the peptide backbone. As expected, both glucose rings
adopt the most stable chair *C; conformation, with all
protons in axial orientation. This was easily deduced
from the high value (9-10 Hz) of the coupling con-
stants involving the protons on the ring, reported in
Table 2. J(4/,5') was missing, but the orientation of
5-H followed from the S configuration of C-5" in the
glucose moiety. The geometry at the glycosidic bonds
was deduced from the 9.8 Hz value of J(1',2"), which
confirms the g configuration at C-1'. The orientation
of the glucose moieties was obtained from the value
of J(1',NH1") and from the NOE interaction between
1’-NH and 2’-NH. The value of the coupling constants
(9.0 Hz) indicated values of + (150°-180°) for the dihe-
dral angles H(1)-C(1)-N(1')-H = 0, which correspond
to O-C(1)-N(1")-CO angles in the range from —80° to
—140°. Small 6 values of 20°-30°, also consistent with
the coupling constants, are not allowed because of the
steric hindrance.

Pentapeptides of series 1 and 2 and octapepftide
of series 2. For these peptides, the resonances of
some inner residues are either overlapped or have too
close chemical shifts. However, four N,N and four «,N
sequential interactions, together with the (i,i + 2) 4«,6N,
were found for the pentapeptides (Table 5). NOEs
between Boc-methyl protons and the two proximal Asn
residues were also detected. The intensities of the 4«,6N
cross-peaks are very low in the case of the glycosylated
peptide, in both DMSO and water and correspond
to distance values of 5.0-5.5 A. The non-glycosylated
peptide is almost insoluble in water, but in DMSO
the 4«,6N interaction was stronger than that of the
glycosylated partner, corresponding to distance values
of 4.0-5.0 A. As occurs for tetrapeptides, zero NOEs
between protons of Asnl and Asn3 at the N-terminal
end were also found. Owing to the NMR signals being
too broad, the fully acetylated pentapeptide of series 3
was not analysed.

Six sequential interactions were found for the
glycosylated octapeptide, together with a very weak
cross-peak between 7NH and 9NH, corresponding to
distance values of 5.0-5.5A. Zero NOEs were also
found between protons of Asnl and Asn3, as well as
the expected NOEs of Boc protons with Asnl. For this
peptide, good spectra were obtained in water, but not
in DMSO, and only with NOESY experiments. The data
are not reported.

Chemical Shift Variation with Temperature

The chemical shift values show a general shielding
effect in DMSO in comparison with water; Ag: peptide

J. Peptide Sci. 11: 452-462 (2005)
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Table 5 NOE Interactions for Pentapeptides 1 and 2 (n = 5) Obtained from Experimental NOE Interactions?®
Peptide segment
Intra-residue NOE 1P 2P 2°¢ Sequential NOE 1P 2b 2°¢
AsnloH...NH 2.5-3.0 2.5-3.0 1NH...2NH 3.0-4.0 4.0-5.0
Asn2oH...NH 3.0-4.0f 3.0-4.0 2NH...3NH d 4.0-5.0°
Asn3eH...NH 3.0-4.0f 3.0-4.0¢ 3NH...4NH 4.0-5.0 d d
Asn4oH...NH 3.0-4.0 3.0-4.08 4NH...5NH d 4.0-5.0
Asn5eH...NH 2.5-3.0 3.0-4.0 5NH...6NH 3.0-4.0 3.0-4.0
AsnlpH...NH 3.0-4.0 3.0-4.0 laH...2NH 2.5-3.0 3.0-4.0
Asnlg'H...NH 4.0-5.0 3.0-4.0 2aH...3NH 3.0-4.0" 3.0-4.0
Asn58H....NH 3.0-4.0 3.0-4.0 4oH...5NH 3.0-4.0 3.0-4.0
Asnbp'H...NH 3.0-4.0 3.0-4.0 5a¢H...6NH 3.0-4.0 3.0-4.0
Medium range NOE 1P 2P 2¢ Sugar-peptide 2¢
4aH....6NH 4.0-5.0 5.0-5.5 BocMe. .. INH1' 4.0-5.0!
leH....3NH zero NOE BocMe. .. 1INH2' 4.0-5.0!
Boc-Me... INH 4.0-5.0 4.0-5.0 3.0-4.0 Melk. . .NH 5.0-5.5
Boc-Me. .. 1Ha 4.0-5.0 4.0-5.0 5Mel. . .6NH 4.0-5.0
Boc-Me...2NH 5.0-5.5 5.0-5.5 Melk, . .NH1 4.0-5.0
Boc-Me...2«0H 4.0-5.0 5.0-5.5 4.0-5.0 5NH1’...6NH 5.0-5.5

a8 Measured by ROESY experiments. The volumes could not be measured by Felix program, thus the distances were estimated as
in note (a) of Table 3. The «,B interactions were detected but not reported. 8 and g’ stand for low and up-field, respectively.

b In DMSO at 22°C.

¢In HoO:D20 (9:1), at 5°C, pH 6.7.

dNot detected.

¢Very close to the diagonal.

f24H and 3«H are partially overlapped.

&The cross-peaks are overlapped.

h partially overlapped by 3«H . ..3NH cross-peak.

I Presumed with the vicinal Asnl, as the signals of NH1’ and respectively NH2' lie together for all the residues.

J Methyl protons of NHCOMe group at C-2'.
K Intra-residue interaction.

NH 0.4-0.5 ppm, «H and gH 0.2-0.3 ppm, 1’-NH and
2'-NH 0.6 ppm. Actually, solvents which can act as H-
donors, like water, might shift the NMR signals of the
neighbouring protons to a lower field via protonation
of the carbonyl oxygen. IR absorption measurements in
the solid state suggested [25] the presence of weak
intra-molecular hydrogen bonds. The identification
of hydrogen bonds in DMSO or H;O solution is
very difficult. Although variable temperature NMR
measurements in DMSO are extensively used to study
peptides and proteins [10,11,18,27] the experimental
errors are always high and the obtained results must
be taken with caution. These experiments allowed the
determination of the temperature coefficients for the
exchangeable NH protons of peptides of series 1 and 2
(n=2, 4, 5) (Table 6). According to the literature data,
values of —AS§/AT x 103 ppb/K below 3 are consistent
with intra-molecular hydrogen-bonding, while values of
5, or greater, are typical of hydrogen-bonding to the
solvent. For instance in the case of the tripeptide Bz-
Asn-Leu-Thr, a coefficient value, —AS§/AT of 3.2 ppb/K
is reported for Thr NH as consistent with the Asx-
turn structure [10]. Therefore, the values of 2.5-3.2
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Table 6 Temperature Dependence of the NH Protons
Chemical Shift (ppb/K) for Peptides 1 and 2 (n = 2, 4, 5)?

—A8/AT (DMSO)

2-mer 4-mer 5-mer

1 2 1 2 2
Asn1NH 4.4 5.0 5.0 3.5 5.0
Asn2NH 3.2 3.6 4.7 3.2 b
Asn3NH b 3.0 4.4 4.6
Asn4NH 3.1 3.0
Asn5NH 2.5 3.2 4.0
Asn6NH 3.5
NH-1’ 5.0, 5.3 4.8 b

2 Measured in 5° increments over the temperature range 283
to 320 K.
P Not detected.

pprb/K, found for the terminal NHMe of the dipeptide
2, for the NH protons of Asp4 and for the terminal
NHMe of the tetrapeptides of both series 1 and 2,
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should suggest that these NH protons are more solvent-
protected than the others, and thus a number of folded
conformations with intra-molecular hydrogen-bonding
might be in equilibrium with the non-hydrogen-bonded
forms. If compared with these values, those obtained for
the NH protons of the two units at the N-terminal end
of the glycosylated pentapeptide, 3.5 and 4.0 ppb/K,
suggest more open conformations.

MD Simulations
Because of the large conformational motions expected

for these peptides, MD simulations were performed

Table 7 Data Obtained by MD Simulations Performed in
vacuo (¢ = 1), with a Distance-dependent Relative Permittivity
(¢ = 4) and with Explicit Water

e=1 e=4 HsO
Dipeptide 1
Average dy.c (A2 5.1 5.1 4.8
a.a. deviationP 0.24 0.29 0.13
Average dj, 3y (A)° 4.1 4.4 5.3
RMS? 1.3 0.5 0.5
Dipeptide 2
Average dy.c (&) 5.0 5.2 4.7
a.a. deviation 0.31 0.36 0.20
Average dj4 3N A) 4.3 4.3 5.9
RMS 1.1 0.9 0.7
Tetrapeptide 1
Average dy.c (&) 9.0 7.1 7.9
a.a. deviation 1.39 1.34 0.45
Average ds, sy (A) 5.0 4.9 5.2
RMS 1.4 1.3 0.4
Tetrapeptide 2
Average dy.c (A) 9.8 9.1 8.7
a.a. deviation 0.93 1.45 0.86
Average dz, sy (A) 4.5 4.4 4.3
RMS 1.1 1.0 0.4
Pentapeptide 1
Average dy.c (&) 9.2 8.5 10.8
a.a. deviation 1.76 1.89 1.17
Average da, 6N (A) 4.5 5.4 4.7
RMS 1.0 1.1 0.7
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Table 7 (Continued)

e=1 e=4 H20O
Pentapeptide 2
Average dy.c (A) 8.5 10.5 13.0
a.a. deviation 1.23 1.42 0.55
Average daq.en (A) 4.6 5.0 5.6
RMS 1.2 1.2 0.3
Octapeptide 2
Average dy.c (&) 10.1 e 14.2
a.a. deviation 3.40 1.18
Average d7n.9n (A) 4.8 5.0
RMS 1.1 0.4

2 Arithmetic average of the distances between the nitrogen
of Asnl and the carbonyl carbon atom of the last Asn unit.
In the all-extended conformation this distance is 6.1 A for
the dipeptides, 13.0 A for the tetrapeptides, 17.4 A for the
pentapeptides and 27.9 A for the octapeptide.

b Absolute average deviation, i.e. average of the absolute
deviations from the average d c.

¢ Arithmetic average of the (i,i+ 2) distances between «H and
NH protons.

dThe RMS deviation was calculated from an average structure
derived from those obtained by MD simulations.

¢ Not performed.

without experimental constraints [28]. To investigate
the behaviour of these molecules in solution, different
treatments of the electrostatic interactions were applied
by using a dielectric constant ¢ of 1, a distant-
dependent dielectric constant of 4, which should mimic
the solution in DMSO, and simulations with explicit
water. A set of 22 minimized structures of comparable
energies was obtained for each run.

In order to analyse the results, for each structure, the
distances dy ¢ between the nitrogen of Asnl and the car-
bonyl carbon atom of the last Asn unit were considered
first, and these values were compared with those of the
all-extended conformation. The average values of dyc
obtained from the simulations are reported in Table 7.
In order to assess the reliability of the MD results,
the sets of the calculated conformations must be com-
pared with the NMR data, and the most important NMR
parameters to do it are the (i,i + 2) NOE interactions.
The NOE data, converted in distances, were thus com-
pared with the corresponding average distances di, sn,
dsusn, dawen and dzyon, obtained from the simulations
for the 2-mer, 4-mer, 5-mer and 8-mer, respectively.

The dipeptides of series 1 and 2 gave similar
results (Table 7). Two families can be recognized in
the ensembles of structures obtained with ¢ =1 and
4; one is formed by large turns, the other displays S-
shaped forms, but some extended structures are also
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Figure 2 Ensembles of structures from the MD simulations of the glycosylated tetrapeptide 2 (n = 4); (a) (b) and (c) backbone
profile, with (a) ¢ = 4, (b) with explicit water; (c) the same ensemble as in (b) with the Boc groups and the sugar moieties.

(b)

Figure 3 Ensembles of structures (backbone profile only) from the MD simulations of the tetrapeptide 1 (n = 4); (a) with ¢ = 4;

(b) with explicit water.

present. The average d,sy values are 4.1-4.4 A, in
agreement with the experimental values of 4.3 A found
in DMSO. The structures derived from the simulations
with explicit water can instead be grouped in a single
family of large turns, with dj, sy of 5.3 and 5.9 A,
values in line with the NOE results, i.e. zero NOE
for the dipeptide of series 1 and 5.0-5.5A for the
glycosylated partner 2. The figures for the simulations
of the dipeptides are not reported, but are available.

Tetrapeplides. The structures of the tetrapeptides
of series 1 and 2 derived from the simulation
with explicit water appear slightly more closed than
those obtained in vacuo, as follows from the average
dyc values reported in Table 7. The ensembles are
always more ordered in water, with the backbones

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

well superimposed, as appears from the RMS = 0.4.
The glycosylated tetramer presents sinusoidal shape
conformations, while the non-glycosylated partner
shows predominantly large turns (Figures 2 and 3).
The comparison with the NOE data shows that almost
all the structures derived from the MD simulations dis-
play distances between 3Ho and 5NH protons within
45A (average ds, sy between 4.3 and 5.0 A), in agree-
ment with the (i,i + 2) NOE interaction. For the non-
glycosylated peptide in water this distance is slightly
longer (5.2 A), but in line with the experimental results.
The distances between protons of Asnl and Asn3 are in
agreement with the zero NOEs found for both tetramers,
and the NOE interactions between Boc and backbone
protons are compatible with the distances obtained
from the large amount of the simulated structures.
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Figure 4 Ensemble of structures (backbone profile only) from the MD simulations of (a) the pentapeptide 1 (n = 5) with explicit
water; (b,c) the glycosylated pentapeptide 2 (n = 5) with (b) ¢ = 1 and (c) with explicit water.

The 22 conformations of the glycosylated tetrapep-
tide, obtained from MD calculations with explicit water
(Figure 2c), show the mobility of the sugar moieties. The
glucose rings can rotate around the C(1')-N(1’) bonds.
The values of the coupling constants J(1’,NH1’) found
for all the units allow a range of values for the angle
O-C(1)-N(1")-CO, from —80° to —140°, which are in
line with the simulation results.

Pentapeptides and octapeptide. The simulations of
both pentapeptides of series 1 and 2, with ¢ =1 and
4 are quite disordered (RMS = 1.1 and 1.2). However,
two families of structures can be recognized in the
ensemble of the glycosylated peptide obtained with ¢ =
1 (Figure 4b). The most abundant family surprisingly
shows helical shape conformations, the less abundant
one, S-shaped forms. With the other simulations no
helical structures were recognized, as well as with
those performed for the sugar-free peptide. With ¢ = 4,
for both peptides the structures appear as large turns
or with S-shaped forms and the ensembles, though
disordered, gave average d4,en values (5.4 and 5.0 A)
and d,, sy in agreement with the experimental NOE data
in DMSO (5.0-5.5 A and zero NOE, respectively).

The simulations with water (Figure 4a and 4c) show
some interesting results: the ensembles are very
ordered, as was observed for dimers and tetramers, but
the conformations are more extended than in vacuo, and
also with respect to ¢ = 4, especially in the case of the
glycosylated peptide, which has an average dy ¢ of 13 A
(for all-extended conformation it is 17.4 A). This is also
reflected in the average distance d4, en = 5.6 A, which is
in agreement with the value (5.0-5.5 A) obtained from
NOE experiments. For the sugar-free peptide this NOE
interaction was not detected in water. The behaviour
of the glycosylated pentapeptide in water is in contrast
with the trend observed for the other peptides. Table 7
and Figure 4 show that the RMS values are low in water
and the backbones very well superimposed, while the
fluttering of the C-terminal end is more pronounced
for the carbohydrate-free pentapeptide. The zero NOEs
found between protons of Asnl and Asn3 are in line
with the models.

The simulations of the glycosylated octapeptide of
series 2 were performed in vacuo and with explicit
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Figure 5 Ensemble of structures (backbone profile only)
from the MD simulations of the octapeptide 2 (n = 8) with
explicit water.

water. Only one of the five families of structures
recognized in vacuo is enough extended. The others
are folded but not helical shaped. The ensemble of
structures obtained with water (Figure 5) is quite
ordered and presents a slight folding at the C-terminal
end. Although only few experimental data are available,
the weak (i,i + 2) NOE interaction found between 7NH
and 9NH confirms the folding of the C-terminal end
toward the inner of the curve (average dzyon value from
the simulations 5.0 A).

CONCLUSIONS

The results of the NOE experiments and MD simula-
tions without constraints show that, beside the g-turn
secondary structures, many conformations are compat-
ible with the presence of sequential NOE interactions
and with the medium range (i,i +2) «,N. The ROESY
cross-peak intensities depend on the distance between
the two involved protons, as well as by the molecule
mobility, and it was important to compare the NOE
experimental data and the MD simulations without
NOE constraints.

The NOE interactions showed that the inter-proton
distances obtained from the experimental data are
longer than those characteristic of type I and type II
B-turn forms [19]. For instance, the (i,i +2) d,n were
found in the range 4.3-5.5 A, compared with 3.6 A, a
value typical for g-turns. Consequently, a significant
population of S-turns structures can be excluded for
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all compounds which can be realistically depicted
by ensembles of folded and unfolded conformations,
especially in DMSO solution. This is confirmed by the
simulations with dielectric constants, ¢ =1 and ¢ = 4,
which mimic the situation in vacuo and in DMSO
solution, respectively. The ensembles of structures
obtained with explicit water, especially those of the
glycosylated peptides, are generally more ordered. The
dimers’ and tetramers’ structures are more closed in
water than in vacuo, whereas the opposite is true for
the penta and octapeptides, also with respect to ¢ = 4.

The two conformation families more often recognized
were either one with sinusoidal or S-shaped forms,
or another one of large turns. Only the glycosylated
pentapeptide shows in vacuo a large amount of helical
structures (>60%). No helical shaped structures were
found in water, not even with other simulations,
including those of the octapeptide.

The calculated (i,i + 2) d, n, average distances, involv-
ing the protons of the C-terminal units are in agreement
with the values obtained from the corresponding NOE
data. The fluttering of the C-terminal end is common to
all compounds, as well as the folding toward the inner
of the turn, which is more evident for the dipeptides
and tetrapeptides, and is in part due to the presence
of the methyl group. The temperature coefficient values
calculated for the terminal NH protons of 2-mers and
4-mers, suggest that they are more solvent protected,
and are in line with the above finding. The N-terminal
end is in general more extended, in line with the zero
NOESs found between protons of Asnl and Asn3.

The experimental data indicate that, in the case of
dipeptides and tetrapeptides, the sugar moieties do
not induce relevant conformational changes, especially
in DMSO solution. For the glycosylated pentapeptide,
the intensities of the (i,i + 2)a,N NOE interactions are
significantly lower than those of the tetrapeptides and
dipeptides. This is more marked in water, indicating
that the population of more extended structures in
water increases from the glycosylated tetra-oligomer to
the penta- and octa-oligomer.

The interactions with water of the polar glucose moi-
eties appear to stabilize the conformations of the back-
bones, by acting as a protection from the solvent. The
mobility of the sugar rings, which can rotate around the
C(1")-N(1") bonds (the angle O-C(1)-N(1)-CO range
from —80° to —140°) creates a sort of an hydrophilic
cloud around the backbone of these peptides.

EXPERIMENTAL

NMR Experiments

The NMR spectra were recorded on a Bruker AMX 600
spectrometer operating at a frequency of 600.13 MHz
for 'H nucleus. The chemical shifts (§) were measured in
ppm and referenced to external DSS signal for DMSO
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solutions; for the other solvents, the residual water
signal set at 4.78 ppm was used at a temperature
of 22°C and 5.02 ppm for 5°C; estimated accuracy
+0.01 ppm. D,0O, H;O-D5,0 (90: 10 v/v), DMSO-dg and
TFE-H,O (75:25 v/v) were used as solvents. Owing
to the low solubility of the glycosylated peptides, the
TFE-H>O mixture was only occasionally used. The
experiments in water were generally performed at 5°C
and pH 6.0-6.7 otherwise as specified in the Tables.
The spectra in the other solvents were measured at
22°C. Some NOE experiments were performed at —20°C
in DMSO-CDClI; (1:1) (peptide concentration 5—-6 mw).

NOESY and ROESY spectra were acquired in the
phase sensitive TPPI mode, with 1K x 512 complex
FIDs, spectral width of 6024.096 Hz for water solvent,
9090.910 Hz for DMSO, recycling delay of 1.3 s, 64
scans, mixing times from 50 ms to 300 ms for NOESY
and to 400 for ROESY. TOCSY and ROESY spectra
were recorded with the use of MLEV-17 spin-lock
pulse [29] (field strength 11360 Hz and 6250 Hz,
respectively, 60 ms total duration). All spectra were
transformed and weighted with a 90° shifted sine-
bell squared function to 1K x 1K real data points.
The RF carrier frequency for the ROESY experiments
in DMSO was placed at 6.0 ppm in order to avoid
problems from Hartmann-Hahn correlations, but also
in water such signals were not observed. For the
ROESY spectra in water, the solvent suppression
was achieved by pre-saturation technique, placing the
carrier frequency on the H,O resonance, whereas the
NOESY spectra were measured by using gradient-
based pulse programs, capable of suppressing the
water signal and minimizing the magnetization loss
due to saturation transfer. The volumes of the NOE
peaks were integrated and transformed in inter-proton
distances by FELIX software included in the Insight
II & Discover programs, using as reference the known
distance (2.5 A) between NH and CHj protons of the
C-terminal. The effect of the methyl group has been
considered. The distance between the vicinal protons
He, NH of Asnl with measured coupling constant, was
also used, finding a good agreement.

The NH temperature coefficients were obtained in
DMSO, by monitoring the amide NH chemical shifts
over a temperature range of 283 to 320K in 5°
increments. All changes in NH chemical shifts (—A§/AT)
were linear over the above temperature range. The
experiments were performed with the maximum care,
but the error was estimated within +0.38 ppb/K, by
considering that the digital resolution is +0.18 ppb and
the accuracy in the temperature measurement by the
Bruker system is within 0.1°C, which corresponds to
+0.2 ppb/K.

Molecular Modelling

Molecular models were built using a Silicon Graphics
4D35GT workstation running the Insight II & Discover
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software. Molecular mechanics (MM) and molecular
dynamics (MD) were carried out using AMBER force-
fields; a scaling factor of 0.5 was used for 1-4
interactions. The starting geometry of the peptides was
generated using standard bond lengths and angles.
The simulations were performed in vacuo with relative
permittivity ¢ = 1.0, and with a distance-dependent
relative permittivity (¢ = 4.0 x 1) to simulate the solvent
effect. For the aqueous environment, the system was
surrounded by a sphere of water molecules with radius
ranging from 15 to 25 A. At the first step a minimization
by Discover was performed with steepest-descendent
algorithm followed by conjugate gradient minimization.
Then MD simulations were performed from 20 to 40 ps,
at a constant temperature of 1000 K, for ¢ = 1.0 and
e=4.0xr, and at 300K for the simulations with
explicit water. The results from 20 and 40 ps MD
simulations were similar. Every structure obtained
from MD was further minimized. The energies of the
minimized structures were within +21 KJ/mol for e = 1
and 4, and £314 KJ/mol for the simulations with
explicit water. An average structure was created for
each MD simulation, in order to calculate the RMS
deviation. This structure was used to superimpose the
backbone of each single frame of the MD calculations.
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