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Abstract: Conformational analysis by NMR spectroscopy and restrained molecular dynamics (MD) of the O-glycosylated
cyclic hexapeptide cyclo(D-Pro'-Phe?-Ala3-Ser*[ O-2-deoxy-D-lactopyranosyl-a-(1-3)]-Phe’-Phe®) (I) and the cyclic hexapeptide
precursor cyclo(D-Pro'-Phe?-Ala3-Ser*-Phe®-Phe®) (II) is described. For II, an X-ray structure was obtained and compared
with the structure in solution. For both compounds, the distance constraints derived from 2D NMR measurements could not
be completely satisfied by a single conformation, but distance violations occurred only in the Phe® region of the peptide. The
specific pattern of NOE-derived distances in this part of the molecule suggested an equilibrium between two conformers containing
BI- and BII-type turns, respectively, with Phe® at i + 2. MD simulations with time-dependent distance constraints support
the assumption of a 81/BII flip in I and II. The conformations were refined using restrained MD simulations in vacuo, in
water, and in DMSO. To study the exoanomeric effect of 8(1—4)- and a-glycosidic linkages on conformation, new force field
parameters derived from literature data were incorporated, leading to greater flexibility and significantly populated alternate
conformers around the 3(1-4)-glycosidic bond, in agreement with literature data. The a-glycosidic linkage connecting the
disaccharide moiety to the peptide prefers only one conformation. Both I and IT have similar backbone conformations and
hydrogen-bonding patterns. Therefore, the O-glycosylation does not affect the conformation or the overall shape of the peptide

backbone or side chains.

1. Introduction

Glycoproteins are involved in important biological processes
such as cell recognition,' differentiation, growth, control, and
export processes; they are also responsible for the specification
of blood groups.? Furthermore, they play a critical role in cell—cell
interactions and the response of cells to the external environment
(in which biologically active substances such as hormones, antigens,
and toxins® are contained). Despite their biological importance,
very little is known about the influence of the carbohydrate on
protein conformation.* For a rational design of glycopeptide
pharmaceuticals, a knowledge of the spatial structures is essential.’
Toward this goal, we have initiated a synthetic and structural
investigation of glycopeptides.®

Several experimental techniques indicate a stiffening of the
peptide chain containing a carbohydrate-linked amino acid.” In
O-glycopeptides the first sugar is linked to a serine, threonine,
hydroxylysine, or hydroxyproline.® These amino acids are often
involved in reverse-turn structures in peptides and proteins.” Most
of the glycosylated amino acid residues are located in the i + 1
or i + 2 position of 8-turn structures of glycoproteins.'?

Here we report the results from a study of a cyclic hexapeptide
with and without O-glycosylation: cyclo(b-Pro'-Phe?-Ala-
Ser*[0-2-deoxy-D-lactopyranosyl-a-(1-3)]-Phe’-Phe®) (I) and
cyclo(D-Pro'-Phe?-Ala®-Ser*-Phe’-Phe®) (IT) (Figure 1). Crystals
of II suitable for X-ray diffraction methods were obtained, and
the solid-state structure was compared with the conformation
observed in solution. We have chosen the model compound cy-
clo(D-Pro'-Phe?-Ala3-Ser*-Phe>-Phe®) () for our study for several
reasons. The serine hydroxyl group is located in the i + 1 position
of a reverse S-turn,!' and therefore this side chain functionality
is exposed to the solvent and provides an ideal target for direct
glycosylation. The cyclic peptide has reduced conformational
flexibility, and reliable conformational analysis is possible. The
structure of I is similar to the cyclic N-glycopeptide recently
studied.® In addition, the peptide is a cyclic retro analogue of
the peptide hormone somatostatin. Several cyclopeptides similar
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Figure 1. Constitution of glycopeptide I and cyclic hexapeptide II.

in structure have been examined (ref 12 and references cited
therein).
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Figure 2. Perspective view of peptide IT observed in the crystal structure
with 50% probability ellipsoids.

2. Results

A. X-ray Structure Determination of II. Crystals of II suitable
for X-ray diffraction were obtained from a saturated solution in
DMSO. The resulting crystal structure is shown in Figure 2. All
peptide bonds are trans. The molecule is approximately rectan-
gular in shape with D-Pro', Phe?, Ser*, and Phe’ at the four corners.
Similar conformations were observed in the crystal structures of
cyclo(D-Pro-Phe-Phe-Pro-Phe-Phe)'? and cyclo(p-Pro-Phe-Thr-
Phe-Trp-Phe).'* The residues D-Pro’ and Phe? are part of a
BIl-turn which accommodates a hydrogen bond between Ala’NH
and PheC=0. The residues Ser* and Phe’ are part of a SI-turn,
although there is no hydrogen bond between Phe’NH and
Ala3C=0 [a distance of 294 pm for H--O]. The Phe?NH is
involved in intermolecular hydrogen bonding to a neighboring
molecule, whereas Ser*NH, Ser‘OH, and Phe’NH are each hy-
drogen-bound to a DMSO molecule. The five-membered D-Pro
ring is planar, which is physically unrealistic. However, the large
displacement parameters of D-Pro'C, in a direction perpendicular
to the ring show the proline ring to be disordered between the exo
and endo C,-envelope conformations.

B. NMR Measurements. For the glycopeptide I, the NMR
measurements were carried out at a proton frequency of 600 MHz
to resolve the resonances of the disaccharide unit. The mea-
surements for I were carried out at 250 MHz. The 'H resonances
for both I and II were assigned using a combination of TOCSY
with different mixing times'® and DQF-COSY.'® From an inverse
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Figure 3. NH/C_H region of the 600-MHz NOESY spectrum (120 ms
mixing time, no zero-quantum suppression) of the glycopeptide I in
DMSO-d;. Only positive contours are shown.
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Figure 4. NH/C, region of the natural abundance 600-MHz '3C-
HMQC-NOESY spectrum (200 ms mixing time) of the glycopeptide I
in DMSO-d;.

13C-'H shift correlation (HMQC!”) and an HMQC-TOCSY'#
the complete assignment of all }*C resonances was carried out.
The chemical shifts of the 'H and '3C resonances of I and Il are
summarized in Table I. The sequential assignment was achieved
from the analysis of NOESY'® and ROESY?® spectra. An ad-
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Table I. NMR Chemical Shifts of I and II in DMSO-dj at 300 K

I('H) I('H) I(3C) IK“C)
p-Pro!-C=0 171.5 1715
p-Pro'-C,H 4.10 4.08 59.7 59.6
p-Pro!-CzHP R 1.44 1.40 28.1 28.1
D-Pro!-CzHproS 1.63 1.60
p-Pro!-C HPoR 1.38 1.30 24.5 24.4
p-Pro!-C, Hpre-S 1.83 1.78
D-Pro!-C;HprR 2.76 2.65 46.7 46.6
D-Pro'-C;HP>S 3.33 3.28
Phe?-C=0 170.8 170.8
Phe-NH 8.75 (-5.8) 8.73 (-6.9)
Phe?-C H 4.23 4.20 54.5 54.5
Phe?-CzHPR 2.75 272 35.9 359
Phe2-CzHP>S 3.23 3.20
Ala’-C=0 172.8 1728
Ala>-NH 7.98 (-1.8) 7.95 (-2.1)
Ala’-C ,H 4.51 4.48 47.2 54.4
Ala*-CgH 1.47 1.41 183 182
Ser*-C=0 1702 169.7
Ser®-NH 8.28 (—4.4) 8.15 (-6.4)
Ser*-C,H 3.85 3.70 56.1 589
Sert-CzH® 3.50 3.50 65.5 60.2
3.42 3.31
Ser*-OH 4.96
Phe’-C=0 170.6 170.6
Phe’-NH 7.97 (-4.8) 7.68 (-3.9)
Phe’-C H 427 4.30 54.8 54.4
Phe’-CzHPR 3.11 3.05 360  36.3
Phe’-CgHP>S 3.18 3.14
PheS-C=0 168.4 168.4
PheS-NH 7.42 (-0.9) 7.22(0.0)
Phe’-C H 4.65 4.60 53.2 53.2
Phe®-CzHP>S 2.78 2.68 38.1 382
Phe®-CzHP R 3.07 3.10
2-deoxyGlc-C)H  4.77 97.0
2-deoxyGlc-C,H9  1.99 36.4
2'deoxyG]C'C(2)H“ 1.41
2-deoxyGlc-C(3)H 3.75 66.3
2-deoxyGlc-CyH  3.28 81.9
2-deoxyGlc-Cy)H ~ 3.44 71.1
2-deoxyG]c-C(5)H“‘ 3.72 60.2

3.65

2-deoxyGlc-OHH  4.52
2-deoxyGlc-OH  4.54

Gal-C,)H 4.22 103.8

Gal-C)H 3.36 70.7

Gal-CHH 3.34 73.3

Gal-C o H 3.63 68.2

Gal-CiH 3.46 75.5

Gal-Cyg)H? 3.49 60.4
3.54

Gal-OH 5.05

Ga]-0(3)H 473

Ga]'O“)H 4.48

Ga]-O(,;)H 4.63

9 All data are given in ppm. Temperature gradients of NH protons
[ppb/K] are given in parentheses. ®No diastereotopic assignment.

ditional verification was obtained from a selective inverse *C-'H
long-range correlation (HMBC?') with a 270° Gaussian pulse for
semisoft excitation (HMBCS??). This technique was also applied
for the diastereotopic assignment of the Cz protons. With known
C.H-C4H coupling constants, a calculation of peak intensities
yields a reliable discrimination between heteronuclear antiperi-
planar and synclinal coupling from the HMBCS.?

Only one distinct set of signals was found in the 'H and '*C
NMR spectra of I and II. No conformational change slow on
the NMR time scale could be detected by line-broadening effects.
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211-221. (c) Kessler, H.; Schmieder, P.; Kock, M.; Kurz, M. J. Magn. Reson.
1990, 88, 615-618.
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Table II. 3J(NH,C H) Coupling Constants (Hz) for I and II and
Calculated Dihedral Angles

Phe? Ala? Ser* Phe’ Phe’

Peptide I
3INie® 9.0 9.4 3.9 8.2 7.0
Cexp’ -139.3 -1345 -1740 -146.7 -154.7
-100.7  -105.5 -66.0 -93.3 -85.3
105.2 80.0
14.8 40.0

Peptide II
S INHC 8.9 10.2 3.8 7.7 6.4
Cexp’ -139.8 -1299 -1747 -150.3 -158.8
-100.2  -118.1 -65.3 -89.7 -81.2
106.0 71.3 86.3
14.0 48.7 33.7

9 Experimental values determined from the 1D spectrum after reso-
lution enhancement. *Possible values for the peptide backbone angles
¢ (deg) from Bystrov’s Karplus equation (the following parameters
were used: 4 =94, B=-1.1, C = 0.4).

Table ITII. J(C,H,CzH) Coupling Constants (Hz) and Calculated
Populations (%) for the Side Chain Conformers of I and II

residue Phe? Phe’ Phe®
Peptide I
3H(C,H,CsHPR) 11.8 9.3¢ 4.5
3H(CH CyHP™S) 32 5.14 9.3
x) = —60° 84 61 17
x; = 180° S 23 60
X1 = 60° 11 16 23
Peptide II
3J(C,H,CzHPR) 11.7 9.2¢ 44
3J(C,H CsHP>S) 3.2 4.8° 9.0
x; = —60° 82 60 17
x1 = 180° 5 20 58
X, = 60° 13 20 25

2Coupling constants checked and verified by simulation using the
SMART program because of strongly coupled spin systems.

All other conventional criteria for conformational homogeneity
were also fulfilled.?* However, as was reported recently, these
observations cannot exclude the occurrence of rapidly intercon-
verting conformers.®4-2*

Interproton distances were obtained from a NOESY experiment
with a mixing time of 100 ms and a ROESY spectrum with a
mixing time of 150 ms. The peak volumes were integrated on
both sides of the diagonal. The distance restraints were derived
from the integrals using the assumption of isotropic tumbling and
the isolated two-spin approximation (ISPA).2 The ROESY-
derived distances were corrected to account for offset effects.?’
The integrals between geminal protons served as a reference for
calibration. For II the Phe?N H-p-Pro'C_H crosspeak was used
for calibration with a distance of 207 pm (derived from X-ray
crystallography), an approach that has been successfully applied
to other cyclic peptides.?

(24) (a) Kessler, H.; Bermel, W.; Miiller, A.; Pook, K. H. In The Peptides,
Analysis, Synthesis, Biology, Udenfriend, S., Meienhofer, J., Hruby, V.R.,
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hand, P, Eds.; VCH: Deerfield Beach, FL, 1987; Vol. 9, pp 259-299. (c)
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Gierasch, L. M. Biopolymers 1990, 29, 263-287. (f) Rowan, R.; Warshel,
A.; Sykes, B. D.; Karplus, M. J. Biochemistry 1974, 13, 970-981.
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Table IV. Selected Experimental Proton—-Proton Distances (pm) for
Glycopeptide I and Cyclic Peptide II in Comparison with Distances
for Ideal Type SI- and SII-Turns

protons I I g1 pII
Phe’NH  Phe’C,H 241 218 280-300  200-220
Phe'NH Phe’CoHP™R 285 299  240-260°  340-360°
Phe’'NH Phe’C,HP™S 341 347 340-360° 380-410°
Phe’NH  Phe'NH 231 239 290-320  260-290
Phe’'NH  Ser'C.H 242 230 340-360  200-220

9Given for x, = —60° for amino acid in position i + 2 of a turn.

To obtain NOEs of the overlapping proton resonances of the
O-glycosylated hexapeptide, the recently described HMQC-
NOESY was carried out.”” The NOEs are separated by the large
chemical shift dispersion of the '3C resonances and can easily be
recognized. The NH/C_H region of an HMQC-NOESY spec-
trum in natural '*C abundance for the glycopeptide I is shown
in Figure 4, in comparison to the NOESY spectrum in Figure
3.

The temperature coefficients of amide proton chemical shifts
indicate intramolecular hydrogen bonds for Phe’NH and Ala’NH
and an external orientation for Phe?NH, Ser*NH, and Phe’NH
for I and II (Table I).2* The 3J(NH,C.H) coupling constants
were extracted from 1D spectra after resolution enhancement;
they provide information about dihedral angles via the Karplus
equation (Table II).24-30

The populations of side chain x, rotamers were determined via
3J(C,H,CgH) coupling constants (Table III).>'*2 These coupling
constants were extracted from ECOSY spectra® for Phe?, Phe’,
and Phe®. For I and II, the Phe’CgH protons formed a strongly
coupled spin system; therefore, simulations using the program
SMART>* were carried out to evaluate the coupling constants. The
diastereotopic assignment was carried out by interpretation of
NOE effects®> and homonuclear *J(NH,CzH) and heteronuclear
3J(C=0,CzH) coupling constants.

C. Conformational Analysis. With these NOEs and temper-
ature coefficients a crude model can be built. The intramolecular
hydrogen bonds involving Phe®NH and Ala’NH suggest a hexa-
peptide structure consisting of two $-turns for both compounds.
Between D-Pro' (i + 1) and Phe? (i + 2) a SII-turn structure is
supported by the characteristic NOE:s for this secondary structure
element. However, in the other half of the molecule at Ser*-Phe’
it is not possible to find a single turn structure which fits all of
the experimental data.

A close look at the distance constraints reveals several incon-
sistencies, all involving Phe’NH (cf. Table IV). For the glyco-
peptide I, for example, the distance between Phe’NH and Ser*C . H
is only compatible with a 1I-turn between Ala’ and Phe® (allowing
for a 10% error). On the other hand, the experimental value for
the distance Phe’NH-Phe’CyHP>™S corresponds clearly to a SI-
turn. Furthermore, several other NOE effects result in distances
that lie in between the values for ideal BI- and SII-turns (e.g.,
Phe’NH-Phe’C;HP>R and Phe’NH-Phe’C_H).

A similar situation is observed in the case of II: the distance
Phe N H-Phe*CzHP™ fits into a SI-turn as observed in the crystal
structure; however, the Phe’NH-Phe’C_H and Phe’NH-Ser'C H
distances are only compatible with a SII-turn. Again, other NOEs

(29) (a) Shon, K.; Opella, S. J. J. Magn. Reson. 1989, 82, 193-197. (b)
Crouch, R. C.; Andrews, C. W.; Martin, G. E.; Luo, J. K.; Castle, R. N.
Magn. Reson. Chem. 1990, 28, 774-778. (c) Crouch, R. C.; McFadyen, R.
B.; Daluge, S. M.; Martin, G. E. Magn. Reson. Chem. 1990, 28, 792-796.
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109, 6927-6933. (b) Anders, U.; Gemmecker, G.; Kessler, H.; Griesinger,
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yield distances between the ideal values for SI- and SII-turns (e.g.,
Phe’NH-Phe’C,HPoR),

These inconsistencies cannot be fully explained by experimental
errors, since conformational studies of a large number of similar
systems yield interproton distances deviating less than 10% from
the NOE-derived distances.5¢'2142 [n addition, a closer look at
the NOE distance deviations for I and II reveals the existence of
a well-defined part of the structure consisting of the SII’-turn
region (rms deviations of 2030 pm, i.e., <10%) and much higher
deviations in the Phe’-Ser* region (rms values >50 pm) (cf. Table
VD).

We therefore conclude that the NOE data for both I and II
cannot be fulfilled by a single conformation, but only by an av-
eraging between two (or more) conformations®2* with differences
in the Phe’-Ser* region. In the following molecular dynamics
studies, it will be shown that the assumption of a fast exchange
between a SI- and BII-turn between Ser* and Phe’ is already
sufficient to explain all experimental data.

It should be mentioned here that homonuclear *J(NH,C H)
coupling constants are not very helpful in this case, since they are
compatible with both 8-turn structures (cf. Table II). This ex-
perimental parameter, frequently overemphasized, is ambiguous
because small fluctuations in the torsion angle ¢ often occuring
in cyclic peptides can greatly change the coupling constant,
rendering it rather useless for an exact conformational analysis.
However, the existence of an HMBC crosspeak between Ser*C==0
and Phe’C,H indicates a significant population of the SII-turn,
where the involved nuclei are antiperiplanar to each other.

D. Molecular Dynamics Simulations. All molecular dynamics
(MD) simulations were carried out with the GROMOS program?¢
on Silicon Graphics 4D/240SX and 4D/70GTB computers.
Starting structures were generated using INSIGHT (BIOSYM). The
solid-state structure of Il with SII’/SI-turns served as the starting
structure for I and II. The amide bonds were assumed to be in
the trans configuration, since there is no experimental indication
of a cis configuration; the differences in the '*C chemical shift
of D-ProC, and D-ProC, resonances and the NOEs are consistent
with trans peptide bonds.'?2%37  The side chains of the Phe
residues were fixed in the dominating population (Table III).'
To account for solvation during the in vacuo simulations, the
charges of the solvent-exposed amide protons and nitrogens were
reduced using the temperature gradients of the NH resonances
(Table I).'*

A harmonic potential was employed for upper and lower dis-
tance restraints. The function switches from harmonic to linear
when the deviation is greater than 10% from the target distance,
The lower bound distances are given in Tables VI and VII; for
the upper bounds, 100 and 90 pm were added for each methyl
group and nonstereospecifically assigned CH, group, respective-

1y.34 For all other NOEs, the lower and upper bounds were set

to the same value.'* The choice of moderate force constants for
the subsequent refinement procedure allows for certain deviations
of the actual from the experimental distances (e.g., 2000 kJ mol™!
nm™2 corresponds to an energy of kT/2 for a 35-pm deviation from
the target value). The kinetic energy was included by coupling
the whole system to a thermal bath.*® All MD simulations were

(36) (a) Agvist, J.; van Gunsteren, W. F.; Leijonmark, M.; Tapia, O. J.
J. Mol. Biol. 1985, 183, 461-477. (b) van Gunsteren, W. F.; Kaptein, R;
Zuiderweg, E. R. P. Proceedings of the NATO/CECAM Workshop on Nu-
cleic Acid Conformation and Dynamics; Olsen, W, K., Ed.; Orsay, 1983, pp
79-92. (c) van Gunsteren, W. F.; Boelens, R.; Kaptein, R.; Scheek, R. M.;
Zuiderweg, E. R. P. Molecular Dynamics and Protein Structure; Hermans,
J., Ed.; Polycrystal Book Service: Western Springs, IL, 1985; pp 92-99. (d)
B. V. Biomos, Nijenborgh 16 NL 9747 AG Groningen, Groningen Molecular
Simulation (GROMos) Library Manual, van Gunsteren, W. F., Berendsen, H.
J. C. Gromos User’s Manual, pp 1-229.
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(38) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Di Nola,
A.; Haak, J. R. J. Chem. Phys. 1984, 81, 3684-3690.
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Table V. New Additional GroMos Force Field Parameters for a-
and $-Glycosidic Linkages in Oligosaccharides and Glycopeptides®

bond types K r,
a-glycoside Cc! -0, 600 141.1
0! ~CX, 600 144.0
B-glycoside C!4-0! 600 139.0
0!,~C%, 600 144.0
angle types K 6,
a-glycoside C!,-0! -CX 65 115.00
0-C! 0!, 80 111.55
B-glycoside C!-0',~C* 65 116.40
C5-Cl4-0'4 80 107.40
dihedral angle types K, n 5
a-glycoside o’-C',-0',CX 2.15 1 300
c-C! -0! -CX 0.85 3 0
¢! -0, ~CX 175 2 300
B-glycoside 03-C!~01,-CX -1.05 1 0
C2-C4-0',~C¥ 140 3 0
C-C!0'-CX 1.25 2 120

9The following symbols were used: K, force constant for bonds
(kcal mol™ A2); r,, bond length (A); Kj,, force constant for angles
(kcal mol™ rad™]; 4., bond angle (deg); K, force constant for dihedral
angles (kcal mol™); n, multiplicity; 8, phase shift (deg).

carried out with the application of SHAKE;> the step size for the
integration of Newton’s equation (leap-frog algorithm?®) was 2
fs (for the in vacuo calculations) or 1 fs (for the calculations in
water and in DMSO).

The GROMOS force field can be used for studies of oligo-
saccharides or glycopeptides.® Although previous investigations
on oligosaccharides without implementation of the exoanomeric
effect have reproduced experimental results, this stereoelectronical
effect was added as a dihedral torsion potential in the potential
energy function. The origin of this effect is the bonding interaction
of the lone pair orbital into the o* orbital of the antiperiplanar
C-X bond,* which influences oligosaccharide conformations, 24>
The minimum energy value for the glycosidic angle H'-C'-O'-CX
is close to +60° for a-D-glycosides and close to —60° for §-D-
glycosides.* The glycosidic dihedral angles are defined as follows:
@, 05-C'-0'-C¥ and y, C'-0'-C¥-C? according to Sundaral-
ingam* and Bush et a1.% (following IUPAC convention in which
right-handed rotation corresponds to positive dihedral angles*’).
There is some discrepancy in the rotational barriers: ab initio
studies on dimethoxymethane as a model system by Wiberg and
Murcko*® suggest that the rotational barriers of the glycosidic
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W. F. Eur. Biophys. J. 1987, 15, 211-224. (c) Kéhler, J. E. H.; Saenger, W ;
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Biochem. 1989, 47, 45,
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dihedral angles are significantly lower than those calculated earlier
by Jeffrey et al.*# To account for this effect, some new parameters
were included in the GROMos force field. The bond length C'-O
(0¥ = 0") and the valence angles O°-C1~-0% and C5-0°-C!
depend on the anomeric configuration.***® Hence, these values
were adjusted to the mean crystallographic values for a- and
B-glycosidic linkages.** According to Homans’ parametrization
of the AMBER force field* for ¢, an additional torsional potential
was applied. The corres4ponding ¥ angle is only dominated by
nonbonded interactions.*’ Furthermore, Homans’ study has
shown reasonable agreemnt between simulated and experimental
conformational properties without inclusion of explicit torsional
terms for ¢.°° The differences between torsion energies for di-
methoxymethane from the quantum mechanics and molecular
mechanics calculations were fit to relatively simple functions in
order to reproduce the minimum energies correctly,*® The new
parameters are given in Table V.

i. MD Simulations of I in Vacuo, in Water, and in DMSO. The
initial velocities for the atoms were taken from a Maxwell dis-
tribution at the corresponding temperature. During the first
picosecond, the system was strongly coupled to a 1000 K tem-
perature bath® with a temperature relaxation time of 0.01 ps and
a force constant for the distance restraints of 4000 kJ mol™! nm™?
(K4o). Inthe next 4 ps, the temperature was scaled down to 300
K and the temperature relaxation time was increased to 0.1 ps.
The values for K, were decreased to 2000 kJ mol™! nm™. After
10 ps of equilibration, structures were saved for analysis over 40
and 80 ps time spans with K, = 2000 kJ mol™ nm™2.

Preliminary MD simulations for testing the carbohydrate force
field in vacuo indicated that the Coulombic interactions were
overemphasized when the full charges of the carbohydrate residues
were used, as given in refs 36d and 40a. This leads to very strained
global structures with many hydrogen bonds between the peptide
and disaccharide units. All experimental data are very poorly
fulfilled. A reduction of these charges by 75% results in reasonable
structures in the in vacuo simulations which, in addition, show
great correspondence to structures obtained by MD simulations
in aqueous surroundings and in DMSO (see below). All in vacuo
simulations were carried out with reduced charges, whereas sim-
ulations in water and in DMSO used the full saccharide charges.
A critical overview of the importance and the difficulties for the
derivation of charges for such systems has been given elsewhere.*?®

Two different simulations for each conformer (with a BII- and
a Sl-turn between Ser*-Phe®) were performed, one with the new
parametrization of the force field and one without accounting for
the exoanomeric effect, each starting from the same minimized
structure. After 10 ps of equilibration, 80-ps trajectories were
calculated for each conformer with and without implementation
of the exoanomeric effect in the potential energy function (K,
= 2000 kJ mol™ nm™2). For distinguishing the different simu-
lations, the following abbreviations will be used: MDI*' = without
exoanomeric effect, starting from 8I-turn; MDI*'® = with exoa-
nomeric effect, starting from SI-turn; MDI'? = without exoa-
nomeric effect, starting from SII-turn; MDI'* = with exoanomeric
effect, starting from SII-turn (v vs s = in vacuo or in water; 1
vs 2 = type of B-turn; e = with exoanomeric effect). Two NOEs
in contradiction to a SI-turn structure were omitted from the
distance constraint list (indicated in Table VI) for the refinement
of this 8I-turn structure. The resulting conformations were further
refined by MD simulations in H,O and in DMSQ. The devel-
opment of potential energy parameters for DMSQ?®! within the
GROMOS force field was reported recently.’? In addition, these
simulations enables us to check the effect of the reduced carbo-
hydrate charges in the in vacuo calculations.

The averaged and minimized structures from the in vacuo
simulations were used as starting structures for the water and

(48) Wiberg, K. B.; Murcko, M. A. J. Am. Chem. Soc. 1989, 111,
4821-4828.
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Table VI. Comparison of Experimental and Calculated Proton—Proton Distances for Glycopeptide I

protons NOESY MDIs2 MDIe MDL,* MDINOE
Phe’NH Phe’C H 2414 204 268 232 252
Phe’NH Phe’CzHP>R 285 355 239 291 287
Phe’NH Phe’CzHP>S 341 403 345 373 369
Phe’NH PheSNH 231 320 286 297 284
Phe’NH Ser‘NH 393 443 368 403 390
Phe’NH Ser*C H 2424 201 363 280 313
Phe’NH Ser*CzH 312t 347 314 328 336
Phe’C H Phe’CyHPr-S 262 249 255 250 243
PheSNH PheSC H 281 281 281 275 277
PheNH Phe’CyHPR 307 296 305 292 323
PheSNH PheSCyHPr-S 298 316 288 298 283
PheSNH Ala’CyH 350¢ 437 407 416 425
PheNH Phe’C H 319 337 335 333 328
Phe¢C H PheSCyHP>R 262 259 247 252 235
Phe’C H D-Pro'C,H 222t 222 222 206 224
p-Pro'C H p-Pro!CsH 2380 242 244 239 243
Phe?NH Ala’NH 255 245 256 246 246
Phe’NH D-Pro!C,H 381 389 390 381 393
Phe?NH Phe?CzHPR 245 232 234 226 246
Phe’NH Phe?CzHP>S 346 346 347 342 353
Phe?NH Phe?C H 306 276 274 272 278
Phe?NH D-Pro'C,H 208 208 208 202 210
Ala’NH Ala’C H 336 283 286 282 285
Ala’NH p-Pro!C,H 348 372 369 365 366
Ala’NH Ala’CyH 252 274 282 274 288
Ala’NH Phe?’C H 307 342 336 335 324
Ala’NH Phe?C HP R 315 288 304 289 326
Ser*NH D-ProH*A 445 471 469 457 454
Ser‘NH Ala’C H 244 236 240 235 246
Ser‘NH Ser‘C . H 269 270 257 262 255
Ser*'NH Ala’CyH 255¢ 350 343 343 355
Ser‘NH Ser*CzH 246° 291 293 287 300
Ser‘NH p-GlcH! 384 455 451 445 430
Ser‘C H Ser*CsH 297% 253 258 252 254
p-GlcH! Ser‘C H 335 382 396 381 392
D-GlcH! Ser‘CzH 311t 376 363 363 369
GalH' p-GlcH* 212 220 260 228 248
rms Deviations (pm)
NOE:s involving Phe’NH (1-7) 56 55 30 34
all other NOEs (8-37) 24 25 23 23
complete set of NOEs (1-37) 33 33 25 26

a All values are given in pm. For the notation of the different MD trajectories, please see text. °Increased by 90 pm for MD run (CH, without
diastereotopic assignment®®). “Increased by 100 pm for MD run (CH; group*®). ¢NOEs omitted in the MD run MDI* (see text). MDI,,

indicates averaging over both trajectories, MDI®** and MDI*%,
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Figure 5. Stereoview of the mean structure of peptide I with a SII-turn
in the Ala® to Phe® region, obtained from averaging the 60-ps trajectory
from MDI** (in water) and five steps of restrained energy minimization

with the same force constant as applied in the MD simulation. The
protons bound to carbon are not shown.

DMSO simulations. The structures were placed in the middle
of truncated octahedrons’? with the following numbers of solvent
molecules: MDI'%, 464 in 15.08 nm® = MDI** in water, and 164
in 21.04 nm? = MDI%¢ in DMSO; MDI"*, 470 in 15.13 nm? =
MDI®* in water, and 151 in 19.57 nm? = MDI4 in DMSO; MDI'2,
566 in 18.17 nm? = MDI*? in water; MDI"', 583 in 18.73 nm3
= MDI*! in water. The water molecules are modeled by the simple
rigid three point charge model.** The simulations in water were

(53) Adams, D. J. J. Chem. Phys. Lett. 1979, 62, 329-332.

Figure 6. Stereview of the mean structure of peptide I with a SI-turn in
the Ala® to PheS region, obtained from averaging the 60-ps trajectory
from MDI*' (in water) and five steps of restrained energy minimization
with the same force constant as applied in the MD simulation. The
protons bound to carbon are not shown.

performed without SHAKE, while the calculations in DMSO were
performed with SHAKE. A cut-off radius of 1 nm was used for
the nonbonded interactions. All simulations were performed at
300 K with K. = 1000 kJ mol™* nm™. The solvent was allowed
to relax by 500 steps of EM while the position of the solute atoms

(54) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Her-
mans, J. Intermolecular Forces; Pullman, B., Ed.; Reidel: Dordrecht, 1981;
pp 331-342,
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was fixed, followed by 500 steps EM without restraint of the solute.
The simulations in water were performed with 5 ps for equili-
bration and then 60 ps for analysis; the simulations in DMSO were
run with 80 ps for analysis, The side chain dihedrals were not
fixed due to damped mobility in the solvent surroundings.*’
During the time scale of all simulations, no conformational change
of the peptide backbone occurred.

The two different structures MDI** and MDI**, each obtained
by averaging over the 60-ps MD trajectory in water followed by
energy minimization, are shown in Figures 5 and 6. The average
distances and dihedral angles for both structures are given in
Tables VI and VIII (all distances were calculated for each time
step of the trajectory and subsequently averaged®® because of the
nonlinear dependence between spectroscopic data and geometric
parameters>’3%); the hydrogen bonds are summarized in the
supplementary material. Table X gives a comparison of glycosidic
bond dihedral angles obtained from different simulations.

ii. Results. The simulations for I in vacuo, in water, and in
DMSO lead to very similar structures of the glycopeptide. In the
following discussion, we will focus on the calculations in water;
however, the NOE violations are the same for the simulations in
DMSO and in vacuo.

The averaged structure MDI®?® satisfies 33 of the 37 distance
constraints: those in violation all involve Phe’NH as described
above (cf. Table VI). These NOEs deviate significantly from the
observed distances in this model. In contrast to this part of the
molecule, all distances in the stable SII’-turn are fulfilled. The
rms deviation for the NOEs involving Phe’NH is 56 pm, while
for the rest of the molecule a value of 24 pm is found (Table VI),
demonstrating that the distance violations in the Phe® region cannot
be explained by experimental errors.

The distance constraints in violation in MDI** are satisfied in
the time-averaged structure MDI®, but now two other constraints
also involving Phe’NH are violated. The proposed conformations
MDI*% and MDI* differ in the ¢ and ¥ dihedral angles around
the central amide bond in the 8-turn between Ser* and Phe®. This
leads to different 8-turn structures in this half of the molecule,
as expected from an analysis of the distances, which are not in
agreement with a single ideal $-turn structure.

However, all NOEs can be explained with the assumption of
two different conformations in equilibrium with a BI- and a
Bll-turn. This corresponds to an average MDI,, over the two
corresponding simulations MDI** and MDI®®. As shown in Table
VI, the rms deviations for MDI,, are reduced dramatically for
the NOEs involving Phe*NH (from 55 and 56 pm down to 30 pm
in MDL,,), thus coming very close to the rms value for the rest
of the molecule (23 pm). As a result, the complete set of
NOE-derived distances can be significantly better fulfilled by the
average MDI,, (rms deviations of 25 pm) than by the two sim-
ulations MDI** and MDI** separately (rms values of 33 pm each).

fii. MD Simulations of II. The conformational analysis and
MD refinement for II produced results similar to those found for
I. All simulations for I were performed in vacuo; all parameters
were treated as described before for I. Starting with minimized
structures, MD was run 10 ps for equilibration and 40 ps for
analysis. The MD structure (SII-turn) stands in contradiction
to the X-ray structure (8I-turn). As for glycopeptide I, the same
NOE:s involving Phe’NH are in violation (see Table VII). Two
NOEs between Phe’NH-Ser*C H and Phe’NH-Phe’C H are in
agreement with a SII-turn, but five other NOEs disagree with
this suggestion: they fit only into a SI-turn.

As for the glycopeptide I, the NOE data do not correspond to
a static model. Again, the assumption of two conformers in fast
equilibrium yields better agreement with the NOE data. Two
simulations were performed (with restraint of the side chain x,

(55) Lautz, J.; Kessler, H.; van Gunsteren, W. F.; Weber, H.-P.; Wenger,
R. M. Biopolymers 1990, 29, 1669-1687.
g (156)8Hoch, J. C,; Dobson, C. M.; Karplus, M. Biochemistry 1988, 24,
3831-3841.
(57) Jardetzki, O. Biochim. Biophys. Acta 1980, 621, 227-232,
(58) Jardetzki, O.; Roberts, G. C. K. NMR in Molecular Biology; Aca-
demic Press: New York, 1981.
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Figure 7. Stereoview of the mean structure of peptide Il with a SII-turn
in the Ala® to Phe® region, obtained from averaging the 40-ps trajectory
from MDII'* (in vacuo) and five steps of restrained energy minimization
with the same force constant as applied in the MD simulation. The
protons bound to carbon are not shown.
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Figure 8. Sterecoview of the mean structure of peptide II with a SI-turn
in the Ala® to Phe® region, obtained from averaging the 40-ps trajectory
from MDII* (in vacuo) and five steps of restrained energy minimization
with the same force constant as applied in the MD simulation. The
protons bound to carbon are not shown.

dihedrals) starting from alternate conformations with a SI-turn
or a B1I-turn between Ser*-Phe’. The resulting structures from
averaging over 40 ps of MD were named MDII'! and MDII%,
respectively. For the first simulation, two NOEs were omitted
which could not be satisfied by a SI-turn conformation.

As for I, distances were also averaged over both trajectories
together under the assumption that both conformations were
equally populated (MDIL,,). The results for distances and dihedral
angles are summarized in Tables VII and IX; the hydrogen bonds
are given in the supplementary material.

Again, the distances from MDIL,, show a better agreement with
the experimentally derived restraints (rms deviation of 28 pm)
than do the simulations MDIT'! and MDII'? (rms values of 35
and 37 pm, respectively). Even more pronounced is the im-
provement in the Phe® region (35 pm for MDII,,, compared to
52 and 56 pm), resulting in a much more uniform agreement over
the whole molecule with the NOE data (cf. Table VII).

It should be mentioned that the existing X-ray structure for
IT shows an NOE violation pattern similar to that of the simu-
lations MDII", i.e., a higher rms value for the distances involving
Phe’NH than for the rest of the peptide (Table VII), although
the crystalline conformation with a SI-turn is almost identical with
the average structure MDII''. Obviously, the rigidity of the
crystalline SI-turn conformation of I contrasts clearly with the
requirement of a conformational equilibrium inherent in the NOE
data set.
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Table VII. Comparison of Experimental and Calculated Proton—Proton Distances for the Cyclic Hexapeptide II?

protons ROESY MDII" MDIT" MDIL, MDII'NOE X-ray
Phe’NH Phe!'NH 239 292 264 278 320 230
Phe’NH Ala’CgH 332 532 426 479 505 372
Phe’NH Phe’C H 218 210 271 241 247 281
Phe’NH Ser*C H 230 216 347 282 275 349
Phe’NH Ser*CzH 284¢ 414 336 375 387 336
Phe’NH PheSCﬁHP”"R 299 363 258 311 306 247
Phe’NH PheSCﬁHP”"s 347 405 360 383 380 360
Phe’C H PheSCﬁH””"s 261 244 246 245 242 250
PheNH Phe®C H 270 284 280 282 272 280
PheSNH Phe5CﬁHP”"s 285 260 284 272 279 301
PheNH Phe®CzHP>R 296 300 330 315 304 332
PheSC H Phe®CzHP™>S 252 287 288 287 287 291
PheC H Phe®CzHProR 237 234 236 235 235 246
Phe’C H D-Pro'C;H 224¢ 221 223 222 224 235
Phe?NH Ala’NH 250 308 286 297 350 253
Phe?NH Phe?C H 274 278 268 273 274 281
Phe?NH p-Pro!C,H 207 212 208 210 228 209
Phe’NH Phe?CzHP R 258 243 245 244 250 237
Phe’NH PheZCﬁH””"s 331 350 346 348 353 355
Phe’C H Phe?CzHPr>S 235 241 244 243 241 248
Ala’NH Ala’C H 272 280 284 282 269 286
Ala’NH Phe?’C H 278 285 328 307 292 317
Ala’NH Ala’CﬁH 255k 305 293 299 297 284
Ala’C H Ala’CﬁH 222t 241 240 241 240 236
Ser‘NH Phe’NH 316 405 340 372 353 279
Ser‘NH Ser*C H 269 268 249 259 252 276
Ser‘NH Ser*CzH 260°¢ 279 265 272 307 240
Ser‘NH Ala’CgH 257% 309 344 326 345 288
Ser‘NH Ala’C H 236 256 234 245 265 271
Ser‘NH Ser‘OH 297 363 385 374 355 432
Ser*C H Ser‘OH 277 306 322 314 321 309
rms Deviations (pm)
NOE:s involving Phe’NH (1-7) 56 52 35 48 (41)¢ 55
all other NOEs (8-31) 29 27 26 29 (27)¢ 35
complete set of NOEs (1-31) 37 35 28 34 (31)¢ 40

4 All values are given in pm. For the notation of the different MD trajectories, see text. “Increased by 100 ppm for MD run (CH; group*®).
“Increased by 90 pm for MD run (CH, without diastereotopic assignment*®). 4ROEs omitted in the MD run MDI"* (see text). ¢ MDIL,, indicates
averaging over both trajectories MDII" and MDII2. /Calculated distances for the solid-state structure of IL. £Derived from a longer MD trajectory

(360 ps).

iv. MD Simulation with Time-Dependent Distance Constraints.
As shown above, a single structure cannot account for all of the
experimental data. This finding is not too surprising considering
that conformational mobility has been observed for similar pep-
tides.® However, recently an approach specially designed for such
cases has been proposed.® This modified molecular dynamics
procedure does not treat the distance restraints as static, but only
requires that the distance constraints are satisfied as a (+3)~'/?
time-weighed average over the simulated trajectory. This should
give a better approximation of the physical nature of the NOEs
and, therefore, of the proposed conformational equilibrium.*

This technique was applied to refine the structures of compounds
I and II with a SII-turn between Ser* and Phe’. For these MD
simulations, the initial value of each distance restraint was set
to 20 pm less than the experimentally determined distance. The
time constant for the decay of the “memory function” was set to
2.5 ps; the rate of motion during the simulation and the required
time for the structural refinement are directly affected by this
value.® After an initial 10 ps for equilibrating the system without
time-dependent distance restraints, 90 ps of in vacuo MD were
carried out with K. = 2000 kJ mol™! nm2 for I (MDI*N°E) and
II (MDII'NOE),

For I the distances (Table VI) and dihedral angles (Table VIII)
were calculated as an average over the MD run with time-de-
pendent restraints. The rms deviation (over 37 NOE:s) for this
simulation is smaller (26 pm) than for the simulations with static
distance restraints (33 pm for MDI*** and MDI**) and is com-
parable to the distance restraints violation calculated for an av-

(59) (a) Torda, A. E.; Scheek, R. M.; van Gunsteren, W. F. Chem. Phys.
Ler. 1989, 157, 289-294. (b) Torda, A. E.; Scheek, R. M.; van Gunsteren,
W. F. J. Mol. Biol. 1990, 214, 223-235.

eraging between the SII- and SI-turns (25 pm) (cf. Table VI).

The situation is similar with peptide II: the rms deviation of
31 pm over all 31 distances indicates a good approximation of
motional averaging with the time-dependent distance constraints
(cf. Table VIII). Itis in the same range as when averaging over
both trajectories MDII'! and MDII'? together takes place (rms
value 28 pm); in both cases, the improvement over the separate
MD runs MDIT"! and MDII*? is almost exclusively gained from
the distances involving Phe’N H. In contrast to I, the simulation
with the time-dependent restraints needed a longer period of time
(360 ps) to lead to a significant reduction in NOE violations; a
shorter MD run of 90-ps duration yielded only a slight im-
provement (Table VII).

In both cases the calculated proton—proton distances with the
time-dependent restraints agree with experimentally derived values
better than with the single MD runs with either 8I- or SII-type
turns. The NOEs involving Phe’NH are better represented during
the time scale of the simulation because of the greater flexibility
allowed. Hence, the treatment of the NOEs as fixed distance
bounds is not correct for these molecules. In Figure 9 (top) the
distance between Phe’NH and Phe’C_H (experimental 241 pm)
is displayed as a function of time (upper left) during the refinement
of I using time-dependent distances. In this trajectory, the NOE
restraint was much better satisfied than in the simulations without
time-dependent distance restraints. From this plot it is obvious
that the NOE bound is violated for several picoseconds during
the time span, but for other periods it is satisfied. The transient
violation of some other NOEs is reflected here, allowing this NOE
to be satisfied and the experimental data to be fulfilled. Figure
9 (upper right) gives an additional view of this result by considering
the value of the corresponding NOE calculated with the memory
function during the simulation as suggested from ref 59a. This
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Figure 9. Interatomic distances as a function of time during 90-ps MD
simulation of glycopeptide I (MDI™N°E) and peptide II (MDIF'NOE), The
top plots show the distance between Phe’NH and Phe’C, H of glyco-
peptide I; the bottom plots show the distance between Phe’NH and
Ser‘C,H of peptide II. In the left panels, the results from MD simula-
tions with time-dependent distance constraints are given. The plots in
the right panels are for the same distance and are obtained from the same
trajectory, but they are calculated with the memory function as given in
ref 59.

distance value actually determines the size of the applied artificial
force. As described by Torda et al.,’® the running average shows
a relatively flat shape in contrast to the instantaneous fluctuations
in the distances. A similar analysis is shown for the Phe’NH to
Ser*C_H distance of II in Figure 9 (bottom).

From the analysis of the trajectories of I and II, two major
rapidly interconverting conformers for both investigated peptides

PheSNH - PheSCyHproR

PheSNH - PhesCpHpro-s
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were observed. An additional illustration of the dynamics of the
investigated glycopeptide II is given in Figure 10. These distance
plots show large fluctuations; the physical nature of these motions
is the proposed flip of the central amide bond between Ser* and
Phe’ to form two different S-turn structures. This oscillating
behavior is obvious from a comparison of the distances between
Phe’NH and Phe’CzHP">® (on the upper side of the peptide
backbone) and between Phe’NH and Ser*C,H (located on the
opposite side). The fluctuations of these distances are coupled,
further illustrating the motional averaging for the corresponding
systems. It should be mentioned that the time scale and height
of energetical barriers cannot be obtained from these simulations
because of the application of artificial forces (distance restraints).

The positional rms fluctuations for the heavy atoms (data not
given) and the torsion angle rms fluctuations (Table IX) are as
expected. The fluctuations are larger with the time-dependent
distance restraints, with the exception of the torsion angles in the
BII’-turn (D-Pro'-Phe?): here the stability is not affected by the
amide bond rotation of the 5-turn on the counterside of the peptide.
For the Ser* side chain connecting the disaccharide unit to the
peptide backbone, it was not possible to determine an experimental
value for the x, dihedral because of overlapping signals in the
ECOSY spectrum. Hence this dihedral was not fixed during the
simulations. When using time-dependent distance constraints,
the rms fluctuations about this dihedral increase by a factor of
2.

3. Discussion

A. Conformation of the Monosaccharide Units in I. The
structure of each pyranose ring is in agreement with X-ray dif-
fraction studies of the monosaccharides 8-p-galactose®® and 8-
D-glucose.’! The averaged structures obtained here are also in
accord with previous MD simulations of glucose.’? For both
saccharide units, we observe a *C, chair conformation of the
six-membered heterocyclic ring. All substituents are located in
equatorial positions, with the exception of the a-glycosidic linkage
and the Gal* hydroxyl group. The absence of conformational
transitions from the initial chair form to the other chair or boat-like
conformers is consistent with the interpretation of NMR coupling
constants.®?

The fluctuations of the internal ring dihedral angles are similar
to the results of Brady for glucose.®? The rms deviations of these
internal ring dihedrals are nearly uniform among the disaccharide

PheSNH - SerNH

g ; .}5 | - §
T i NN
(I AT S IR A U S A}
}.‘ ‘\ \ ; b l |l gy
| \\W\a KV‘AWN . . % MM .
0 Time(ps] 90 “ (')L Time(ps] 90§ 0 Time(ps] 9J0 -
PheSNH - SersC H _ PheSNH - SerCyH -
: ey //WF R N =
: f'/ } / | | M '
| / [ !7 [ ] g
/ l% 3’ ‘[ | \ '3
L LT
oW, L
0 Time[ps] 90 g 0 Time(ps] 90 &

Figure 10. Interatomic distances as a function of time during 90-ps MD simulation of glycopeptide I with the application of time-dependent distance
constraints. The distances are calculated with the memory function as given in ref 59. The assignment of each plotted distance is given at the top
of the corresponding plot.
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Table VIII. Comparison of the MD-Calculated Backbone, Side Chain, and Saccharide Dihedrals of Glycopeptide I in Water?

MDIsZe MDIsle MDtNOE
BII-turn Bl-turn dynamic
p-Pro! @ 65.2 (9.5) 63.0 (10.5) 64.7 (12.6)
¥ -113.5 (10.8) -112.4 (14.2) -110.5 (16.2)
X1 -2.7 (25.3) -2.4 (26.2) -4.4 (25.4)
w -177.9 (5.7) 178.7 (5.3) -179.5 (1.3)
Phe? P -70.8 (10.5) -67.1 (11.4) -81.8 (20.4)
¥ -39.1 (10.3) -28.6 (15.1) -14.7 (27.0)
X1 -75.1 (16.2) -70.6 (12.4) -60.1 (1.1)%
@ 175.0 (6.2) 169.0 (6.2) 171.3 (11.3)
Ala3 ¢ -85.4 (12.9) -96.4 (15.7) -105.1 (26.5)
¥ 152.5 (11.4) 157.7 (12.3) 147.3 (40.5)
w 177.8 (8.0) -176.0 (7.9) 176.1 (14.3)
Ser¢ e -64.6 (13.0) -49.8 (16.9) -37.9 (41.8)
¥ 124.8 (6.9) -68.5 (13.5) -125.7 (96.6)
X1 -53.9 (1.1) -59.7 (8.0) -55.8 (16.0)
w -166.9 (7.8) 172.5 (8.0) 173.4 (11.9)
Phe’ e 87.4 (11.0) -59.1 (12.5) -11.2 (83.7)
¥ -29.4 (25.1) -25.3 (20.8) -20.5 (39.6)
X1 -70.8 (12.8) -71.5 (22.4) -60.1 (1.4)°
@ -179.6 (6.9) -177.1 8.3) 179.3 (10.3)
Phe? e -134.7 (20.2) -137.8 (16.8) -145.5 (36.3)
¥ 100.9 (16.0) 103.6 (16.1) 109.7 (16.2)
X1 -134.2 (48.0) -163.5 (13.9) -179.7 (1.5)%
w 172.1 (1.0) 170.8 (7.5) 170.2 (9.3)
glycosidic bonds 0-CI'-0*-C* -58.7 (10.5) -150.7 (32.2) -98.3 (49.8)
CZ-Ccr-o4-ct 177.1 (9.0) 85.7 (33.3) 139.8 (48.9)
C-C-04-Cr 103.3 (9.2) 72.6 (17.1) 89.5 (41.7)
0°-C!-0'-Ser'Cy4 60.1 (9.2) 55.2 (14.0) 60.2 (17.2)
C2-C'-0'-Ser‘Cy -169.6 (7.2) -174.9 (10.9) -168.6 (14.7)
p-Glc 05-C'-C>-C? 59.0 (5.7) 61.3 (5.9) 56.3 (19.3)
cl-c-c-¢t —60.6 (5.6) -58.0 (8.5) -43.7 (35.1)
C'-C-C3-03 172.4 (8.2) 178.2 (10.7) -166.3 (36.6)
C2-C3-C*-C* 53.8 (8.2) 44.0 (10.2) 27.2 (37.6)
C2-C-C*0* 177.9 (6.6) 165.1 (12.0) 146.4 (37.6)
C-Cl-05-C8 —62.5 (5.6) -62.7 (1.0) -62.4 (8.8)
Cl-05-C5-C* 61.0 (6.7) 54.2 (8.4) 48.9 (13.7)
C*-C5-C8-08 37.6 (96.9) 5.8 (46.5) -118.7 (396.5)
Cs-C3-Ci-C? -173.5 (8.3) -164.4 (9.7) -150.5 (26.7)
Gal 0*-Cr-Cc?-¢c* -175.0 (8.1) 176.1 (1.8) 169.2 (15.6)
o’-c'-c?-¢c¥ 51.1 (8.1) 54.2 (1.0) 49.4 (14.9)
0¥-C'-C?-0? 172.9 (10.4) 174.8 (8.9) 167.7 (16.1)
cr-c?-cr-c¢ -53.5 (6.9) -54.6 (8.0) -52.1 (8.5)
cr—c?-cr-0* -176.7 (7.8) -177.2 (9.4) -174.3 (10.1)
c?-c¥-c¥-c* 58.3 (6.9) 55.5 (6.7) 56.0 (6.1)
c?-c¥-cY-c* 58.3 (6.9) 55.5 (6.7) 56.0 (6.1)
Cc?-c¥-c-0* -65.3 (1.7) -71.4 (9.5) -67.0 (1.4)
c?-Ccr-o°-c? -57.2 (6.9) -59.9 (1.5) 56.0 (6.1)
Cr-o¥-C*-C* 62.3 (5.6) 61.1 (8.3) 59.3 (15.4)
C¥-C¥-Cf-0f -66.9 (80.7) 0.4 (99.7) -153.4 (353.6)
Cco-cs-c¥-c¥ 174.0 (7.4) 176.5 (7.6) 177.8 (7.6)

@ All angles are given in degrees; the numbers in parentheses denote the rms fluctuation obtained by averaging. Values indicating the peptide bond
flip are shown in boldface type. ®Side chain x, dihedral angle fixed by additional torsion angle potential according to NMR results.

residues, with typical values for fluctuation of 5-10° (with the
exception of the simulation with time-dependent distance con-
straints). These data are consistent with 8-D-glucose force field
calculations, suggesting that monosaccharide residues may undergo
changes in ring conformations of up to 10° in dihedral angles.®*

B. Conformation of the Glycosidic Bonds. i. 8(1-4)-Glycosidic
Linkage. In disaccharides, the exoanomeric effect does not change
the conformation which would be adopted because of steric in-
teractions alone. This effect only narrows the potential well and
becomes more important in the case of complex oligosaccharides,
where steric factors are less favorable.®

(60) Longchambon, P. F.; Ohannessian, J.; Avenel, D.; Neuman, A. Acta
Crystallogr. 1978, B31, 2623-2627.

(61) Arnold, S.; Scott, W. E. J. Chem. Soc., Perkin Trans. 2 1972,
324-335.

(62) (a) Brady, J. W. J. Am. Chem. Soc. 1986, 108, 8153-8160. (b)
Brady, J. W. J. Am. Chem. Soc. 1989, 111, 5155-5165.

(63) Kottenhahn, M. Ph.D. Thesis, Frankfurt FRG, 1989.

(64) Rao, V. S. R,; Joshi, N. V. Biopolymers 1979, 18, 2993-3004.

(65) Lemieux, R. U,; Wong, T. C.; Thegersen, H. Can. J. Chem. 1982,
60, 81-86.

A comparison of the 8-glycosidic torsion angles obtained by
X-ray diffraction of a-lactose®® or 8-cellobiose®” reveals a great
correspondence in molecular shape. This comparison naturally
suffers from the lack of the hydroxyl substituent at Glc-C? in the
investigated glycopeptide. The averaged dihedral angles from the
MD simulations in water, in DMSO, and in vacuo about this
B(1-4)-glycosidic bridge are given in Tables VIII and X. The
¢ angle is =92.6° (¢, = 94.6°, C>-C2-0'-C*¥) and -77.8° (¢, =
106.0°) in a-lactose® and B-cellobiose,5”" respectively. For a fully
extended conformation, these angles are expected to adopt values
of ¢ = -110° and ¢, = +110°. Lactose exhibits a symmetrical
twist around the glycosidic bond, whereas cellobiose exhibits an
asymmetrical twist. This modification of the fully extended
conformation for the 8-glycosidic bond is assumed to be a con-
sequence from an interresidual hydrogen bond from O’-H..O%,

(66) Fries, D. C.; Rao, S. T.; Sundaralingam, M. Acta Crystallogr. 1971,
B27, 994-1005.

(67) (a) Jacobsen, R. A.; Wunderlich, J. A.; Libscomb, W. N. Acta
Crystallogr. 1961, 14, 598-607. (b) Chu, S,; Jeffrey, G. A. Acta Crystallogr.
1968, B24, 830-838.
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Table IX. Comparison of the Experimental (X-ray Analysis) and MD-Calculated Backbone and Side Chain Dihedrals of the Cyclic Hexapeptide
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Ir°
MDII*? MDIT MDII'NOE X-ray
BlI-turn Bl-turn dynamic BI-turn
p-Pro! ¢ 60.4 (9.9) 59.6 (10.6) 69.3 (14.6) 65.9 (9)
¥ -124.6 (14.7) -112.8 (12.1) -92.0 (38.5) -135.4 (7)
X1 -9.0 (23.7) 3.8 (25.6) -5.3 (26.0) -1.0 (1)
@ 177.5 (6.3) 179.2 (6.3) 175.6 (10.2) 175.1 (6)
Phe? ¢ -86.4 (18.1) -65.5 (17.5) -83.2 (32.8) -88.9 (8)
¥ 22.2(37.2) -21.6 (29.4) -73.9 (99.0) 1.0 (1)
Xi -60.0 (1.6) -60.0 (1.5) -60.0 (2.2) -71.2 (8)
w -179.4 (9.5) 173.6 (8.9) 179.4 (11.3) 178.4 (7)
Ala? ] -130.8 (34.0) -110.5 (27.3) -97.4 (70.2) -91.9 (8)
V) 175.7 (15.9) 148.1 (20.1) -174.5 (91.7) -176.8 (6)
@ 172.1 (8.6) -177.9 (9.0) 179.1 (12.5) -173.7 (6)
Ser? ¢ -59.9 (11.9) -27.3 (25.9) -25.2 (66.3) -65.3 (8)
v 98.0 (10.9) -51.2 (18.1) 19.7 (68.2) -38.5(9)
X1 —-88.5 (48.1) 125.9 (61.9) -22.1 (230.9) -177.0 (6)
w 174.9 (6.4) 177.9 (6.0) 179.3 (10.1) -172.0 (6)
Phe’ ¢ 86.7 (16.7) -89.9 (29.9) 163.8 (95.5) -104.5 (7)
¥ -26.2 (27.8) -20.4 (31.8) 156.8 (226.8) -12.5 (9)
X) -60.2 (1.7) -59.9 (1.7) -60.4 (2.2) -66.0 (8)
w 179.5 (8.8) -177.7 (1.8) 178.8 (11.3) -171.4 (6)
Phe$ ] -114.0 (25.4) —-144.5 (18.9) 34.8 (262.3) -163.3 (6)
Y/ 109.3 (15.2) 106.2 (15.5) 105.9 (20.1) 143.2 (6)
X1 -179.8 (1.0) -180.0 {1.8) -179.6 {2.1) -172.3 {6)
w 176.2 (8.6) 173.7 (1.2) -176.8 (12.8) 172.7 (6)

9 All angles are given in degrees; the numbers in parentheses denote the rms fluctuation obtained by averaging.

Table X. Comparison of the MD-Calculated Glycosidic Bond Dihedral Angles of the Glycopeptide I°

MD simulation o¥-Cr-0¢-c* C?-Cr-04-C* C-C*-0*-C" 0%-C'-O!'-Ser'C;  C-C'-O'-Ser'C;
(1) Simulation in Water with Exoanomeric Effect Potential
MDI* (BI1) -58.7 177.1 103.3 60.1 -169.6
MDE* (8I) -150.7 85.7 72.6 55.2 -174.9
(2) Simulation in Water without Exoanomeric Effect Potential
MDI*2 (8I1) —-68.5 169.6 106.1 75.3 -156.9
MDEF (81) -65.3 172.5 103.3 75.6 -154.0
(3) Simulation in Vacuo (Reduced Charges) with Exoanomeric Effect Potential
MDI?* (811) -79.0 158.1 156.2 48.9 179.2
MDI* (81) -116.6 122.5 93.2 317 162.8
MDI'NOE -98.3 139.8 89.5 60.2 -168.6
(4) Simulation in Vacuo (Reduced Charges) without Exoanomeric Effect Potential
MDI'? (8II) -90.0 148.5 98.6 109.2 -124.0
MDI (81) -91.9 146.7 101.2 60.3 -168.6
(5) Simulation in DMSO with Exoanomeric Effect Potential
MDI¢% (81I) -62.8 174.5 93.8 63.8 -166.5
MDI* (81) -71.0 159.7 95.8 42.9 176.5
(6) Starting Structures for Both Turns after Energy Minimization
EM (BII) -75.2 163.0 114.7 66.5 -167.0
EM (8I) -78.1 160.8 109.5 67.2 -164.3
(7) Solid-State Structures for Disaccharides from the Literature
a-lactose -92.6 146.2 94.6
B-cellobiose -77.8 167.3 106.0

2 All angles are given in degrees; they are obtained in each case by averaging over the whole trajectory.

This hydrogen bond was observed in several solid-state structures
from 8(1-4)-linked oligosaccharides, but could not be detected
in the different MD trajectories in water, in DMSO, or in vacuo.

Initial values for these glycosidic dihedrals ¢ in the glycopeptide
I of =75.2° (for BII structure) of —78.1° (for BI structure) were
obtained after various energy minimizations. They are close to
the values found for §-cellobiose in the solid state. The MD
refinements in vacuo without the additional exoanomeric potential
produce average dihedral angles of -90.0° (MDI'?) and —91.9°
(MDI") for both conformers, which are close to the dihedral values
of a-lactose in the solid state. When analyzed, the first set of
simulations in water without the exoanomeric effect showed a small
conformational change (¢ values of —-68.5° (MDI*?) and —65.3°
(MDE")). These values are in the accepted range for values of
the 8(1-4)-linkage, but they differ by about 30° from the results
obtained from in vacuo trajectories. All observed conformations

are in agreement with the short deoxyGleC*H-GalC" H distance
of 212 pm. In the NOESY spectrum, another NOE between both
saccharide moieties (GalC" H-deoxyGlcCSH) was observed and
was qualitatively in agreement with our results; a quantitative
examination of this distance was not possible because of signal
overlap. As stated several times in the literature (see, for example,
ref 50), only one or two NOEs are available across glycosidic
linkages, a situation which complicates oligosaccharide confor-
mational analysis.

The implementation of the exoanomeric effect in the GROMOS
force field produces some slightly different results. In vacuo, ¢
values of =79.0° (for the SII structure) and —116.6° (for the 81
structure) were observed. The subsequent simulations in water
also show that the different peptide backbone conformers tend
to produce different 8(1-4)-glycosidic angle conformations: ¢
values of —58.7° for the BII structure and —150.7° for the GI
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structure are observed. Additional MD simulations in water from
different starting geometries produced similar results for the
glycosidic angles (no data given). This difference in ¢ of 90° from
the analysis of the simulations for the 81/8II conformers could
not be checked by experimental methods. The measured short
distance between GalC'H and deoxyGlcC*H was only fulfilled
for the MDI*? simulation; a violation of 40 pm was observed for
the MDI*'® simulation, but several theoretical studies revealed a
high flexibility around 8(1-4)-glycosidic linkages. From the MD
simulations in DMSO with the exoanomeric effect, ¢ values of
—77.0° for the SI structure and —62.8° for the SII structure were
observed: no alternate conformer or increased flexibility of the
glycosidic linkage could be detected during these simulations. In
a recent study on the dynamics of several types of glycosidic
linkages by molecular dynamic methods, Yan and Bush® described
three low-energy conformations for 8-methyl lactoside (Gal(3-
(1-4)Glc-8-O-Me) on the potential energy map. The glycosidic
dihedral angles from in vacuo trajectories over 120 ps show these
conformations in accord with local minima on the potential energy
map. The low-energy conformation with ¢ = -145.4° and y =
99.5° corresponds to our alternate conformation around this
linkage from the simulation of the SI-turn structure in water.

Not only are the averaged glycosidic dihedral angles different,
but the observed flexibility is also greater in the trajectories in-
cluding the additional parameters for the exoanomeric effect. The
results presented here for this linkage are in agreement with the
conclusion of an ensemble average over several conformations of
these 8(1-4)-linked disaccharide fragments.

The high flexibility of the 8(1-4)-glycosidic linkage is often
discussed in the literature.®® Dabrowski and co-workers described
a dynamical averaging of each of the glycosidic linkages (for
Gal-8(1-4)-Glc fragment) during analysis of the conformations
of globoside® and ganglioside.”” On the basis of the features of
potential energy surfaces as functions of the linkage dihedral angles
of cellobiose and maltose, a wider range of allowed conformations
for glycosidic linkages is postulated.”! They are separated by
small barriers, leading to the assumption of fast rates of con-
formational interchange. Therefore NMR reflects only weighted
averages, as observed for the peptide backbone. The same results
for the occurrence of “alternative” glycosidic linkage conformations
and an increased flexibility in those regions were described by
Homans.*® The observations from the MD simulations presented
here are consistent with these results. The glycosidic angles for
the presented glycopeptide I show, in some cases, transitions
between distinct conformations.

The modified GROMOS force field now reproduces the theoretical
predictions concerning dynamics and flexibility around the g(1-
4)-glycosidic linkage significantly better. In vacuo MD simulations
on S-lactose as a model compound (data not given) produced other
conformations significantly populated around the glycosidic bond
only when the modified force field was utilized. These alternate
conformations correspond to the low-energy conformers of §-
methyl lactoside as described by Yan and Bush.5®

Obviously the SI/8II-turn dynamics of the peptide backbone
influences the geometry of the 5(1-4)-glycosidic linkage. Different
peptide conformers stabilize different disaccharide conformers
or lead to different motional behavior about the glycosidic linkages.
However, it is not possible to experimentally confirm the con-
formations about the glycosidic linkage observed in the calcula-
tions.

ii. a(1-SerO%)glycosidic Linkage. The observed conformations
for the a-glycosidic linkage are in agreement with the exoanomeric
effect theory. The conformations observed here are also in accord
with the reported structures of other linear glycopeptides with
Gal-N-Ac linked to Thr-0P.42¢72  [n the literature, these dihedral

(68) Yan, Z.-Y.; Bush, C. A. Biopolymers 1990, 29, 799-811.

(69) Poppe, L.; von der Lieth, C.-W.; Dabrowski, J. J. Am. Chem. Soc.
1990, /12, 7762-7771.

(70) Acquotti, D.; Poppe, L.; Dabrowski, J.; von der Lieth, C.-W.; Sonnino,
S.; Tettamanti, G. J. Am. Chem. Soc. 1990, 7772-7778.

(71) Stevens, E. S.; Sathyanarayana, B. K. J. Am. Chem. Soc. 1989, 111,
4149-4154.
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angles are found to be constrained to a relatively narrow range
of values.

The relative geometry of the disaccharide chain to the peptide
backbone could be experimentally determined by observation of
several NOEs: Ser‘NH-deoxyGlcH?, 445 pm (454 pm calcu-
lated in MDI'NOE); Ser*N H—deoxyGlcH', 384 pm (430 pm cal-
culated); Ser*C  H-deoxyGlcH', 335 pm (392 pm calculated); and
Ser*CyH-deoxyGIcH', 311 pm (369 pm calculated, increased by
90 pm for MD simulation because of the lack of diastereotopic
assignment). These NOEs are fulfilled in all structures; the
observed discrepancies (largest violation 57 pm) may arise from
an incorrect interpretation of NOE data under the assumption
of isotropic mobility in both parts of this molecule or from internal
dynamics (torsional oscillations around this linkage).

A detailed examination of the different MD trajectories pro-
duced with the different force fields shows that taking the exo-
anomeric effect into account constrains the a(1-0f)-linkages; no
alternate conformations around this linkage appear. This ob-
servation is in agreement with theoretical predictions concerning
the motional dynamics of this linkage. To summarize the results
produced with the modified GROMOs force field, the conformational
dynamics and the occurrence of alternate conformers are better
reflected by taking the exoanomeric effect into account as proposed
by Homans®® for both types of glycosidic linkages investigated
in this report.

The conformation of the primary disaccharide hydroxyl groups,
characterized by the torsion angle C*~C*~C%-09, changes greatly
during all simulations, as reflected by the rms torsion angle
fluctuation. A detailed description of preferred conformations
about the C5-C® bond was not carried out based on this data set.
This observation was also made in MD simulations from several
workers,528 whereas the analysis from solid-state structures re-
vealed preferences for this dihedral angle.56:67

4. Conclusions

A. Peptide Conformations of I and II. Restrained MD simu-
lations have indicated the high internal flexibility of the cyclic
hexapeptide backbone for both I and II. Two different turn
structures could be detected: assuming an ensemble containing
both conformers, all NMR data can be accounted for. A great
similarity between the corresponding conformers of I and I was
observed (e.g., hydrogen-bond pattern, peptide backbone, and side
chain geometry). For both cases it was possible to refine the
NMR-derived averaged data by use of a new simulation technique
with time-dependent distance constraints, showing both postulated
conformers to be in fast equilibrium. This is an illustrative example
of a case where the assumption of static structures is not correct;
the NOE data set used to derive distance constraints is affected
by motional averaging. A refinement to represent all of these
experimental data in one single structure would lead to a so-called
virtual structure without any physical significance, as pointed out
previously by Jardetzky.’” These kind of structures derived from
NMR remain poorly defined despite the availability of NMR
parameters of high quality.”

The BI conformer of II corresponds to the solid-state structure
of II with some small differences in dihedral angles (Table IV),
but with no major change in molecular shape. This leads to the
assumption of an increased stability of SI-turns in crystal envi-
ronments, probably because of intermolecular packing effects. The
preference of SI-turns in an L,L-amino acid sequence has long been
referred to in the literature.”* The results presented here reveal
the flexibility in those turns in solution. Comparison of the
molecular mobility during MD refinements of I and II shows that

(72) Ferrari, B.; Pavia, A. A. Int. J. Pept. Protein Res. 1983, 22, 549-559.

(73) (a) Scarsdale, J. N.; Yu, R. K.; Prestegard, J. H. J. Am. Chem. Soc.
1986, /08, 6778—6784. (b) Kim, Y.; Ohlrogge, J. B.; Prestegard, J. H.
Biochem. Pharmacol. 1990, 40, 7-13. (c) Holak, T. A.; Keasely, S. K.; Kim,
Y.; Prestegard, J. H. Biochemistry 1988, 27, 61356142,

(74) (a) Venkatachalam, C. M. Biopolymers 1968, 6, 1425-1436. (b)
Lewis, P. N.; Momany, F. A.; Scheraga, H. A. Biochim. Biophys. Acta 1973,
303, 211-229. (c) Némethy, G.; Scheraga, H. A. Biochem. Biophys. Res.
Commun. 1980, 95, 320-327,
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both compounds reveal corresponding flexibilities. Furthermore,
no significant effect of the oligosaccharide chain on the peptide
backbone mobility was observed. This is different from results
indicating the stiffening of a peptide chain containing glycosylated
amino acid residues (for example, see ref 4e).

The results presented here show that both peptides have similar
conformations and dynamics in solution. The O-glycosylation does
not change the overall shape of the investigated peptide. The
glycosylation has no significant influence on the population of side
chain rotamers in the neighborhood of the glycosylated amino acid.
A fast interconversion between two significantly populated con-
formers (differing by the type of 8-turn in equilibrium) could be
detected for both peptides. Simulations with time-dependent
distance constraints for both peptides led to further evidence on
the proposed interconversion.

B. Conformation of the Monosaccharide in I. The analysis of
the MD simulations suggests that the peptide backbone confor-
mation obviously influences the relative geometry of the 8(1-
4)-glycosidic linkage or the conformational averaging around this
linkage. The in vacuo and in water simulations with a potential
taking into account the exoanomeric effect produce a significant
population of an alternative conformer around the 8(1-4)-
glycosidic linkage when the peptide backbone changes from 1
to SI1. While all obtained conformations for both peptides could
be verified by several measured distances, the situation for the
determination of the oligosaccharide spatial structure critically
depends on the nature of the employed force field because of the
lack of NOEs between the monosaccharide subunits. The sim-
ulations including the exoanomeric effect show better agreement
with results from calculations of other workers in respect to the
average glycosidic dihedral angles; higher flexibility leading to
conformational averaging around the 8(1-4) bond as observed
in our MD simulations has also been proposed several times by
other groups using independent methods. In fact, it is difficult
to decide whether the modified parametrization (including the
exoanomeric effect) will lead to a physically more realistic picture
of the motional behavior of glycosidic linkages because of the lack
of experimental data yielding insight into the conformational
distributions around these bonds.

5. Experimental Section

A. X-ray Structure Determination of Cyclo(D-Pro-Phe-Ala-Ser-Phe-
Phe)-3DMSO. Colorless transparent crystals were obtained from a
saturated solution of the hexapeptide in DMSO. A crystal with dimen-
sions 0.39 X 0.50 X 0.50 mm was sealed in a glass capillary together with
a drop of mother liquor. The measurements were performed on an
Enraf-Nonius CAD4 diffractometer with Cu Ka radiation (graphite
monochromator) at room temperature (294 K). Crystal data: CigHyy-
N¢O0,:3C,HS0, monoclinic space group P2 (No. 4), @ = 10.099 (2), &
= 10.403 (1), c = 23.276 (2) A, 8= 92.24 (1)°, V= 2443.4 (8) A}, Z
=2, peac = 1.269 g/cm?, u = 18.4 cm™. A total of 6673 reflections in
the +A,+k,2/ hemisphere were measured up to 26 = 108° using an
w-scan with Aw = 1.8° + 0.21° tan 6. Three standard reflections re-
measured every 5500 s remained stable. An empirical absorption cor-
rection was made based on the psi scans of five reflections.”” The
correction factor ranged from 1.00 to 1.39. Equivalent reflections were
averaged (R(F)internal = 0.046), resulting in 3125 unique reflections
with I > 0, which were used for the structure determination and re-
finement.

The structure was determined by Patterson search techniques using
the program PATSEE.”® A fragment containing 29 atoms taken from the
crystal structure of cyclo(D-Pro-Phe-Phe-Pro-Phe-Phe)!® was earlier
positioned and subsequently expanded to the full structure by tangent
refinement. The hydrogen position of the Ser*OH group was derived
from a difference Fourier synthesis. All other H-atoms of the main
molecule were placed at idealized calculated positions. The H-atoms at
the poorly ordered DMSO molecules could not be determined. The
H-atoms were not varied. The C-atoms of DMSO were refined with
isotropic thermal parameters. All other non-H-atoms were refined with
anisotropic thermal parameters. The structure refinement of the F values

(75) North, A. C. T,; Phillips, D. C.; Mathews, F. S. Acta Crystallogr.
Sect. A 1968, 24, 351-359.

(76) Egert, E.; Sheldrick, G. M. Acta Crystallogr. Sect. A 1985, 41,
262-268.
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using unit weights converged at R(F) = 0.067 and wR(F) = 0.067.

The final difference Fourier synthesis showed residual density up to
1.0 ¢/A? near the S-atoms of the disordered DMSO molecules, but was
otherwise featureless. The positional and anisotropic thermal parameters
are reported in Tables S1 and S2, while Tables S3-S6 contain bond
distances, bond angles, torsion angles, and structure factor listings; all
are included in the supplementary material. The calculations were
performed with the SDP program system.”’

B. NMR Measurements. The spectra were recorded on Bruker
spectrometers: AMX 600, AMX 500, and AC 250. The samples con-
tained 30 and 20 mg of I and II, respectively, in 0.5 mL of DMSO-d;
(99.9% 2H-atoms; Aldrich). All chemical shifts are referenced to the
DMSO-d; signal at 2.5 ppm for 'H and 39.5 ppm for *C.

i. 1D 'H NMR Spectra. Size 16K, pulse length 3.0 us, 80 acquisi-
tions. The spectra for determination of the temperature gradients were
recorded at 300-340 K in steps of 10 K for I and II.

ii. DQF-COSY Spectra. Sequence: D,-90°-t,-90°-D,-90°-1,,
Relaxation delay D, = 1.3 5, D, = 4 us, 90° pulse 7.8 us. Spectral widths
in both dimensions f, and f, were 7142.8 Hz for 600 MHz and 2994.0
Hz for 250 MHz, with quadrature detection in both dimensions.

fii. NOESY Spectrum. Sequence: D—90°-#-90°-r,;,,~90°-1,.
Relaxation delay, D, = 1.3 s; mixing time (), 100 ms, no random
variation of 7,,; 90° pulse 7.8 us. Spectral width in both dimensions f,
and f, was 7142.8 Hz, with quadrature detection in both dimensions.

iv. TOCSY Spectra. Sequence: D,-90°—t,-MLEV17-t,. Relaxation
delay, D, = 1.3 s; spectra with different mixing times (duration of the
spin-lock period) were recorded (a, 20 ms; b, 80 ms), 90° pulse 7.8 ps.
Spectral widths in both dimensions f; and f, were 7142.8 Hz for 600
MHz and 2994.0 Hz for 250 MHz, with quadrature detection in both
dimensions.

v. ROESY Spectrum for IL. Sequence: D,-90°-t—(Ps—Ds),~t>.
Relaxation delay, D, = 1.3 5, D3 = 20.5 us, 90° pulse 7.8 us, Ps pulse
for spin-lock field 2 us, mixing time 150 us. Spectral width in both
dimensions f, and f, was 2994.0 Hz, with quadrature detection in both
dimensions.

vi. ECOSY Spectra. Sequence: D,—90°-¢,-90°-D,-90°—t,. Relax-
ation delay, D, = 1.3s, D, = 3 us, 90° pulse 7.1 us. Spectral width in
both dimensions f; and f, was 2000.0 Hz, with quadrature detection in
both dimensions.

vii. Proton-Detected Heteronuclear Correlation (HMQC) Spectra.
Sequence: D,—BIRD-D,-90°(*H)-D,-90°(1*C)—1,/2-180°('H)~t,/2-
90°(1*C)-D,—t,(GARP[C]). Relaxation delay, D, = 197 ms, D, = 3.57
ms, D, = 117 ms, 90° pulse ("H) 12.5 us, 90° pulse ('*C) 10.4 gs.
Spectral width in f, was 5434.78 Hz (=9.056 ppm) and f; was 11 363.64
Hz (=75.3 ppm), with quadrature detection in both dimensions, recording
and processing in the pure absorption mode.

viii, “Inverse COLOC” with 270° Gaussian Pulse (HMBCS-270)
Spectra.  Sequence:  D;—90°(*H)-D4-270°%ecrive{*C)-1)/ 2—
180°(*H)~t,/2-90°(**C)~t,. Relaxation delay, D, = 2.0 s, 90° pulse
(*H) 7.8 us, 90° pulse (1*C hard) 12.4 us, 270° pulse (:>C soft) 2000 us,
D, = 50 ms. Spectral width in f, was 5555.56 Hz, in f}, 140.0 Hz. The
spectra were recorded and processed in the phase-sensitive mode, followed
by a magnitude calculation in f.

ix. Proton-Detected Heteronuclear Correlation with TOCSY Transfer
(HMQC-TOCSY) Spectra. Sequence: D;~BIRD-D,~90°(*H)-D,-
90°(13C)~t,/2-180°('H)~1,/2-90°(3*C)-D,-MLEV17-t,(GARP[*C)).
Relaxation delay, D, = 197 ms, D, = 3.57 ms, D, = 117 ms, 90° pulse
(*H) 12.5 ps, 90° pulse (1*C) 10.4 us. Spectral width in f, was 5434.78
Hz (=9.056 ppm) and in £}, 11 363.64 Hz (=75.3 ppm); mixing time for
the spin-lock was 80 ms, with quadrature detection in both dimensions
and recording and processing in the pure absorption mode.

x. HMQC-NOESY Spectrum for I (600 MHz). Sequence: D,—
BIRD-D,~90° (‘H)-D,-90°('*C)-t,/2-180°('H)~1,/2-90°('*C)-D,~
90°('H)-7;,~90° (*H)-1,(GARP[*C]). Relaxation delay, D, = 235 ms,
D, = 3.57 ms, D, = 225 ms, 90° pulse ("H) 12.5 s, 90° pulse (1*C) 10.4
us. Spectral width in f, was 5434.78 Hz (=9.056 ppm) and in f},
11363.64 Hz (=75.3 ppm); mixing time for the NOE transfer step was
200 ms, with quadrature detection in both dimensions and recording and
processing in the phase-sensitive mode. Co-added rows of a spectral
region without cross-peaks were subtracted from the 2D matrix.
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Abstract: The conformational analysis of two cyclic analogues of substance P has been carried out using NMR spectroscopy
and restrained molecular dynamics calculations. The cyclic analogues, cyclo[-(CH,),,-NH-CO-(CH,),-CO-Arg-Phe-Phe-
N-]-CH,-CO-Leu-Met-NH, (with m, n = 3, 2 and 3, 3), show a large percentage of cis configurational isomers (18 and 22%)
about the substituted amide. The additional isomers lead to severe spectral overlap of the proton resonances. Using the carbon
resonances and the associated large chemical shift dispersion allows for the unambiguous assignment of all proton resonances.
From the NOEs, temperature gradients, and coupling constants the conformation of the cyclic portion of the molecule is
well-determined. The structures obtained from the experimental study were refined with NOE-restrained molecular dynamics.
The computer simulations were carried out in dimethyl sulfoxide, the same solvent used in the experimental study. The dynamic
stability of the refined conformations was evaluated by performing an extended, free MD simulation (400 ps) in dimethyl
sulfoxide. The comparison of the interproton distances from the NOEs (two-spin approximation) with the effective distances
from the free MD simulation is introduced as a possible tool to test the quality of obtained structures.

Introduction

Substance P (SP) is an undecapeptide, Arg-Pro-Lys-Pro-Gln-
GIn-Phe-Phe-Gly-Leu-Met-NH,, belonging to the tachykinins,
a family of peptides sharing the common C-terminal amino acid
sequence Phe-Xaa-Gly-Leu-Met-NH, and a broad range of bi-
ological activities.! In fact, the C-terminal hexapeptide of SP,
GIn-Phe-Phe-Gly-Leu-Met-NH,, retains much of the biological
activity of the native molecule. The role of SP in the transmission
or modulation of pain stimuli is of particular interest.> Three
different classes of receptors for SP have been identified and cloned
(neurokinin receptors NK-1, NK-2, and NK-3).> The wide range
of physiological activity of SP has been attributed to the lack of
selectivity of SP for a particular receptor type. The conformational
flexibility of the linear peptide can account for the lack of se-
lectivity.

One method to reduce the conformational freedom of a peptide
and greatly increase the selectivity for receptors is cyclization.
This method has been applied successfully to many different
peptide systems.* Therefore, the goals in the cyclization of the
neuropeptide substance P were 2-fold. The first goal was to
develop a highly selective, metabolically stable analogue. The
second goal was to impose conformational constraint in order to
lock the peptide in a bioactive conformation that fits each ta-
chykinin receptor.

However, the C-terminal hexapeptide of SP is resistant to
cyclization. The common methods for cyclization including
end-to-end, end-to-side chain, and side chain-to-side chain lead
to analogues with little or no activity.> The side chains commonly
used for cyclization cannot be modified and, in addition, the
C-terminal portion must be free as an amide.
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To overcome the limitations of the conventional modes of cy-
clization, we have recently® introduced a new general concept for
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