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Three-dimensional structures of peptide chains
can be related to biological functions of peptides and
proteins on the molecular level. In order to deduce
the conformations of biological macromolecules,
physical, chemical, and theoretical techniques have
been developed and applied. Analysis by x-ray crys-
tallography®2 is a potent method for solid-state struc-
ture determination, but it does not provide informa-
tion on dynamic processes, on compounds in solution
(usually the physiological milieu), or on biologically
important molecules which have not been crystal-
lized. In addition, the conformation in crystals may
be uniqgue to the solid state—especially for small pep-
tides whose crystals contain little solvent.3? Thus, the
quest continues for techniques which yield detailed
structural information to complement that obtained
from crystallographic studies.

We describe herein approaches to the deduction of
peptide conformation in solution by the use of three
techniques: 13C nuclear magnetic resonance, confor-
mational energy calculations, and circular dichroism.
Sections of this paper illustrate the types of confor-
mational information that can be derived from each
of the individual methods for synthetic and naturally
occurring cyclic peptides, but for complete conforma-
tional analysis a combination of techniques is usually
necessary, or, as has been aptly stated, “. .. if the re-
straints on validity sometimes seem demoralizing,
they remain so only as long as one set of data, one
type of method, is considered separately. Viewed in
consort with other methods, . . . there can be strength
in converging weakness.”*

Why Cyclic Peptides?

In choosing molecules which might be suitable
models for conformational analysis, our goal has been
to combine biological relevance with structural sim-
plicity, i.e., the molecules should have a few discrete
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conformational states and be simple enough so that
these states can be characterized by experimental
and predictive techniques. The discussion below
shows that these criteria are met by cyclic peptides
which contain proline and glycine.

Proline is found frequently in naturally occurring
biologically active peptides,® including peptide hor-
mones, such as angiotensin, bradykinin, oxytocin, va-
sopressin, MSH-releasing-inhibiting hormone (MSH,
melanocyte stimulating hormone), TRF hormone
(TRF, thyroid-releasing factor); peptide antibiotics,
such as gramicidin S and actinomycin; and the pep-
tide antitoxin, antamanide. In addition, the impor-
tance of proline has been established as a conforma-
tional determinant in structural proteins such as col-
lagen® and as a frequent participant in the reversal of
direction of peptide chains in globular proteins.”®

The simplest amino acid, glycine, also plays an im-
portant structural role in peptide and protein chains.
Because it lacks a side chain, glycine fits into secon-
dary structures where larger amino acids would be
excluded. Since proline and glycine residues often
comprise much of the amino acid sequence in turn re-
gions of secondary structure in proteins, it is perhaps
no coincidence that peptide chains which contain
proline and glycine have a higher probability of cy-
clizing than chaing which contain other amino acids®
(as manifested by isolated yields in cyclic peptide
synthesis reactions).

The large number of possible conformational
states available to a linear peptide chain—of even a
few amino acids—is substantially reduced by cycliza-

(1) Present address: Biochemistry Department, Research Institute, Hos-
pital for Sick Children, Toronto, Ontario, M5G 1X8, Canada.

(2) Present address: Department of Medicinal Chemistry, University of
Illinois at the Medical Center, Chicago, Ill. 60680.

(8) For recent reviews, see (a) A. Liljas and M. G. Rossmann, Annu. Reu.
Biochem., 43, 475 (1974); (b) F. A. Bovey in “Peptides, Polypeptides, and
Proteins”, E. R. Blout, F. A. Bovey, M. Goodman, and N. Lotan, Ed., Wiley,
New York, N.Y., 1974, pp 248-265.

(4) E. Webb, D, Campbell, R. Schwartz, and L. Sechrest in “Unobtrusive
Measures”, Rand McNally, Chicago, I11., 1966.

(5) For reviews, see: (a) F. A. Bovey, A. 1. Brewster, D. J. Patel, A. E. To-
nelli, and D. A. Torchia, Acc. Chem. Res., 5, 193 (1972); (b) V. J. Hruby in
“Chemistry and Biochemistry of Amino Acids, Peptides, and Proteins”, B.
Weinstein, Ed., Vol. 3, Marcel Dekker, New York, N.Y., 1974, pp 1-188; (c)

"for the two immediately preceding papers in the series on cyclic peptides,

see E. R. Blout, C. M. Deber, and L. G. Pease, in “Peptides, Polypeptides
and Proteins”, Wiley, New York, N.Y., 1974, pp 226-281, and E. T. Fossel,
K. R. K. Easwaran, and E. R. Blout, Biopolymers, 14, 927 (1975).

(6) J. P. Carver and E. R. Blout in “Treatise on Collagen”, Vol. 1, Aca-
demic Press, New York, N.Y., 1967, pp 441-526.

(7) J. L. Crawford, W, N. Lipscomb, and C. G. Schellman, Proc. Nat!.
Acad. Sci. U.S.A., 70, 538 (1973).

(8) P.Y.Chouand G. D. Fasman, Biochemistry, 13, 222 (1974).

(9) (a) For a review of cyclic peptide synthesis, see K. D. Kopple, .
Pharm. Sci., 61, 9 (1972); (b) C. M. Deber and E. R. Blout, Isr. J. Chem., 12,
15 (1974); (¢) C. M. Deber in “Chemistry and Biology of Peptides”, J.
Meienhofer, Ed., Ann Arbor Science Publishers, Ann Arbor, 1972, pp. 93-96.



Vol. 9, 1976

tion. The number of possible conformers is further
reduced by building prolines into cyclic peptide se-
quences, since the proline side chain (a) severely re-
stricts rotations about the N-C, bond and (b) limits
the rotations of neighboring groups. In addition,
 highly symmetric primary sequences (i.e., repeating
units of two or three amino acids) amplify conforma-
tional preferences by repetition in a manner similar
to cooperative stabilization of regular structures in
polymers.

By synthesizing proline-containing cyclic peptides
having high sequential symmetry and containing 2 to
12 amino acid residues, we have obtained molecules
which have certain preferred conformers. These con-
formers have been characterized by the techniques
which will be described herein. In contrast, such dis-
crete conformational states are less likely for non-
proline-containing cyclic peptides!®! (or for linear
peptides).

An added bonus of studying proline-containing
compounds is that they afford an opportunity to de-
termine factors which affect the equilibrium between
cis and trans peptide bonds. Although trans is the
usual molecular arrangement of peptide bonds, cis
peptide bonds (at the amino terminus of proline resi-
dues) have been found in proteins,!? in the naturally
occurring cyclic peptide, antamanide,'® as well as in
synthetic linear'4 and cyclic peptides.15

Determination of Conformation

The approach to conformational analysis which
will be presented depends largely on data from !3C
and 'H nuclear magnetic resonance (NMR) spectros-
copy and potential energy calculations, as well as on
theoretical and experimental circular dichroism (CD)
spectroscopy. As the extensive contributions made to
conformational analysis in this field by proton NMR
have been reviewed,? they will not be discussed here-
in. For nonstrained molecules, such as cyclic hexa-
peptides, specification of conformation reduces to de-
termining dihedral angles for rotations about single
bonds (¢, ¥, w) for the peptide backbone.
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Carbon-13 Nuclear Magnetic Resonance. Mole-
cules of biological significance are being studied in-
creasingly by 13C NMR spectroscopy.® The simplici-
ty of the spectra and narrowness of resonances in
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Figure 1. Schematic representations of conformations deduced for
cyelo(Pro-Gly)s in solution: (a) free peptide in y-turn conforma-
tion, containing all-trans peptide bonds and three intramolecular
13 hydrogen bonds; and (b) cation complex, formed from y-turn
conformation by rotation (about Pro ¢ and Gly ¢ angles) of the
peptide bond units between Pro and Gly residues. The position of
the cation, shown interacting primarily with the three Gly carbon-
yl groups, has not been definitely established.!”

proton-decoupled spectra provide a clear set of lines
which often can be assigned to individual carbon
atoms.

13C spectra of cyclic peptides can reveal the degree
of conformational symmetry. Thus, spectra of a cyclic
hexapeptide, such as cyclo(Pro-Gly)s (see Figure 1),
which has C3 symmetry in its primary amino acid se-
quence, may contain only one resonance for each car-
bon within the Pro-Gly repeat unit—indicating Cs-
conformational symmetry. If the symmetry persists
at low temperature (say, —60°), it may be concluded
that the peptide has inherent conformational sym-
metry, as opposed to apparent symmetry due to av-
eraging among asymmetric conformers. Such experi-
ments have established that the cyclo(Pro-Gly); con-
former in nonpolar solvents, such as chloroform, is Cy
symmetric.!? :

If, on the other hand, the conformation of cyclo-
(Pro-Gly)s is asymmetric under the experimental
conditions, then, barring chemical shift degeneracy,
three resonances should be observed for each type of
carbon atom in the molecule. Generally, species
whose intrinsic chemical shift difference is at least 10
Hz will give rise to discrete lines in NMR spectra at
about 25° if the barrier to interconversion of the
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Figure 2. 13C chemical shifts of proline Cg and C, in a series of cy-
clo(Pro-Gly), peptides, n = 1-5, and in linear poly(Pro-Gly), n =
X (average degree of polymerization for polymer sample not deter-
mined). The horizontal lines enclose the normal ranges of chemical
shifts found for each type of carbon. Squares indicate that the Gly-
Pro peptide bond is trans; circles that it is cis. For the open sym-
bols the solvent was D30; filled symbols, CDCl3. Arrows indicate
that the chemical shifts of two unusual Cg resonances, those of cy-
clo(Pro-Gly); and cyclo(Pro-Gly)s; in CDCls, deviate significantly
from the “expected” region (see text).

species is greater than 15 kcal/mol. Sometimes obser-
vations of asymmetry can be associated with the oc-

currence of isomers about the X-Pro peptide bonds,

as the activation energy for this process is about 20
kcal/mol. In polar solvents cyclo(Pro-Gly)s exhibits
tripling of resonances for each type of carbon—indi-
cating an asymmetric conformer. Further, it has been
established that this conformer has one cis Gly-Pro
peptide bond.1":!8

13C chemical shifts depend primarily on the chemi-
cal nature of the carbon atom. However, there is wide
variation (several parts per million) within the region
for a given carbon type, and there have been efforts

to correlate these variations with conformation. For

example, it has been noted in a variety of linear, cy-
clic, and polypeptides!®20 that the chemical shift of
Pro C, is ca. 168 ppm for a trans X~Pro peptide bond
but about 170 ppm for a cis bond (vs. external CSy).
Thus, 3C spectra may be used to establish the iso-
meric state of the X—Pro peptide bond. This correla-
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tion appears valid for the X—Pro bond independent
of possible variations in proline ring conformation
from one molecule to another.?! Even though proline-
containing cyclic dipeptides?? and cyclo(Pro);23 have
quite different proline ring conformations, both have
Pro C, chemical shifts indicative of their cis peptide
bonds (an average of 170.4 ppm in CDCl; for several
cyclo(Pro-X) diketopiperazines which have similar
ring conformations??; 170.5 ppm for cyclo(Pro); in
CDCly).

Chemical shifts of the other proline ring carbons,
including Pro Cg, are often sensitive to other confor-
mational influences in addition to X-Pro peptide
bond stereochemistry. Consider the 13C chemical
shift data from a series of ¢yclo(L-Pro-Gly), peptides
(n = 1 to 5) and a linear poly(L-Pro-Gly) sample pre-
sented in Figure 2. In this series Pro-Gly is the re-
peating unit, and there are no end group effects.
However, there are progressive variations in molecu-
lar size and shape. Nevertheless, the cis and trans
Pro C, resonance positions (in two solvents, water
and chloroform) are relatively invariant, as are both
cis and trans Pro Cg resonances, except in a few in-
stances where unusual chemical shifts are observed,
as in Pro Cg of cyclo(Pro-Gly);, and cyclo(Pro-Gly)s
in chloroform. In these latter cases 13C spectra can be
employed to diagnose specific features of peptide
structure (vide infra).

Among the more important effects of neighboring
substituents on 13C chemical shifts is the shift to
higher field observed for a carbon atom when it is
cisoid (“eclipsed”) to a vicinal substituent.?4 In the
rigid conformations of many proline-containing cy-
clic dipeptides, such as cyclo(Pro-Gly);, Pro Cjp is
eclipsed by the Pro carbonyl oxygen atom, and rela-
tively high-field positions are observed for the Pro Cg
resonance.2%b Similar eclipsing occurs in the y-turn
conformer of cyclo(Pro-Gly)s (see Figure la), and
again, Pro Cg is at “abnormally” high field (see Fig-
ure 2). Upon formation of complexes of cyclo(Pro-
Gly)s with various metal and alkylammonium cations
(discussed below, see Figure 1b), the eclipsing of Pro
Cg is relieved, and its resonance shifts to the lower
field position more usually found for trans Pro Cg
resonances. Thus, it appears that the downfield
movement of Pro Cs upon complex formation in cy-
clo(Pro-Gly)s can be correlated with movement from
one preferred rotamer to another within the Pro
trans’ region.'” (The trans’ region describes the rota-
tional states of the Pro C,~C’ bond in which the Pro
C.~H is trans to the Pro carbonyl oxygen atom.) Ex-
periments of this nature currently lead only to an in-
ference of the rotational state about Pro C.-C’
bonds. However, they do provide evidence that 13C
chemical shifts may indeed be sensitive enough to be
useful for the determination of such subtle conforma-
tional changes.

When cations form complexes with ionophores
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4893 (1971).
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(such as valinomycin), 13C chemical shift changes are
often maximal at the carbonyl carbons?® and may be
due directly to redistribution of electron densities
from binding to the carbonyl oxygen atoms. Signifi-
cant chemical shift changes which also occur at car-
bons more distant from the binding site (such as the
Pro Cg shift discussed above) are probably caused by
the conformational change of the ionophore in going
from the free to the bound state. In certain cases,
changes in chemical shifts, even in carbonyl carbons,
due to conformational effects may be in the opposite
direction from those due to binding; therefore, little
or no net change may result. Such a fortuitous can-
celation of effects may explain the fact that the
chemical shift of the glycine carbonyl! carbon in cy-
clo(Pro-Gly)s is invariant even though three different
types of complexes with divalent magnesium are
formed (wherein Mg2* is surely bound in some or all
of the complexes to the Gly carbonyl oxygens).17
When amino acid salts (such as amino acid ester
hydrochlorides which are alkylammonium salts of the
type RNH3+C1™) and cyclo(Pro-Gly)s or its octapep-
tide homologue, cyclo(Pro-Gly)s, are mixed in chlo-
roform solutions, significant chemical shift changes
in both components are observed in 13C spectra.?6 It
was found also that diastereomeric pairs of com-
plexes between L- or D-amino acid salts with the cy-
clic peptides were distinguishable by the splitting of
carbon resonances belonging to the amino acid
salts; as seen in Figure 3, cyclo(Pro-Gly)s displays
the capacity for enantiomeric recognition between D-
and L-Pro-OBz-HCl. Further confirmation that the
amino acid and the cyclic peptide have formed a
complex and are now tumbling as an entity in solu-
tion?” was obtained by measurements of 13C spin-lat-
tice relaxation times. These (T'1’s) were found to dif-
fer for individual o carbons in the free salt and the
free cyclo(Pro-Gly)s. However, when the salt and the
peptide are mixed, the NT;’s (where N is equal to
the number of protons attached to each carbon) con-
verge to a common value. Such complexes may be
considered to be formally analogous to the chiral

macrocyclic ether—-amino ester complexes described .

by Cram and coworkers.?8

Recently, lanthanide shift reagents have been used
to give geometric information on entire peptide mole-
cules.?2 Various strategies to pinpoint cation binding
sites via the effect of shift reagents on 3C NMR
spectra are currently being explored in our laborato-
ries.

Conformational Energy Calculations. The prin-
cipal result of early conformational energy calcula-
tions in which atoms were treated as hard spheres is
that an amino acid in a peptide chain is restricted to
a few distinct conformations.?? Subsequent introduc-
tion of intramolecular potential functions has al-
lowed estimates of the relative stability of various
conformational regions. For glycine only about 75%

(25) E. Grell, T. Funck, and H. Sauter, Eur. J. Biochem., 34, 415 (1973).
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(b) C. M. Deber, B. Bartman, and E. R. Blout in “Peptides: Chemistry,
Structure and Biology”, R. Walter and J. Meinhofer, Ed., Ann Arbor
Science Publishers, Ann Arbor, Mich., in press.

(27) B. Bartman, C. M. Deber, and E. R. Blout, manuscript in prepara-
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Figure 3. 13C NMR spectrum (20 MHz) in chloroform-d of the up-
field region (122-172 ppm vs. external CSg) of cyclo(L-Pro-Gly)4
complexed with D,L-Pro-OBz-HCI. Concentration of cyclic peptide
is 50 mg/ml, The solution contains 0.5-equiv each of. L-Pro-OBz-
HCIl and D-Pro-OBz.HCI per equivalent of cyclo(Pro-Gly)s. As-
signments of resonances (CP = cyclic peptide, S = salt) were made
by comparison with related peptides. Other small resonances cor-
respond to minor populations of cis peptide bond-containing con-
formations of cyclo(Pro-Gly)s.262

of the conceivable conformers are sterically reason-
able, while for all other amino acids the set of avail-
able conformers is substantially reduced by the steric
bulk of the side-chain atoms to less than 25% of the
total.30

At present it is believed that computed intramolec-
ular energy differences of <1 kcal/mol are insignifi-
cant. Furthermore, the majority of conformational
energy calculations (largely as a matter of expedien-
¢y) consider only intramolecular interactions, and the
computed potential energies correspond to enthal-
pies rather than free energies of the structures. The
latter approximation is usually acceptable, as the en-
tropies of the various intramolecular states are often
comparable. However, the neglect of peptide-solvent
interactions is less justified, since such interactions
often give significant contributions both to the en-
thalpy and entropy. The validity of initial attempts
to include general aspects of peptide solvation in en-
ergy computations3! remains to be demonstrated. In
our opinion, the lack of an adequate representation
of peptide-solvent free energies is the major short-
coming of present conformational energy calcula-
tions. The importance of solvent as a conformational
determinant is emphasized by our studies of cyclo-
(Pro-Gly)s, where the conformer observed in polar
solvents (water, methanol, dimethyl! sulfoxide) has
computed intramolecular energy 7 kcal/mol above
the global minimum.1?

~Shown in Table I are typical potential functions
and parameters3? which are utilized to calculate (1)
the change in a conformational variable (Ax;) which
will increase the energy 1 kcal/mol above minimum
and (2) the additional increment (Axs) which will
raise the energy another 1 kcal/mol (2 keal/mol above
the minimum). Three so-called “hard variables”—
chemical bond lengths, bond angles, and one category
of dihedral angles, namely, those which involve rota-
tion about double bonds or partial double bonds

_(30) G. N. Ramachandran and V. Sasisekharan, Adv. Protein Chem., 23,
284 (1968).

(31) See, for example, K. H. Forsythe and A. J. Hopfinger, Macromole-
cules, 6,423 (1973).

(32) A. Warshel, M. Levitt, and 8. Lifson, J. Mol. Spectrosc., 33, 84
(1970).
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Table 1
Deformation of Various Conformational Variables to Give Indicated Increase in Energy«

Expression for

Typical value of

Linear

Deformation to give
displacement, A

1-kecal/mol increment

Type of deformation potential energy parameter (K) Ax, Ax, Al, Al,
Bond length Ky (Ab)? 200 0.07 A 0.03 A 0.07 0.03
Bond angle Kg(AB)? 0.0091 10° 5° 0.28 0.11
Dihedral angles
w K, % (1 —cos 2w) 20 13° 5° 0.34 0.14
X I, Ky X (1 + cos 3x) 3 24° 12° 0.63 0.33
¢ and Y LK% (1 + cos 3X)? 0.2t00.5 180° 3.0
Nonbonded
van der Waals K#[(r¥/r)'2 = 2(r%r)® ] 0.2 0.40 A 0.14 A 0.40 0.14
Electrostatic energy
of a hydrogen .
bond CQ.Q,/(er) 0.40 A 0.70 A 0.40 0.70

2 Typical potential functions and parameters are employed. See Karolus and Lifson?®® for a fuller explanation of the poten-
tial functions and the variation of the parameters with the atoms involved. Appropriate units are used for K, so that the po-
tential energies are in kcal/mol. Ax , change in parameter to give 1-kcal/mol increase above the minimum in potential
energy. Ax,, additional change in parameter to increase the energy a second kcal/mol. Al,, linear displacement correspond-

ing to Ax,. For angular variables Al = rAf with r = 1.5
Waals radius (3.0

A. Al,, linear displacement corresponding to Ax,. r* is the van der
in this case). r is the interatomic distance. Energy increments were calculated for decreases of r from the

van der Waals radius. C is a constant (332) to convert the energy to kcal/mol. @, and @, are electronic charges as a fraction
of the charge of an electron. In this case @y = 0.27, @ = —0.42. € is the effective dielectric constant assumed to be 4. En-
ergies were calculated for increase of the interatomic distance, », from a typical hydrogen bond distance, 1.8 A. ? X stands

for either ¢ or V.

(such as the peptide bond)—allow only relatively
small conformational changes (Table I). Of these,
bond lengths allow the least variation. The angular
variables allow somewhat larger displacements, and
these variations can be amplified for atoms which are
distant from the rotation axis. In addition, there are
two minima in the torsional potential energy for par-
tial double bonds, corresponding to cis and trans iso-
mers. Rotation about single bonds—corresponding to
the peptide dihedral angles ¢ and ¢ (as well as the
side-chain dihedral angles)—is the most effective
means of producing conformational change (Table I).
Dihedral angles in this second category are called
“soft wvariables”. Torsional barriers for rotations
about the N-C, bond (¢) and the C,-C’ bond (¥)
have generally been considered to be small (0.2 to 0.5
kcal/mol), so that these dihedral angles would be free
to assume any value if it were not for steric restric-
tions.

At room temperature RT is 0.6 kcal/mol, and a
structure 1 kecal/mol above the local potential energy
minimum would have a Boltzmann weighting factor
of 0.19 (compared to 1.0 at the minimum), so that
thermal fluctuations of the order Ax; are likely (see
Table I). Furthermore, more than one local minimum
may be significantly populated—a second conformer
1 kcal/mol above the minimum would contain about
15% of the population. These caveats should be kept
in mind to counter the tendency to regard the mini-
mum energy conformer as the exact state.

For strained systems, such as cyclic dipeptides, the
hard variables (bond lengths and bond angles) and
soft variables (dihedral angles) are highly interde-
pendent, so that both sets are adjusted to produce an
energy minimum.?233 However, for larger molecules
such an energy minimization would require astro-
nomical amounts of computer time; yet there could
be no assurance that a true minimum (rather than a
local minimum) would be reached. Fortunately, most
large molecules (such as cyclic hexapeptides) are un-

(33) S. Karplus and 8. Lifson, Biopolymers, 10, 1973 (1970).

strained, so that the hard variables can be fixed at
standard values—obtained primarily from x-ray dif-
fraction studies of crystails. Thus, only rotations
about single bonds remain to be considered. It should
be noted that the assumptions of standard bond
lengths and angles are precisely those made in con-
structing molecular models. Nevertheless, with a
computer and a set of potential functions, one can
systematically explore many more conformers than
with a set of molecular models, and the computations
result in semiquantitative estimates of relative con-
formational stability rather than esthetic judgments
of what is apparently most reasonable. :
When only rotations about single bonds are consid-
ered (e.g., ¢ and ¢ rotations), nonbonded van der
Waals and electrostatic potentials dominate the in-
tramolecular potential energy. The repulsive term of
the van der Waals energy is only a slight modification
of a “hard-sphere potential” and defines sterically
accessible conformational regions (i.e., those with no
extensive overlap of nonbonded atoms). The attrac-
tive term of the van der Waals energy for an individ-
ual contact is small (only a few tenths of a kcal/mol
at the van der Waals radius, the distance of minimum
energy). For neutral molecules the electrostatic po-
tential is significant only for polar atoms within a few
angstroms of each other. These properties of the van
der Waals and electrostatic terms bias intramolecular
energy calculations toward structures with many
atoms in contact (at or near the sum of their van der
Waals radii), while inclusion of solute—solvent inter-
actions would shift the conformational distribution
toward more extended structures (intramolecular
contacts being replaced by solute—solvent contacts).
The restricted conformational freedom of cyclic
peptides compared to their linear counterparts is a
result of steric contacts and the fact that the cycliza-
tion conditions can be used to specify six dihedral an-
gles in terms of the remaining, independently vari-
able, dihedral angles.?* A systematic exploration of
conceivable cyclo(Pro-Gly)s conformers®® uncovered
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Figure 4. Potential energy contours for cyclo(Gly:-Pro-Glys)s Co-
symmetric conformers. ¢pr, was fixed at —68°. The (¢,¥) angles of
Glys are determined from the cyclization conditions as a function
of the three independently variable dihedral angles, (¢,$)g1y, and
UPro- Energy contours are plotted at 1-kcal/mol intervals vs.
(¢ ¥)cly;- The Roman numerals indicate local energy minima (see
Table II). Ypro angles were selected near these minima: (a) Ypro =
—60°; (b) Ypro = 170°%; (c) ¥pro = 100°.
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an important low-energy class which is stabilized by
1<-3 hydrogen-bonded turns (see Figure 2). Precise
models for other cyclo(Pro-Gly)s conformational
types were derived from experimental CD and NMR
spectra utilizing the framework provided by the ener-
gy calculations.!”

NMR experiments on a second type of cyclic hexa-
peptide, cyclo(X-Pro-Y)s, where X and Y are various
amino acids, have shown that the majority of the con-
formers for these cyclic hexapeptides are Cy symmet-
ric.3¢ Since glycine has more conformational freedom
than any other amino acid, the stable conformational
regions for all eyclo(X-Pro-Y), peptides will be con-
tained within the regions found for cyclo(Gly-Pro-
Gly)q. Local intramolecular potential energy minima
for Cy-symmetric conformations of cyclo(Gly-Pro-
Gly)s are indicated in Figure 4 and Table II. NMR
experiments have demonstrated that many of the cy-
clo(X-Pro-Y)s hexapeptides form structures contain-
ing two B turns, which may or may not be stabilized
by 1<—4 intramolecular hydrogen bonds.372 The re-
gions humbered I, VII, and VIII in Figure 4 contain
such §-turn structures (types II, I, and I, respective-
ly, according to the nomenclature of Venkata-
chalam).?™ Examination of molecular models re-
vealed that structures within other regions of Figure
4 (I1, V, and VII) have four carbonyl oxygens clus-
tered in an array which appeared suitable for cation
binding. This observation suggested experiments
which have now demonstrated that cyclo(X-Pro-Y)s
peptides bind cations with equilibrium constants and
selectivities comparable to those of naturally occur-
ring peptides.38

(34) N.Goand H. A, Scheraga, Macromolecules, 3, 178 (1970).

(35) V. Madison, Biopolymers, 12, 1837 (1978).

(36) (a) L. G. Pease, C. M. Deber, and E. R. Blout, J. Am. Chem. Soc., 95,
258 (1973), and references therein; (b) L. G. Pease and C.-H. Niu, unpub-
lished data.

(37) (a)} V. Madison in “Peptides, Polypeptides and Proteins”, E. R.
Blout, F. A. Bovey, M. Goodman, and N. Lotan, Ed., Wiley, New York, N.Y.,
1974, pp 89-98; (b) C. M. Venkatachalam, Biopolymers, 6, 1425 (1968).
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Table II
Minimum Energy Conformers Computed for
cyclo(Gly, -Pro-Gly,),

Region (¢s\z/)Gly1 Yrro (9, W)Gly2 PE
I 160, —180 100 65, 74 —-6.3
1I 80, -160 80 80, 154 -6.1
IIT ~80, =180 100 133, -80 —6.6
v -160, —80 140 85, -73 -5.1
\'% —60, —80 100 101, -166 -4.9
VI 120, -80 170 ~56, 97 —6.8
VII 60, ~110 -50 =70, 77 —4.2
VIII 150, —170 —60 —-100, 76 -3.7

@ All conformers are C, symmetric. Proline ¢ was fixed at
—68°. All angles in degrees according to 1970 convention
(IUPAC-IUB Commission on Biochemical Nomenclature,
Biochemistry, 9, 3471 (1970)). PE in kcal/mol computed
as the sum of van der Waals and electrostatic terms assum-
ing an effective dielectric constant of 4. Since bond lengths
and angles were fixed at standard values, no contribution
was included for bond stretching or bending potentials.

Circular Dichroism. Many types of spectroscopy
(NMR, infrared, and dbsorption) primarily measure
properties of individual groups with conformational
effects providing minor perturbations of the basic
spectrum. However, optical activity (circular di-
chroism and optical rotatory dispersion) depends
uniquely upon molecular geometry. For chromo-
phores which have a plane of symmetry (such as the
peptide group), optical activity is a consequence only
of the asymmetric array of interacting chromophores
and perturbing polar groups. In view of this, optical
activity measurements have been widely utilized to
monitor conformational states of biopolymers.3°

Because relatively little material is required (0.01
to 1 mg of peptide) and peptide concentrations can
routinely be varied over a 1000-fold range (107% to
10—3 M), CD spectra provide an attractive means for
the measurement of peptide-cation complexes. CD
spectra characteristic of cyclo(Pro-Gly)s and three of
its cation complexes are shown in Figure 5. The vari-
ations in CD reflect changes in the relative orienta-
tions of the peptide groups upon binding. At the
higher peptide concentrations (10~3 M) the amount
of certain peptide complexes becomes nearly linearly
dependent on the amount of added cation (see Figure
6) due to binding of almost all (>95%) of the cation
added. Thus, both stoichiometries and limiting ellip-
ticities can be determined directly. For complexes
with smaller formation constants, stoichiometries can
be inferred from the shape of the binding curve.

Determination of equilibrium constants often re-
quires analysis of binding curves which contain free
peptide and two or more types of complex. The con-
centrations of all species can be calculated from the
ellipticities at selected wavelengths and the total con-
centrations of peptide and cation. Expressions for
various equilibrium constants, relationships between
them, and numerical values for cyclo(Pro-Gly)s; bind-
ing of Mg?* are given in Table III.

In determining peptide conformation, symmetry

(38) C.-H. Niu, V. Madison, L. G. Pease, and E. R. Blout, manuscript in
preparation.

(39) For reviews, see: (a) L. Tinoco, Jr., and C. R. Cantor, Methods Bio-
chem. Analy., 18, 81 (1970); (b) E. R. Blout in “Fundamental Aspects and
Recent Developments in Optical Rotatory Dispersion and Circular Di-
chroism”, F. Ciardelli and P. Salvadori, Ed., Heyden & Son, Ltd., London,
1973, pp 352-372.
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Figure 5. CD spectra (mean residue ellipiticity) of cyclo(Pro-Gly)s
and its Mg?* complexes in acetonitrile. Below [P] will denote pep-
tide concentration. The various species and experimental condi-
tions are: (1) free peptide, [P] = 8.10 X 1074 M, [Mg**] = 0.0

(—— ); (2) peptide sandwich, [cyclo(Pro-Gly)s), —Mg?2+,
[P] = 8.10 X 10~* M, [Mg2*] = 4.05 X 1074 M (— — — —); (3) 1:1
complex, [P] = 2.80 X 107° M, [Mg?*] = 1.40 X 107 M (———);

(4) 1on sandwich, cyclo(Pro- Gly)g,~MgQ“+ [P] = 810 X 107 M,
- [Mg2*] = 2.00 X 102 M (- - -).

rules can be very useful, especially when a particular
local interaction dominates the spectrum and provid-
ed that the mechanism responsible for the optical ac-
tivity can be identified.? For cyclo(Pro-Gly)s the
peptide quadrant rule?® for the one-electron mecha-
nism allows the conclusions that (a) nonplanar hy-
drogen bonds between two planar peptide groups are
primarily responsible for the large negative CD band
observed in nonpolar solvents (Figure 7) and (b) di-
rect contributions to the circular dichroism by bound
cations are precluded by the C3 symmetry of its
metal complexes. In general, derivation of conforma-
tional details from CD spectra—even for small pep-
tides—requires prediction of the complete spectrum
via digital computer.

For the prediction of theoretical CD of discrete
peptide structures, the configuration interaction
method developed by Schellman and coworkers?! has
been adopted. This method simultaneously considers
all interactions between excited states and yields
slightly more realistic molecular states than the addi-
tive treatments of first-order perturbation theory
(which was featured in the pioneering work on oligo-
peptides of Woody and Tinoco*2). In our work only
the two lowest energy transitions of each amide
group are considered, since these two transitions
have been well characterized experimentally. The re-
stricted theory (two transitions/amide) is an approxi-

(40) (a) J. A, Schellman, Acc. Chem. Res., 1, 144 (1968); (b) B. J. Litman
and J. A. Schellman, J. Phys. Chem., 69, 978 (1965).

(41) P. M. Bayley, E. B. Nielsen, and J. A, Schellman, J. Phys. Chem., 73,
228 (1969).

(42) R. W. Woody and 1. Tinoco, Jr., J. Chem. Phys., 46, 4927 (1967).
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Figure 6. Variation of cyclo(Pro-Gly)s mean residue ellipticity at
200 nm with Mg?* concentration. Peptide concentration was 8.10
X 107* M in acetonitrile solution. Extrapolations of linear portions
of the plot to Mg?*:peptide molar ratios of 0.5 and 1.0 are indicat-
ed.
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Figure 7. Comparison of theoretical (lines) and experimental
(points) CD spectra for various cyclo(Pro-Gly)z conformers. See
ref 17 for details. Experiment: (Q) in water, (A) in dioxane, (O)
0.06 M Mg(ClOy4)2 in acetonitrile, and (+) 0.5 M Ca(ClQy)s in
water. Theory: (———) asymmetric conformer with one cis bond,
(—-— = ) y-turn Cs-symmetric conformer, (- - - -) 2:1 Mg2*
peptide complex, (- - - -) 1:1 Mg?* peptide complex.

mation, as further transitions of the amide group and
those of other chromophores (including alkyl groups)
in the molecule are not included. Nevertheless, the
restricted theory has proven successful in predicting
the optical properties of small peptides,*3 polypep-
tides,*>** and segments of globular proteins. 4

One method of comparing theoretically predicted
CD with that experimentally observed is to resolve
the experimental spectrum into component bands

(43) (a) T. M. Hooker, Jr., P, M. Bayley, W. Radding, and J. A, Schell-
man, Biopolymers, 13, 549 (1974); (b) E. B. Nielsen and J. A. Schellman,
thid., 10, 1559 (1971).

(44) (a) R. W. Woody, Biopolymers, 8, 669 (1969);
Chem. Phys., 49, 4797 (1968); (c) E. S. Pysh, J. Chem. Phys.,
(1970).

(456) V. Madison and J. Schellman, Biopolymers, 11,1041 (1972),

(b) R. W. Woody, J.
32, 4723
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Table III
Equilibrium Expressions and Binding Constants for Various Peptide—Cation Complexes
Equilibri . Numerical values®
quilibrium expressions for cyclo-
Symbola Concentrations? Mole fractions¢ Interrelationshipsd (Pro-Gly),—~Mg? *+
Ko [P,CI/({P][CD X, /(2P, X, *[C]) , 5.0 X 10° M-
Ko {PC1/([P][C]) X, (X, IC]) (Ko K1, )% 1.0x 105 M~
K, [PC, ]/([P1[C}?) X, (X, [C]*) 01K, 6.4x 107 M~
Ky, , [PC]*/([P,C] [C]) 2P, X,* /(X,[C]) K, /K,y 2.5
Ky [PC, ]*/([P,C][C]?) 2P, X, P I(X,[C]?) K, ,” /K,y 8.2 x 10° M~
K., [PC,)/([PC][C]) X, /(X,1C1) K,,/K,, 6.4 x 102 M-

4 Subscripts on K indicate cation:peptide stoichiometry, the first subscript for reactant, the second for product. P is
used to denote peptide; C to denote cation; and P, to denote total peptide concentration. ¢ X’s are mole fractions of pep-
tide: X, for P, X, for P,C, X, for PC, and X, for PC,. 4 Only three of these constants are independent. ¢ K, 1,, K, ,, K.,
and K, , were experimentally determined within estimated errors of 10—-20% from CD spectra in acetonitrile solutions.

whose rotatory strengths (magnitudes) and transition
energies (wavelengths) can be directly compared to
the corresponding predicted values. This method is
preferable when a unique correspondence can be es-
tablished between each experimental band and a mo-
lecular transition. Due to the breadth of CD bands,
only rarely can more than four or five bands be re-
solved in the region of peptide transitions. Thus, for
molecules with more than four (or five) nondegener-
ate transitions (i.e., more than three (or four) peptide
groups), it is usually preferable to compute theoreti-
cal spectra rather than attempting to resolve the ex-
perimental spectrum into component bands. In com-
puting theoretical spectra, bandwidths must be de-
termined independently (e.g., from absorption spec-
tra of model compounds), since prediction of band-
widths is beyond the realm of simple theories.

If a unique correspondence can be established be-
tween CD predicted for a given conformational type
and that experimentally observed, it can be inferred
that this is the type of conformer present in solution.
The procedure we follow, when feasible, is to predict
CD for all conformational regions of low intramolecu-
lar energy. In cases where exploration of all conform-
ers is impractical, the molecule may be restricted to a
certain symmetry or arrangement of cis and trans
peptide bonds as indicated by NMR experiments.
For cyclo(Pro-Gly); all conformational regions were
explored and each region has a unique type of theo-
retical CD spectrum.!? A very good match is obtained
between each of four theoretical spectral types and
experimental CD observed under four sets of condi-
tions (Figure 7). In this case, the four conformational
states can be assigned on the basis of the CD data
alone. These conformational assighments are sup-
ported by a variety of NMR data.l” In contrast, for
cyclo(X-Pro-Y); peptides conformational assign-
ments are difficult on the basis of CD data only, since
for these molecules the predicted CD spectra are

qualitatively similar for several conformational re-
gions. Thus, additional data are necessary to distin-
guish among these regions.

Conclusions

Since it is not always possible to duplicate native
conditions and since naturally occurring peptides are
often quite complex, we have designed and synthe-
sized some peptides which are more amenable to con-
formational analysis. We have illustrated the types of

‘conformational information which can be extracted

from NMR and CD spectra of such molecules with
the aid of theoretical computations of CD spectra
and conformational energies. 13C NMR spectra (1)
identify cis and trans isomers of X-Pro bonds, (2) in-
dicate (along with 'H spectra) the degree of confor-
mational symmetry (or asymmetry), and (3) can be
used to study conformational changes—for example,
those accompanying interactions between cations
and peptides. Potential energy calculations yield a
qualitative guide to relative potential energies so that
further conformational details can be extracted from
experimental data. Conversely, experimental spectra
may indicate that the conformational distribution
need be computed only for certain types of structures
(e.g., Cy symmetric). CD spectra are a convenient
means of monitoring conformational change and,
when coupled with theoretical treatments, can yield
details of three-dimensional molecular structure.
This interplay of techniques augments the predictive
power of the collective methods and should aid in de-
lineating the relative influences of sequence and sur-
roundings on conformation of biological macromole-
cules.
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