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ABSTRACT
CONFORMATIONAL STUDIES OF BIOLOGICALLY ACTIVE MOLECULES
by

Octavian Antohi

Adviser: Professor Anne-Marie Sapse

Computational techniques(molecular modeling and ab
initio calculations) are used in conjunction with nuclear
magnetic resonance spectroscopy in order to probe and
determine the conformation of a family of peptides that are
related to the Saccharomyces Cerevisiae a-Factor pheromone.

The ab initio calculations provide quantitative values
for the energy barriers introduced by the usage of certain
side chain constraints. These quantitative results are
found to correlate well with the conformational preferences
of peptides that are built around cores containing such
amino acids.

The strengths and weaknesses of force field molecular
modeling techniques are analyzed in detail and their
applicability to the design and interpretation of
experimental setups is discussed.

Both the physical chemical analysis of analogs and the
calculations seem to support the currently accepted model in
which a turn in the 7 to 10 region of this peptide molecule
is considered to play a decisive role in its pheromonal

activity. Besides shedding light on the possible
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biologically active conformation, the analysis of cyclized
analogs clarifies the effects of lactam cycle constraints
which are found to be consistently independent of the size
of the peptide chain but strongly dependent on the size of
the lactamization ring.

The limitations of solid state nmr dipolar dephasing
experiments are discussed and a first order approximation
theoretical basis for the computation of natural abundance
corrections is developed. New multiple spin experiments are

hypothetically considered.
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CHAPTER 1

INTRODUCTION

Receptor - ligand interaction is a central process
to biochemistry and pharmacology. By understanding the
ways in which biologically active molecules interact
with their receptors, not only profound insights in the
cell physiological responses (involved in such diverse
processes as nerve impulse propagation, plant tropisms,
differentiation, immune response, etc) can be gained,
but also, the stage when specific responses may be
artificially induced in order to elicit desired effects
like growth, or to cure diseases, can eventually be
reached. Among ligands, the molecules that transmit
signals between cells are a particularly exciting
subject since hormonal activity is based on them and
since cell - cell recognition seems to be a beautiful
model (and maybe at the bottom of all explanations) for
such intriguing processes as socialization and
relationships between living beings.

When the signaling molecule is a peptide
hormone/pheromone one of the subtle points is its
flexibility. Due to the relative freedom of the ¢ and y

angles in most amino acids, a peptide with, for
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instance, 12 or 13 residues has a very large
conformational space available. One of the major goals
of current studies on such biologically active molecules
is to determine the shape that they assume when
triggering receptor response. [1, 2]

In many cases neither the exact shape of the
receptor, nor the exact region to which the ligand binds
are known. Thus, not only is it hard to mimic the
conditions that the membrane environment is offering to
the incoming ligand, but it is virtually impossible to
guess the presence of hydrogen bonding regions, or of
pockets that would likely accept aromatic side chains
and thereby force the ligand into given conformations.
In the absence of direct information concerning the
bound peptide, an alternative is to determine as much
information as possible on the wild type pheromone
and/or judiciously chosen related molecules. A
reasonable assumption is that the wild type pheromone
molecular structure and solution or solid state
conformations may offer hints towards what its favored
shape might be at the receptor. Based on this
assumption, several converging lines of investigation,
both experimental and computational, can be used. The
leading role is taken by the synthesis of analogs with
appropriately designed constraints (initially suggested

by the observations on the wild type pheromone) that can
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only assume certain conformations in key regions of
their structure. By studying the biological activity
(or inactivity) of such analogs, precious clues on the
importance of the conformations realized by the used
constraints are gained. 1In parallel, it is possible to
perform physical chemical studies of these analogs under
different conditions (solution, powder, micelles) and
then apply molecular modeling methods based on the
results from these physical chemical experiments. The
underlying hypotheses are that an active analog probably
assumes a conformation that is similar to that of the
pheromone (while an inactive one should hint towards
properties that the pheromone does not have) and that
the receptor cannot have such a drastic action as to
change the conformations of the constrained regions.
Furthermore, one can study the physical chemistry
of highly constrained model compounds that are not
active but that comprise a region of critical interest
of the analogs. The importance of such studies should
not be underestimated: the simplified picture offered,

- for example, by a tetrapeptide compared to a 13-mer
peptide may help elucidate properties not simply
understood on the larger peptides. Moreover, as it will
be shown in the Chapters on ab initio calculations as

well as in the treatment cf cyclized tetrapeptides, the
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smaller molecules sometimes exhibit interesting traits
of their own.

The Saccharomyces cerevisiae pheromones (the 13-mer
peptide a-factor and the methylated and farnesylated 12-
mer peptide a-factor) offer an excellent paradigm for
the analysis of peptide ligands and their interactions
with receptors. Besides the obvious advantages of being
easy to grow and genetically well characterized, the
yeast offers an accessible system that resembles
mammalian hormones and receptors in many ways [1, 2].
Combined biological, synthetic, and spectroscopic
studies [1, 2, 3, 4, 5] of a-factor pheromone analogs
suggest that their activity is highly dependent on the
conformation of the region between the 7th and 10th
residues Specifically, all the active analogs seem to
favor the formation of a type II B-turn in this region.

The purposes of this thesis are:

i) to quantitatively analyze, by ab initio
calculations, the energetic basis of the physical
chemical features exhibited [3] by biologically active
analogs of the a-factor pheromone from Saccharomyces
cerevisiae obtained by means of introducing side chain,
local conformational hindrances (4, 5];

ii) to contribute to the understanding of the validity
of using molecular modeling techniques in the

investigation of peptide molecules (previously discussed
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in [6]) and show practical applications in which such
usage contributes to the comprehension or design of
physical chemical or biochemical experiments;

iii) to blend computational techniques and physical
chemical techniques such as high resolution solution NMR
and solid state NMR in order to elucidate the solution
conformation of biologically active analogs of the a-
factor that had been previously synthesized and
biologically assayed [7] and of some model compounds
designed to mimic the putative turn region (8] as well
as to qualitatively analyze by molecular modeling and to
provide putative working models for the actions of
biologically active molecules [9, 10, 11];

v) to consider the theoretical background of solid
state NMR dipolar dephasing experiments, review the
validity of natural abundance corrections, and
eventually propose possible new variants for these

experiments.
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BACKGROUND

The life cycle of the yeast Saccharomyces
cerevisiae comprises haploid (one DNA chromosome set) as
well as diploid (two DNA chromosome sets) cell
development. As depicted in Figure 1, the haploid cells
are of two kinds, a and a which could also be considered
two genders since besides asexual reproduction
(entailing vegetative growth, mitosis, and separation
into mother and daughter cells by budding), they can
also mate. The mating is strictly heterosexual and it
involves the cell fusion of an a cell with an a cell,
resulting in the formation of a zygote, which at its
turn can propagate into a diploid line by budding or
undergo meiosis and sporulation ensuing - after spore
release - a new haploid phase of the cycle [1, 2]. The
way that the two kinds of cells recognize each other is
biochemical: the a cells release the S-Farnesylated and

carboxy-terminus methylated dodecapeptide [2]:

NHo-Tyr-Ile-Ile-Lys-Gly-Val-Phe-Trp-Asp-Pro-Ala-

-Cys (Farnesyl) -COOMe

known as a-factor, while the a cells secrete the

tridecapeptide [2]:
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NH2-Trp-His-Trp-Leu-Gln-Leu-Lys-Pro-Gly-Gln-Pro-Met-Tyr-

COOH

known as a-factor.

While the a-factor has no noticeable action on «
cells, it has dramatic effects on the a cells: it
arrests cell growth in the G-1 phase of the cell cycle
by a mechanism that involves specific inhibition of DNA
replication, it increases cell surface agglutinability
towards the cells of opposite mating type, and it
initiates an aberrant elongation of the a haploids -
termed shmooing. Similar results are obtained when
assaying o cells with the a-factor.

The a-factor receptor, i.e., the molecule in the a
cell membrane to which it binds in order to trigger the
cascade of changes described above, is a 431 residue
protein, coded by a gene known as STE-2 [12, 13], with 7
folds comprising 4 extra cellular domains, 4
intracellular domains and 7 membrane domains [2]. After
ligand binding, in order for the signal transduction to
proceed, the receptor must be coupled to the
heterotrimeric guanine nucleotide-binding protein (known
as the G-protein), as was indicated by studies on mutant
yeast strains [14]. The present model of the signal

transduction pathway is that after the pheromone
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binding, a conformational change of the pheromone occurs

and the G-protein is activated resulting in the

dissociation of the Gy subunit from the Gy subunit.

After being released, the GBy subunit of the G-protein

interacts with a number of other factors to prompt the
biochemical cascade underlying the physiological
responses described above (Fig. 2 adapted from (2]).

The same kind of membrane folding structure and
signal transduction pathway was found for other
eukaryotic cells receptors such as rhodopsin [15], the PB
2—adrenergic receptors (161, and the nicotinic
acetylcholine receptors [17]. This emphasizes the
importance of understanding the o-factor STE-2 receptor
system, a challenging and meaningful problem in itself,
and also as a part of the wider picture of the G-protein
coupled receptor family.

The approach of using constraints either in the
form of bulky side chains or by covalent cyclization for
the purpose of restricting the flexibility of
biologically active peptides is widely used [18,] and it
proved instrumental in gaining conformational
information about such diverse systems as:

- The mammalian gonadotropin releasing hormone
(GnRH), a hypothalamic decapeptide that stimulates the
release of luteinizing hormone and follicle stimulating

hormone by the pituitary gland and thereby regulates
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v
ovogenesis and spermatogenesis. Active' analogs that

helped elucidating the relevance of a type II' fB-turn
centered around positions 6 and 7 were prepared by N-
methylation of residue 6 [19] and by S-y-lactam linking
of residues 6 and 7 [20};

- Bombesin, a 1l4-mer peptide that stimulates
amylase release by rat pancreatic acini cells. Active
analogs were obtained by replacing Glyll with p-Ala and
by cyclizing the molecule by means of a disulfide bond
connecting residues 6 and 14 (21},

- «a-Melanotropin, the tridecamer that regulates
secretion of melanin in the vertebrate skin by a-
melanocytes. A turn'spanning the region between residues
5 and 9 was hypothesized on the basis of the biocactivity
of an analog with inverted chirality at position seven
(D-Phe’ instead of L-Phe’) (22). The hypothesis was
confirmed by synthesizing the extremely active analog in
which the residues 4 and 10 are linked by a Cys-Cys
disulfide bond [23];

- Oxytocin, a 1 to 6 disulfide cyclic nonapeptide
neurophyseal hormone that mediates uterine contraction
and milk ejection. A potent antagonist was synthesized
with the introduction of a second cycle by substituting
Gln? with a Glu and LeuB with a Lys and linking their

side chains by means of a lactam bond [24].
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The presence of proline and glycine at positions 8
and 9 of the a-factor, a sequence that was associated
with the formation of a type II B-turn [25,] suggested
the synthesis of analogs and model compounds that would
test both the biological effects and conformational
consequences of different constraints around this region
[1]. It was found that replacing the Gly9 with a D-
alanine resulted in an analog that had equal activity
and equal binding affinity compared with the wild type
pheromone ([5, 26] and its nuclear magnetic resonance
analysis confirmed the presence of a transient type II B
-turn [4]. To stabilize the turn, cyclized 13-mer
analogs with a lactam bond between residue i and residue
i+3 and cyclized tetramer model peptides that spanned
only the turn region were synthesized and analyzed [7,
8]. To facilitate the cyclization, the G1lnlO0 of the
original a-factor sequence was replaced with aspartic
acid or glutamic acid. 1In order to further investigate
the effects of size of the cycle, beside lysine, diamino
propionic acid (Dpr), diamino butyric acid (Dab), and
ornithine were introduced at position 7 to give a series
of 8 linear analogs (with no lactam bond between
positions 7 and 10) 8 cyclic analogs and 8 cyclic model
tetramers. The generic formulas for these molecules are

illustrated in Fiqures 3a and 3b.
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The study produced a surprisingly diverse series of
molecules having very different biological activities
and unexpected properties such as conformational
isomerism observable on the observational NMR time
scale. Because of their different biological
activities, understanding the conformations of these
molecules is an important step in the elucidation of the
a-factor activity. Since they have very similar
structures (the 13-mer analogs differ from each other by
the presence or absence of some methylene groups) and
since the cyclized peptides have a quite restricted
conformational space, explaining the conformational
differences between active and inactive compounds is a
bridge towards understanding what may make the pheromone
work or not work. Not only is it important to analyze
the properties of the actual molecules, but, since the
turn (residue 7 to residue 10) region seems to play such
an important role in determining the activity of
pheromone analogs, the energetics of this portion of the
molecule which is ultimately resposible for its shape is
a very interesting subject on its own. 1In this thesis
the conformations of the tetramers will be analyzed by
molecular modeling and constrained molecular modeling,
some of the 13-mer analogs will be studied by a combined
approach based on high resolution NMR and molecular

modeling, the REDOR [27] (solid state NMR) measurement
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of some significant distances in the wild type a-factor
will be discussed, and ab initio calculations of some
peptides relevant to the turn region will be carried
out.

These systems were studied using theoretical and
experimental methods. The theoretical methods consist
of ab initio calculations (the theory as well as the
techniques underlying this method are described in
Chapter 2) and of molecular modeling studies (this
approach is described in Chapter 3). The experimental
methods used in the NMR approach are described in

Chapter 4.
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CHAPTER 2

Computational Techniques

The purpose of computational chemistry is to
reproduce and eventually predict (to as high a degree of
accuracy as possible) the structure, shape, and behavior
of atoms and molecules by means of computer programs.

The first step in any kind of computational
modeling of molecules is adopting a method for
calculating the energy of a given conformation and
providing a way for finding energy minima (a
minimization method). The atoms are borderline
particles, they are small enough so that a consistent
and rigorous treatment of their motion should be based
on quantum mechanics, but yet they are large enough to
allow reasonable results to be obtained from classical
mechanical calculations. Thus, from the onset, there
are two very different ways of approaching computational
chemistry based on the theoretical framework and the
definition of particle state that are adopted:

i) Ab initio calculations start with the one-particle

Hilbert space states given by wave functions

¥ (observable quantities)
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on which Hermitian operators representing other
observables act and are thus established as a quantum
mechanical approach. The kinetic energy of a particle

of mass m, for instance, is represented by the operator:

2
LN
2m

which is the quantum mechanical form of the classical

expression

ii) the so called molecular mechanics/molecular dynamics
methods are based on the one-particle classical states
described by continuous, simultaneously measurable
parameters

(X, ¥/ 2, Vyg, Vyr vz)

and, consequently, they are based on a classical
approach. If the molecule is fixed (i.e., all the
Vvelocities are zero and the kinetic energy is zero) and
only the variation of the potential energy with spatial
configuration is considered, the study is termed
molecular mechanics. If the atoms are allowed to move,

and thus the kinetic energy and the temperature of the
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system are not zero, the computation is considered a
molecular dynamics study.

In both the classical and quantum mechanical based
approaches, the introduction of the interactions between
particles brings in the common and unavoidable need for
approximations. Although their electron shell structure
and mutual interactions are based exclusively on
electromagnetic forces which are very well understood
(the contributions from other interactions can be
ignored without losing anything from the accuracy of the
calculation because their effects are beyond the
experimental limits as far as chemistry and biochemistry
are concerned), the atoms, especially when aggregated in
molecules, which is the case of interest in these
studies, are and form complex objects for which no exact
solutions of the equations of motion can be written. It
is here that the terms force field, approximation
schemes, and perturbation methods make their appearance.
A force field is an alternative, more mathematically
tracTable, potential energy expression. Using the full
electromagnetic interaction potential (ei,j are charges,

dg,1 are dipole moments, and r are distances)

ee, 0 d,-dr*-3(d, r,)d, r,) +
‘

ol i T

i
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leads, in the cases of many-particle systems, to
intracTable expressions. Thus, instead of starting from
it, one considers various other ways of expressing the
forces between the particles involved. For instance,
the basis of the Hartree-Fock (HF) method which
underlies most ab initio calculations is approximating
part or the whole potential energy component of the
Hamiltonian operator by regarding all the particles in
the system as interacting with a single central field
depending only on the distances between the particles

and the center of the potential:

Wr(ri, r2, r3, ...)

The method is iterative and self consistent in that, at
every step of the calculation, it first evaluates the
particle states and energies and then, based on the new
values, it reevaluates the interaction. Convergence is
only considered to be reached when the particle states
and the potential do not change from one step to the
next. [28] These methods were first applied in atomic
and nuclear physics. For the purpose of quantum
chemistry, a very important step was the application of
the self consistent field (SCF) methods to diatomic and

polyatomic molecules.
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In general terms, the Hartree-Fock method looks for
a set of molecular orbitals that minimize the

variational integral

n/2 n/2

n/2
Em =23 h+Y 3 (2J,-K,)+Vyy
i=1

i=l j=1

with the sums being carried out over all the n/2
occupied spatial orbitals ¢; of the n-electron molecule
(it is assumed here that a "usual" molecule has an even
number of electrons; special cases like NO or NOy must
be considered separately). The one particle operators

are defined by the following equation:

h=(p.0]-3V: - 2, 22(0,(1)

and the two particle operators defined by the following

two equations:

J, = (¢,(1)¢,(2)|rl|¢i(l)¢,-(2))

K, =(0.(10,(2)|—|o,(De,(2))
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In technical (numerical) terms, the whole procedure

is reduced to a eigenvalue problem:
FDe()=0,(1)

with

FQ)= —%Vf -Zaf—uﬁ[zjj(l)-zij(l)]

where the two one-particle operators, known as the
Coulomb operator (z) and the exchange operator (f}), are

defined by:

2

le,(2)

12

JWe,()=g,(1) v,
and

9,*(2)p.(2)

12

Izj(l)ﬂ'(l) = ¢j(l)jdv2

Obviously, F is a one particle operator and thus
the many mututally interacting particles problem has
been reduced to one of many particles evolving in an
external field provided by the two interaction terms in
F. The self consistent feature of the problem is

~

uncovered by analyzing J, and ﬁg which are one particle
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operators that change if the set of orbital functions (¢
i) is changed. Thus, at every step of a successive
approximations procedure the form of F changes (because
both .7, and IZ, change) and the ideal solutions of the
Hartree-Fock system of equations are supposed to be
eigenvectors of this continuously changing.ﬁ operator.

The eigenvalues (gj) of this system of equations are
the orbital energies of the molecular electrons and

their expression is:

& =h+Y.(2J,-K,)

J=1

which, after summation over the doubly occupied orbitals

and substitution in the total energy expression, gives:

n/2 n/’2 nl2

Egyr =23 ¢ _ZZ(ZJ:)' ~K;)+V
i=l

i=l j=1

From a practical point of view, considerable
simplification of these equations was achieved by
introducing standard complete sets of basis functions, %
i.- Although formally identical to the original problem,
the matriceal set of equations resulting from the
application of this procedure is better organized and it

provides the framework for a systematic and homogeneous
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approach to virtually all of these types of

calculations. The actual system of equations reads:

an(F},, —8,.SJ,)=O

k
with
ey =(2:| @)

the coefficients of the linear (Fourier) expansion of
the molecular orbital functions (¢@j) in terms of the

standard complete set functions (xx).

Fo = (|2

A

the matrix coefficients of the Hartree-Fock operator, F

as expressed in the basis of the %j vectors, and
S =(2:|1)
the normalization coefficients of the system (that may

or may not be convenient to be brought to othonormal

form) .
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With these notations, the problem is brought to the
solution of a set of homogeneous linear equations that

gives rise to the secular equation:

det (Fj4-€iSjj) = O

This system of equations (known as the Hartree-
Fock- Roothaan equations) together with the entailed
secular determinantal equation constitute the basis of
the modern computational approach to quantum chemistry.

This approach provides good energy values in the
sense that comparing the minimized energies obtained for
two different conformers of a structure gives a good
indication of which one of them is actually more sTable
[29, 30, 31]. The drawback of the method is that due to
the extreme complexity of the equations involved, only
relatively small molecules and virtually no dynamics can
be considered.

As opposed to the HF approximation discussed above,
the force fields used in molecular mechanics and
molecular dynamics are of a completely empirical nature
in that they consist mostly of potential wells around
experimentally determined parameters (for instance X-ray
determined bond lengths, bond angles and even torsions).
Although it is essentially also a self consistent

method, a crucial difference lies within the fact that
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the equations are classical and thus, much less complex.
The main consequence is that the size of the molecules
that are tracTable in this system is considerably
larger, standard packages, like Sybyl or Insight being
able to treat molecules with ~104 atoms [32]. Because
of the very design of the computational system, which is
meant to reproduce well empirically determined
geometries rather than to account for actual
interactions, the energy values obtained from molecular
mechanics (or molecular dynamics) calculations are much
less reliable than their ab initio counterparts.
Consequently, only very cautious use of the numbers
obtained from such calculations should be made. In many
cases, direct experimental evidence will throw off many
conclusions about the relative stability of different
conformations as deduced from this quasi-classical
approach. In general, having two well (molecular
mechanics) minimized conformations of a molecule means
only that neither of the two structures exhibits
unaccepTable features (like absurd bond angles or bond
lengths). Comparing the two minimization energies can
be misleading. Therefore, these methods are seldom used
as stand alone procedures to produce/analyze new
conformations, but rather, they are employed in the
interpretation of physical chemical data. A typical

example is provided by nuclear magnetic resonance
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Overhauser spectroscopy data [34] (experimentally
determined proximities) that can be input as constraints
so that the molecular modeling results in a structure
with a conformation that is not only accepTable (i.e.,
it has good bond lengths, good bond angles and it does
not violate van der Waals radii), but also close to the
one adopted by the actual molecule [35, 36, 37].

Although using various techniques (Steepest
Descents, Conjugate Gradients and Powell to quote only a
few of the most popular), all the methods for finding
the conformational energy minima starting from a given
conformation (once the way of calculating the energy is
selected, as described above), are gradient based [32,
33]. Specifically, the potential energy and its
derivatives with respect to the structural parameters
are calculated and new conformations are considered by
giving small variations to the conformation in the
direction pointed to by the largest negative gradient.
The procedure is repeated until a point of minimum
(where all derivatives are meeting a convergence
requirement) is found.

The key expression in the above description of
minimization is small variations. Because of this
feature of the technique and because the potential
energy surface is a complex geometrical object involving

many local extrema, there is no guarantee (and in fact,
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it is highly unlikely) that, when starting with a given
input conformation, the minimization procedure is going
to take the conformation to the global minimum.
Moreover, as discussed above, in the case of the
classical approach, it may be that the global minimum
does not carry much significance and it is argued [39]
that even if the computed global minimum energy
conformation had relevance in determining the most
sTable shape of a ligand, the actual biologically active
structure may be different (a minor conformer or one
that is induced by the interaction with the receptor).
Thus, due to the inherent flexibility of most
interesting ligands (implying highly complex potential
energy surfaces) and due to biochemical arguments, any
molecular modeling study must involve a "searching”
procedure (18, 22, 39].

The simplest, most efficient and, in general, the
perfect way to conduct a search is a small angle window
grid scan search, that is considering all possible
conformations generated when the torsion angles are
varied by a step of e.g., 60° and thoroughly minimizing
them. This insures a homogeneous probing of the
conformational space and precise identification of the
global and local minima. Like most perfect things, in
the case of interesting molecules, this procedure is not

applicable due to the huge amount (increasing by a

1
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factor of 6 with each rotaTable bond) of computational
effort involved.

A second very powerful method of searching for
interesting conformations is random sampling [32, 33,
40, 41]. In essence, it consists of randomly selecting
various conformers and minimizing them. This method is
at the basis of such popular schemes as Monte Carlo
simulations and Diana. It may be efficient in probing
constrained molecules (39, 41], but in the case of
highly flexible, larger molecules, it simply produces
too many structures for any kind of analysis to be
feasible and good physical results are mandatory both
for performing the actual searches and for analyzing
their outcome.

The third type of search methods (known as
annealing or Boltzmann searches) is based on high
temperature dynamics [23, 36]. Since during a dynamics
simulation the molecule is moving, it can change
conformation and if the motion is ample, barriers
between potential energy minima can be overcome. A

" dynamics search at temperatures between 500 and 1, 000K
is considered an accepTable procedure for generating a
reasonable number of conformational candidates ([35].
Technically, the methods consist of consecutively
"heating” (i.e., increasing the average kinetic energy

of the atoms) and "cooling" (i.e., decreasing the
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average kinetic energy) of the atoms in the model and
generating a structure at the end of each cooling cycle
{33]. The generated structures can be further minimized
and searched until the desired degree of compatibility
with the experimental data is attained.

Once a good candidate for the molecular
conformation is found, dynamics in vacuum and in solvent
at 300K can be run and the quantitative attributes
exhibited in the simulation (hydrogen bonds, average
dihedral angles, average distances) can be compared with
the experimental results (temperature coefficients,
coupling constants, NOE distances) [35]. If the
comparison is satisfactory, the dynamics simulation is
considered a good representation of the actual
conformational behavior of the studied molecule and,
based on it, inferences about such characteristics as
the presence of turn, sheet, or helical regions can be
made or strengthened. The conformational features
discovered can be further correlated with the biological
action of the molecules and, eventually considered in
the design of future physical chemical experiments
and/or syntheses. Figure 4 provides a flow chart that
summarizes the heuristic process going back and forth

between experiment and computation.
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CHAPTER 3

Ab initio calculations on Pro-Ala and Pro-Gly dipeptides
- a quantitative evaluation of the effects of side

chains on conformational preferences

As mentioned in the Introduction, an important
working conjecture in the study of the biologically
active conformations of yeast pheromones is that the
region spanned by amino acids 7 to 10 of the a-factor is
prone to adopt a turn conformation and that this shape
plays an important role in the activity of the
pheromone. 1In order to test this hypothesis analogs in
which Gly9 was replaced with the less flexible amino
acids D-Ala and L-Ala were synthesized. It was found
that the [D-Ala®] a-factor analog was a considerably
more potent agonist than the [L-Ala®] a-factor analog,
the former being equally active with the wild type
pheromone while the latter was ten-fold less active [5].
This difference has been correlated with the relative
tendencies of the D-Ala and the L-Ala containing analogs
to assume transient B-turns as judged by solution NMR
spectroscopy [41, 42] and vibrational circular dichroism
[3]. While the D-Ala containing 13mer exhibited a

transient type II B-turn observable by both NMR and VCD,
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the L-Ala containing 13mer possessed a short lived type
I B-turn conformation observable only by the short time
scale technique VCD [3].

The secondary structure of a peptide chain is the
result of a delicate interplay of local steric and
electronic effects, hydrogen bonding, and interactions
with the medium [43]. 1In this case, it is the local
effect of the methyl side chain that is responsible for
the dramatic physical chemical and biological
differences between the D-Ala and L-Ala% 13mer analogs
[4, 5, 41].

In this Chapter we investigate the local effect of
different chiralities of an alanyl residue in a Pro-X
sequence by applying ab initio calculations to determine
the preferred conformations of L-Pro-Gly, L-Pro-L-Ala
and L-Pro-D-Ala dipeptides. This furnishes a direct
quantum mechanical assessment of the energetic
consequences of a methyl side chain in the i+2 position
of a turn. It should be emphasized that none of these
dipeptides spans a complete turn region. Nevertheless,
we suggest here that, by comparing the favored
conformations of these dipeptides we can gain insight
into the energetic basis of the behavior of the a-factor
analogs since the structural difference in the center of
these larger molecules is the same as the difference

between the dipeptides considered in these calculations.
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The amino acids proline, glycine and alanine [29],
the Gly-Ala dipeptide [29] as well as other dipeptides
[30] have been examined previously with similar
calculational methods. Here, we attempted to find the
geometry-optimized conformations associated with all
possible local minima of the unblocked dipeptides, their

energies and geometric parameters.

Footnote: The work discussed in this Chapter was

published in reference 47.
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METHODS

The Gaussian 90 computer program [44] is used to
solve the Hartree-Fock equations, discussed in detail in
Chapter 2, for the L-Pro-Gly, L-Pro-L-Ala and L-Pro-D-
Ala dipeptides, shown in Figures 5, 6, and 7. The
calculations were performed by using the ab initio
method with the 6~31G basis set. The purpose of the
calculations is to obtain the optimum geometries of the
dipeptide conformers and the geometry optimization is
carried out by using the gradient method [45]. The
starting conformations for the dipeptides included the
cis and trans peptide bond isomers (®=0° and 180°
respectively), but since the cis peptide bond containing
conformers had substantially higher energies (at least
12.5kcal/mol higher than the lowest trans conformer) we
will only discuss the trans peptide bond conformers.

The geometry of the proline ring was optimized keeping
the NjC2C3C4 dihedral angle at 0° and optimizing the
C2C3C4Cs angle, which accounts for the puckering of the
proline ring. The different optimized conformers were
obtained by a grid scan procedure, i.e., by giving the y
of proline (the dihedral NgCgCsNj) and the ¢ of the X
(i.e., Gly or Ala) amino acid (the dihedral CjgCgNgCg)
angles the initial values 0°, 60°, 1209, 180°, 2400,

300°. To illustrate, a starting conformation might

1
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feature y=0° and ¢=0°, or y=0° and ¢=60°. A total of 36
initial conformations were examined for each dipeptide.
The optimization of all molecular parameters was then
carried out on each resulting initial structure. This
procedure insures the proper identification of all local
minima and of the global minimum for each compound.
Tables la and 1b show the total energies of the
different conformers, as well as their relative energies
correlated with the ¢ and y angle values. Tables 2a,
2b, and 2c show the optimized bond lengths; Tables 3a,
3b, and 3c exhibit the optimized bond angles; Tables 4a,
4b, and 4c, tabulate the dihedral angles of L-Pro-L-Ala,
L-Pro-D-Ala and L-Pro-Gly, respectively. The Tables 5a,
5b, and 5c show the net atomic charges, as calculated
via Mulliken Population Analysis. The optimized
conformations of the lowest energy 4 conformers for each
of the alanine containing structures and of the lowest
L-Pro-Gly conformer are shown as follows: L-Pro-L-Ala
in Figures 5a, b, c and d; L-Pro-D-Ala in Figures 6a, b,

c and d; and, in Figure 7, L-Pro-Gly.

i
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RESULTS AND DISCUSSION

As mentioned above, the L-Pro-Gly, L-Pro-L-Ala and L-
Pro-D-Ala dipeptides all were found to have
energetically preferred conformations with ®=180°0, that
is, they all adopt a trans peptide bond. The study of
the L-Pro-Gly dipeptide produced only five energy
minimized conformations. 1In contrast, ab initio
minimization of the two alanine containing dipeptides
resulted in 9 and 12 different optimized conformations,
respectively. Thus, a first observable effect of the
methyl side chain is an increase in the number of local
minima available to the alanyl containing molecules.
Each of these exhibits two gauche local minima around 0]
(Ala) for every trans local minimum, while in L-Pro-Gly
for two of the three values of Yy (Pro) for which trans
minima were observed no gauche optimized conformations
were found.

As illustrated in Table 1, for both L-Pro-L-Ala and
L-Pro-D-Ala, the lowest energy conformations are those
with ¢@(Ala) close to 180° (-158.4 and 162.8
respectively). However, whereas L-Pro-IL-Ala features
Y (Pro) near -20° for three of the lowest 4
conformations, the lowest 5 conformations of L-Pro-D-Ala

have positive y(Pro). It is important to note that the
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second lowest energy conformation computed for L-Pro-IL-
Ala exhibits almost perfect type I B-turn values: y
(Pro)=-18.6° and ¢ (Ala)=-85.0° vs the ideal values of
Yy (i+1)=-30° and @(i+2)=-90°. 1In contrast, L-Pro-D-Ala
has a low energy conformation (#4, 2.45 kcal/mol above
the lowest energy structure) which has y(Pro)=+149.3°,
@ (Ala)=+85.39, values close to those for an idealized
type II B-turn (y(i+1)=+120°, ¢ (i+2)=+800).
Furthermore, the only conformation of L-Pro-IL-Ala
remotely resembling a type II B-turn (#12, y=+830,
@=+69°) is higher than the lowest energy structure by
13.8 kcal/mol, i.e., approximately as high as a cis
peptide bond containing conformation. It appears then,
that the quantum mechanical approach shows that a type
II B-turn would be accessible to L-Pro-D-Ala but
inaccessible to L-Pro-L-Ala.

A puzzling characteristic of the results is the
fact that the study of the L-Ala containing dipeptide
resulted in 12 optimized conformations while the L-Pro-
D-Ala produced only 9. It is difficult to escape the
temptation to associate this larger number of quantum
levels with the observed higher flexibility of the
corresponding L-Ala® a-factor analog 13mer.
Specifically, evidence for any structure in the L-Ala®
a-factor is found only using the very short time scale

technique VCD [3] whereas, the D-Ala containing 13mer
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exhibits a solution structure sTable enough to be probed
by the slower NMR NOESY experiments.

As shown in Tables 4a, b and ¢, the puckering of
the proline ring is substantial, with a dihedral angle
C2C3C4Cs of approximately 20°. The calculated bond
lengths and bond angles are within less than 2% of the
experimental values [46] with some exceptions that are
discussed below (see Tables 2a, b, c and 3a, b, c). The
calculated C1g to 013 double bond in Ala (both L and D)
is shorter than its experimental value by 0.04A to 0.05A
and the Cg-Cj70-0j2 calculated bond angle is around 8°
smaller than the X-ray result in both alanine containing
dipeptides. These discrepancies together with the ones
associated with the Cg~Cjg bond length may be due to the
fact that the experimental data are from blocked
peptides in which the Cjg is part of an amide bond (see
legend of Tables 2a and 2b), while in our study the end
group is a carboxyl. For the L-Pro-Gly case, where the
experimental values are determined on a dipeptide with a
free carboxyl, the X-ray measured Cjg-0Oj2 double bond
length is very close to the one estimated here. The Ng-
Hp> bond length that is found to be 1.46A-1.47A in the
X-ray experiments on both Ala containing dipeptides
proves that Hyo must be hydrogen bonded in those crystal
structures and also offers a possible explanation for

the differences between the experimental and calculated

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35

bond angle values for virtually all angles involving the
peptide H. We do not have a rationalization for the
following: a) the Cg9-Cjp bond is overestimated by 0.04-
0.05A in the L-Pro-D-Ala while it is very slightly
underestimated in the other two dipeptides (~0.007A in
L-Pro-L-Ala and ~0.03A in L-Pro-Gly); b) the Ng-Cg-Cjg
bond angle is underestimated by 6° in L-Pro-L-Ala, 2° to
50 in L-Pro-D-Ala and both underestimated and
overestimated in the L-Pro-Gly calculated conformations.
It may be remarked that some trends are in almost
perfect accord with the experimental data, the most
noticeable being the values of the N1-Cg-Cg (N(Pro)-Ca
(Pro)-C(Pro)) and Cg-Cg-07 (Ca(Pro)-C(Pro)-0(Pro)) bond
angles, which, although centered 4 bonds and
respectively 3 bonds away from the methyl side chain are
substantially affected by the chirality of alanine. As
seen from the X-ray crystallography results, the first
one of these two angles is smaller in the presence of D-
Ala and larger in the presence of L[-Ala while the second
exhibits an opposite behavior - both trends being well
reproduced by the calculation results (Tables 3a and
3b). The experimentally determined dihedral angles for
the X-ray studied dipeptides are closest to the ones
calculated in structure #6 for L-Pro-L-Ala (Table 1),
structure #4 for L-Pro-D-Ala and none of the calculated

L-Pro-Gly conformations. Thus, due to either long range
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intramolecular H-bonding, or to the intermolecular
interactions responsible for crystallization, the
structure with L-Pro-L-Ala moiety described in reference
[46] is overcoming a local intramolecular barrier of
approximately 5.4kcal/mol and the structure with L-Pro-
D-Ala moiety is overcoming about 2.45kcal/mol to adopt a
conformation that is somehow favorable to the other
interactions involved in the crystal. Interestingly,
the L-Pro-D-Ala X-ray studied dipeptide exhibits a
conformation very close to that corresponding to a type
II B-turn.

In conclusion: 1) we show that meaningful
inferences about the conformational preferences of
peptides can be made on the basis of the ab initio study
of the local minima; 2) due to the presence of an L-Ala
at position i+2 the formation of a type II P-turn is
heavily disfavored by comparison to an extended or type
I turn conformation (over 10kcal/mol) and, thereby, we
give a quantitative computational confirmation of the
modeling based observation in [25]; 3) the comparison
with X-ray crystallography reveals some interesting
features of the influences of the side chain and gives
an estimate of how high an energy difference due to
local hindrance can be overcome by other interactions;
4) we support the conclusion [5] that, since the D-Ala®

a-factor analog is 10 times more active than its L-Ala
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counterpart, a type II B-turn may be important for the
biological activity of that 1l3mer.

Of course, the physical chemical experiments on the
pheromone analogs were carried out in solvents (water,
DMSO, chloroform) and the biocactivity assays involve
both a medium and the presence of the receptor. Our ab
initio calculations do not account for solvent effects.
Nevertheless, the change in chirality at position 9
(replacing D-Ala® with L-Ala%) should not alter
considerably the ability of a 13mer to interact with a
surrounding solvent and if it modifies its shape this
should be due to local internal alterations of the
potential energy of the molecule. This is why we
suggest that we can rationalize the physical chemical
behavior of the a-factor analogs by studying the favored

conformations of the dipeptides.
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CHAPTER 4

Ab initio calculations on Ac-L-Pro-D-Ala-NH, and
Ac-L-Pro-L-Ala-NHy dipeptides - a quantitative quantum
mechanical evaluation of the effects of side chain
chirality on the conformational preferences of a

complete turn region peptide model

The work considered in this Chapter is a direct
extension of the problem considered in the previous
Chapter. It was found [47] that ab initio calculations
on the nonblocked dipeptides L-Pro-L-Ala and L-Pro-D-Ala
support the fact that the presence of D-Ala favors type
II B-turn like backbone angles (as opposed to L-Ala).
Subtle, but nevertheless significant geometrical
differences between the L-Pro-IL-Ala and L-Pro-D-Ala
diastereomers determined by X-ray analysis f46] were
also well reproduced by the previous calculation [47].

Here we are considering the blocked peptides Ac-L-
Pro-L-Ala-NH, and Ac-L-Pro-D-Ala-NH; that model a
complete B-turn region in the sense that they can
exhibit the characteristic 10-membered ring hydrogen
bond closure which is thought to stabilize B-turn
conformations. By computing the ab initio energies and

geometric parameters of the conformers of these

i . . . . .
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structures we furnish a direct quantum mechanical
evaluation of the role of the chirality of the alanyl
side chain in the stabilization (or destabilization) of

given conformations.

METHODS

The Gaussian 90 computer program [44] is used, as
described in Chapter 3, with the same 6-31G basis set,
to solve the Hartree-Fock equations for the Ac-L-Pro-D-
Ala-NHy and Ac-L-Pro-L-Ala-NH, dipeptides, shown in
Figures 8 and 9. Based on the experience gained by
studying the nonblocked dipeptides, we considered only
trans peptide bond conformations (®=180°). The geometry
of the proline ring was optimized keeping the NjCyC3Cy
dihedral angle at 0° and optimizing the C»C3C4Cs angle.
The different optimized conformers were obtained by a
grid scan procedure, i.e., by giving the y of proline
(the dihedral NgCgCgNj), the ¢ of the alanine (the
dihedral CjgCgNgCg) and the y of the alanine torsional
angles the initial values 09, 90°, 180°, and 270°. For
example, a starting conformation might feature vy
(Pro)=0°, ¢@(Ala)=0°, and y(Ala)=0°; or y(Pro)=0°, ¢
(Ala)=0°, and y(Ala)=90°, A total of 64 initial
conformations were examined for each dipeptide. The

optimization of all molecular parameters was then
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carried out on each resulting initial structure. As
discussed in the previous Chapters, this procedure
insures the proper identification of all local minima
and of the global minimum for each compound.

Tables 6a and 6b show the total energies of the
four lowest energy conformers for each of the studied
molecules, as well as their relative energies correlated
with the y(Pro), ¢@(Ala), and y(Ala) angle values.

Tables 7b, 7b, 8a, 8b, 9a, and 9b show the optimized
bond lengths, bond angles and dihedral angles,
respectively, for Ac-L-Pro-L-Ala-NHy and Ac-L-Pro-D-Ala-
NHp. Tables 10a and 10b display the net atomic charges,
as calculated via Mulliken Population Analysis. The
optimized conformations of the two lowest energy
conformers for each molecule are shown as follows: Ac-—
L-Pro-D-Ala-NHp in Figures 8a and 8b; Ac-L-Pro-L-Ala-
NHy in Figures 9a and 9b.

It should be emphasized that the two molecules
analyzed in this work are diastereomers and that the
results found are also valid for the two molecules that
are their respective mirror images. To be specific, the
mirror images of the conformations reported here for Ac-
L-Pro-L-Ala-NHy are the lowest energy 4 conformations
available for the Ac-D-Pro-D-Ala-NH; and their absolute

and relative energies should be identical to those found
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in this calculation; the same relationship exists

between Ac~L-Pro-D-Ala-NH; and Ac-D-Pro-L-Ala-NHj.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

41



42

RESULTS AND DISCUSSION

In contrast to the nonblocked case [47], where the
lowest energy conformations for both the L-Pro-L-Ala and
the L-Pro-D-Ala dipeptides had the alanine in an
extended structure, the presence of the acetyl amino
terminus and amide carboxy terminus groups seems to
accentuate the differences between the two
diastereomers. With the exception of conformation #4 of
Ac-L-Pro-D-Ala-NH, (Table 6a), in all the other
conformations presented, the backbone dihedral angles of
the second amino acid, ¢@(Ala) and especially y(Ala),
take values that are far from the #180° which would
correspond to an extended structure. This may be due to
the hydrogen bonds that can be formed in the presence of
the blocking groups.

The lowest energy structure obtained for the D-Ala
containing blocked dipeptide exhibits a good type II B-
turn conformation with y, = y(Pro) = 103.0°, @3 = ¢@(Ala)
= 126.2°, and y3 = y(Ala) = -9.80 (Table 6a), close to
the ideal values of 1209, 80°, and 0°. The distance
between oxygen 15 (015) and hydrogen 29 (H29) in this
molecule, displayed in Fig. 8a, is 2.2066A (Table 7a)
and suggests a strong hydrogen bond between these two
atoms. The presence of this hydrogen bond is further

supported by the longer covalent bond, of approximately
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1A between H29 and nitrogen 12 to which it is attached,
the relatively large charges on 015 (-0.68 units, Table
10a) and on H29 (0.45 units, Table 10a) and by the near
collinearity of atoms Cl4, 015, N12, and H29 which form
a dihedral angle of 165.99. This hydrogen bond is the
typical 10 member ring closure that occurs in a B-turn.
As can be seen from both Table 6a and Figure 8, oxygen
15 is also close (2.61A) to hydrogen 24 that is attached
to the peptide bond nitrogen. Although this hydrogen
bond does not seem to be as strong as the former, and
although it is not a classical characteristic of a type
II B-turn, its presence singles out this conformation
among all the minimum energy structures found in this
work. Due to this ability to form two hydrogen bonds,
one that closes a 10 member ring and another that closes
a 7 member ring, the type II B-turn like conformation
exhibited by Ac-L-Pro-D-Ala-NH is not only the lowest
energy structure found for this molecule, but it is also
1.82 kcal/mol lower in enerqgy than the lowest minimum
found for Ac-L-Pro-L-Ala-NHp (as it can be calculated
from the data in Tables 6a and 6b) and at a considerable
gap (5.77 kcal/mol) below the next available minimum for
a Ac-L-Pro-D-Ala-NHy conformation. Both features
reverse the trends observed in the nonblocked dipeptides
where the lowest overall energy conformation belonged to

L-Pro-L-Ala and there was a smaller gap between the
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lowest energy conformations available to the D-Ala
containing nonblocked dipeptide than those corresponding
to the L-Ala nonblocked dipeptide. The potential
presence of this bifurcated hydrogen bond, also observed
in the modeling of some tetrapeptides cyclized around a
Pro-Gly dipeptide (48, 49], and the energetic
characteristics that it imparts to the molecule may
account for the fact that of the two linear
tridecapeptide a-factor analogs obtained by replacing
Gly9 with D-alanine and L-alanine, respectively, only
the D-Ala® analog exhibits a type II B-turn like
conformation sTable enough to be observed by high
resolution solution NMR [4, 42]. The second lowest
energy conformation found for the L-D dipeptide
exhibits, unexpectedly, a distorted type I B-turn
conformation with yy = y(Pro) = -13.6°9, ¢3 = ¢(Ala) = -
74.89, and y3 = y(Ala) = 54.6° (structure #2, Table 6a),
close enough to the defining values of -30°9, -90°, and
0° to allow for the characteristic 10 member ring
formation. The small distortions at y, and ¢3 probably
add up to favor a less axial position for the methyl
side chain, while the large distortion exhibited by the
Yy angle of D-alanine accommodates the formation of a
hydrogen bond between 015 and H29 in the presence of the
alanyl side chain. The distance between 015 and H29 in

this structure is 2.3974, the distance between H29 and
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the N12 to which H29 is covalently bonded is 0.99A, and
the dihedral angle formed by the atoms Cl14, 015, N12,
and H29 is 114.7°. All these values suggest that the
hydrogen bond in Ac-L-Pro-D-Ala-NH; structure #2
(depicted in Fig. 8b) is not not very strong. However,
this hydrogen bond offers the only conceivable
explanation for the very existence of this optimized
minimum energy conformation. 1Indeed, this structure
does not correspond to any of the conformations found
for the nonblocked dipeptides [47,] and its relatively
low energy can only be accounted for on the basis of the
relatively sTable 10 member ring closure made possible
by the presence of the blocking groups. Since these two
lowest energy conformations obtained for Ac-L-Pro-D-Ala-
NH, (#1 and #2 in Table 6a) correspond to the two
possible types of P-turns realizable when the i+l amino
acid is proline, their examination provides a direct
quantitative insight into the known experimental and
theoretical inference (4, 25] that a D amino acid at
postition i+2 favors a type II like B-turn.

In contrast, the Ac-L-Pro-L-Ala-NHy exhibits 3
minimum enerqgy conformations within an approximately 4
kcal/mol energy gap. This structure of the energy
spectrum may be a result of the more numerous minima
that the nonblocked dipeptide exhibits [47] and is

consistent with the higher flexibility observed in the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



46

physical chemical study of the linear 13-mer containing
this dipeptide [3]. Interestingly, just as in the
nonblocked case, the lowest energy conformation for the
L-L blocked dipeptide does not correspond to a type I B-
turn. Rather, the lowest energy conformation of Ac-L-
Pro-L-Ala-NH> exhibits a structure in which a very
strong hydrogen bond closes a 7 membered ring involving
the acetyl carbonyl oxygen and the Pro-Ala peptide bond
hydrogen. As judged by the small distance between the
oxygen 15 and hydrogen 24 involved (2.11A) and the
covalent bond of 1.004A between H24 and N8 (see
structure 1 in Table 6b, Table 7b and Fig 9a) as well as
by the large 015 and H24 charges from Table 10b, this
bond seems to be the strongest of all the H-bonds
exhibited by the computed structures. However, its
presence seems to be mutually exclusive with the
possibility of 10 membered H-bonded ring formation. In
the type I B-turn conformation (structure 2 in Table 6b,
Fig. 9b), the typical i to i+3 hydrogen bond between 015
and H29 is present (2.47A distance from 015 to H29 and
0.9932 distance between H29 and N12) but not as strong
as the 015 to H24 H-bond in structure 1. Although 015
and H24 are relatively close (2.93A), they appear unable
to come close enough to form a 7 member ring hydrogen

bond and the conformation does not exhibit the marked
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energy minimum exhibited by the type II B-turn in the
Ac-L-Pro-D-Ala-NHjy.

While the second lowest energy conformation for the
Ac-L-Pro-D-Ala-NHy is a distorted type I B-turn like
conformation, as discussed above, no minima
corresponding to a type II like conformation were found
for Ac-L-Pro-L-Rla-NH>. This shows that although the
blocked dipeptide allows for the possibility of a
hydrogen bond closure, the L methyl group steric
hindrance is strong enough to prevent the 10 member ring
of the type II PB-turn from forming. Based on fixed
conformation calculations we estimate that the hindrance
energy by which a type II B-turn is disfavored in Ac-L-
Pro-L-Ala-NHy is approximately 13kcal/mol, i.e., the
same value found in the nonblocked dipeptides [47].

The calculated bond lengths and bond angles are
very close to the X-ray crystallography experimental
values [46]), in ways quite similar to those of the
nonblocked dipeptide calculations (47], with some
exceptions that are discussed below (see Tables 7a, b
and 8a, b). The calculated values involving H24, the
peptide bond hydrogen, are very far (approximately 0.5A
and 109) off from the crystailographic data for both
molecules . As discussed before [47], it is possible
that this hydrogen atom is involved in some way in the

intermolecular bonding responsible for crystallization.
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This hypothesis would account for the unusually long NH
bonds found in those experiments. The Cy to carbonyl
carbon bonds are both substantially larger than the
experimental ones in the L-Ala containing blocked
dipeptide while they are very close to the X-ray values
in the D-Ala containing blocked dipeptide.

In contrast to the nonblocked study [47], there are no
problems in matching the calculated values involving the
angles C9-C10-N12 and C9-C10-013. This shows that
blocking the carboxy end of the dipeptide to an amide
solves the problems that arise from studying a free
carboxyl (as assumed in [47]).

The same trends discussed in [47] involving the
bond angles N1-C5-C6 (N(Pro)-Ca(Pro)-C(Pro)) and C5-C6-
O7 (Ca(Pro)-C(Pro)-0O(Pro)) hold here too. The
crystallographic results show the first one of these two
angles to be smaller in the presence of D-Ala and larger
in the presence of L-Ala, while the second exhibits an
opposite behavior - both trends being well reproduced by
the calculation results (Tables 8a and 8b). The
dihedral angles determined for the X-ray studied
dipeptides are very close to the ones calculated for the
lowest energy structure of Ac-L-Pro-D-Ala-NH,; (Table
9a), but they do not correspond to any of the calculated
conformations in the case of Ac-L-Pro-L-Ala-NHp. This

may be due to the intermolecular interactions
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responsible for crystallization. As shown in Tables 9%a
and b, the puckering of the proline ring seems to be
more substantial for the D-Ala containing blocked
dipeptides than for the L-Ala ones.

As mentioned in our methods section the results
reported here for the two molecules Ac-L-Pro-D-Ala-NHj
and Ac-L-Pro-L-Ala-NHy carry verbatim to the two mirror
image structures Ac-D-Pro-L-Ala-NH; and Ac-D-Pro-D-Ala-
NH, because there are exactly two chiral centers in the
molecule and the quantum mechanical calculation has

inversion symmetry.
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CONCLUSIONS

1) Since the lowest energy structure for the Ac-L-
Pro-D-Ala-NHy is a type II B-turn, the study of the
blocked dipeptides supports in an unambiquous way the
known [8] tendency of Pro-D-Ala moieties in pgptides and
proteins to adopt type II B-turn conformations.

2) The study provides further computational support
for both the observed type II fB-turn conformation in
linear peptides containing the L-Pro-D-Ala moiety and
for the conformational flexibility observed in linear
peptides containing the L-Pro-L-Ala moiety.

3) The quantitative computational evaluation of the
barrier introduced by the presence of an L amino acid at
position i+3 is consistent with the one calculated in
[9] (around 13kcal/mol);

4) the comparison with X-ray crystallography, when
considered in parall to the nonblocked dipeptide study,
shows that the computational effects of blocking the
carboxy terminus are in good agreement with the

experimental data.

Footnote: The work discussed in this Chapter is being
published. The paper is in press with Journal of

Molecular Structure.
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CHAPTER 5

Stand-Alone Molecular Modeling on a-factor Related

Peptides; the Importance of Initial Conditions

INTRODUCTION

This Chapter describes some results obtained by
performing stand-alone molecular modeling in vacuum on
the a-factor pheromone and on the eight side chain
cyclized tetramer molecules modeling its turn region.
The term stand-alone is used here to designate a
molecular modeling study that was not based on
quantitative physical chemical data. The reason for
performing these studies was utilitarian: at the time
of the actual calculations the only data available
concerning the a-factor pheromone were qualitative
inferences about its propensity to form a turn centered
around the residues Pro8 and Gly9. Nevertheless,
working models of the peptide pheromone, as well as of
its tetrapeptide turn model analogs were necessary in
order to gain at least a qualitative insight on the
shape of this family of molecules and to plan further

experiments or, eventually design other analogs.
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Although unsophisticated and to a large extent
superseded by subsequent careful usage of quantitative
NMR data [46, 47], these studies provided the impetus
for many subsequent experimental and modeling efforts
and they brought to light some simple, but yet
nontrivial features of these peptides.

A first result worth mentioning was that the stand-
alone computations seemed to support a significant
conformational diversity of the cyclic tetrapeptides.
For instance, a marked propensity to form an almost
perfect type II B-turn was observed in the case of the
T22 molecule (cyclo 1,4 Ac-Dab-Pro-Gly-Glu-NHy), while
other members of the family seemed to have very
different conformational behavior. A second set of
results that had a significant impact on ensuing
experimental design was the observation that, if the 13-
mer molecules were to be bent, specific distances were
to be expected between the two ends of the polypeptide
chain as well as between certain atoms within the
molecule. Moreover, this study seemed to indicate the
possibility of distinguishing between different
turned/bent/extended conformations of the pheromone by
measuring judiciously selected distances between given
atoms of the molecule. To be specific, the study
indicated that by determining a few carbon to nitrogen

distances within the chain, one might discern, with a
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reasonable degree of certainty, whether the peptide
assumes one of some available conformations. Since such
measurements are the exact object of new solid state NMR
techniques, such as REDOR [27, 50, 51], these models
were the at the origin of the idea to determine the
conformation of the pheromone in powder and it was based
on these models that the planning and design of the
labeling that led to the results described in reference
[50] took place.

Last, but not least, this study points to the
importance that the initial conditions play, especially
in the case of larger molecules as well as to the
inherent shortcomings of computational methods and, in
particular, of the classical force field evaluations of

energy values.

METHODS

Cyclic Tetrapeptides

The molecules were built using the peptide builder
module of the QUANTA software. The cyclization bonds
were constructed by writing different specific scripts
for each molecule considered. The resulting structures,
exhibiting the correct atom connectivities, were
minimized using the CHARMm force field. The minimum

energy conformation obtained for each of the eight

i
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molecules considered was then extensively searched by
using the following procedure:

1) A random sampling (essentially Monte Carlo) search
was conducted on all the backbone dihedral angles. The
most relevant parameters were window=60° and samples=20.
2) The 20 molecules resulting from the search were
minimized and analyzed for redundancy (i.e., elimination
of identical conformations).

3) The remaining conformations were submitted to steps
1) and 2) described above.

4) The computational cycle was considered complete when
no new meaninful conformations were produced after going
through steps 1) and 2) on all the available
conformations.

5) Of all the minimum energy conformations identified
for a given molecule, the lowest energy one was chosen
and considered to be the likely conformation of the
molecule.

The procedure involved writing numerous automation
routines that enabled the computer to continuously go
from one molecule to the next and provide at the end of
each cycle a list of interpreTable results. Due to the
lengthy and intricate nature of the code involved in
such a routine we are not giving here any details. The

author will provide them to any interested reader.
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The a-factor

Because of its sheer size, and to the fact that
there are no interresidue hindrances, a study similar to
the one described above for the éyclic tetrapeptides was
not possible for this linear 13-mer molecule. However,
since the conventional wisdom, supported by the
biological activity of cyclized analogs [4] seemed to
point out that a turn in the residue 7 to residue 10
region of the molecule could have played an important
role in its shape, the following three initial
conditions were considered:

1) Linear peptide. All the backbone dihedral angles
with the exception of the two proline residues were
given the extended value (180°).

2) Type II B-turn. The Pro8 and Gly9 residues were put
in a type II B-turn conformation (-60°, 1200, 80°, 0°)
while the rest of the torsional angles were all given
the extended value (180°).

3) Type I B-turn. The Pro8 and Gly® residues were put
in a type I B-turn cornformation (-60°, -30°, -900, (QO)
while the rest of the torsional angles were all given
the extended value (180°).

These three conformations were minimized and
submitted to a search procedure that was similar to the

one described above, with the exception that a Boltzmann
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search with a mild temperature (300° to 500°) was used
instead of the random sampling. For each conformation,
those conformations that resulted from the search but
had lost their initial shape in the critical (residue 7
to residue 10 region) were discarded.

The lowest minimum energy structure that resulted
for each of these conformations was considered a good
representative for the given conformation of the

peptide.

RESULTS AND DISCUSSION

Cyclic Tetrapeptides

In very few words, the random sampling study of
cyclic tetrapeptides indicated that a Glu residue at
position i+3 favors the formation of a type II like
B-turn, while an Asp residue at the same position has no
definite effect other than precluding the formation of a
type II like B-turn.

These results are summarized in Tables lla and 1lb
and the models of the peptides are shown in Figures 10
and 11.

From the point of view of the interpretation of
biological effects, these results have the following

very elegant connotation: since, invariably, all the

r

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

cyclized analogs having glutamine substituting the amino
acid at position 10 of the pheromone - which is the i+3
amino acid of the propsed turn region, one could as well
simply state that the type II B-turn analogs are more
active.

The problem with this simple and elegant
interpretation is that, as it will be explained in
subsequent Chapters and as already published [7, 8, 48,
49] neither circular dichroism, nor high resolution
nuclear magnetic resonance seem to support such a simple
conclusion for the solution behavior of these peptides.
The only case in which all studies converge is the Dab-
Glu (the Tpp member of the family - so named because it
has 2 methylenic carbons on each side of the cyclization
lactam peptide bond.) This molecule is found by all the
studies - should they be experimentally based or not -
in the same, almost perfect type II B-turn conformation.

In the case of the other members of the family, the
physical chemical experiments, and especially the
solution NMR based constrained dynamics simulations seem
to support a much richer conformational behavior than
the stand alone computational approach, which points to
the weaknesses exhibited by molecular modeling

studiescarried out without experimnetal support.

The a-factor

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

The results of this study are summarized in Figure
12 and Table 12.

The most dramatic observations are the end to end
distance of approximately 12.5A and the delineation of
critical carbon to nitrogen distances that could
distinguish between different conformations adopted by
the crucially important turn region. These calculated
distances constituted the theoretical data underlying
the design of the labeled analogs on which the solid
state dipolar dephasing experiments described in
subsequent Chapters were performed, as well as the basis
on which the interpretation of these experiments was
carried out.

Fluorescence transfer measurements (private
communication from Dr. Haas via Dr. Naider) seemed to
confirm that, in solution, the distance between the Trp3
and Tyrl3 aromatic side chains is the one expected for a

bent molecule.
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CHAPTER 6

Experimental Techniques Used for the Conformational

Analysis of Peptides

PHYSICAL CHEMICAL TECHNIQUES

High Resolution Solution NMR

The high resolution solution 2D NMR techniques used in
order to assign the proton resonances and subsequently
obtain distance constraints that are the basis of
conformational analyses were COSY, TOCSY, NOESY, and

ROESY.

COsY

Correlated spectroscopy is the classical technique that
provides connectivities between J-coupled vicinal
protons [53]. The pulse sequence of the COSY experiment
is drawn in Figure 13. It consists of two 90° pulses
enclosing an evolution time tj and followed by an
acquisition time t;. The evolution time is gradually
increased for each successive 1D acquisition. The
density matrix derivation of the effect of the Cosy
pulse sequence on the spin system is given in many

standard texts (54, 55.] The significance of the result
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is that the transverse components of the spin quantum
operators (of two vicinal J coupled spins I and S) Iy,
Sxr Iy, and Sy are multiplied in the final form of the
density matrix (which describes the spin motion during
acquisition) by oscillating factors depending both on ®
xt1 and eyty. (with oy and oy , the two resonance
pulsations). Thus, the spectrum generated after Fourier
transformation of the data acquired by applying this
pulse sequence to a sample contains cross peaks linking
the resonance frequencies of vicinal J-coupled spins
[43}. 1Its usefulness is that all the pairs of
resonances of vicinal protons are identified. The more
sophisticated versions of the experiment (for example,
DQ-COSY) offer very good resolution and, even with the
advent of the very powerful technique TOCSY (see below),
it still pays to analyze the simpler COSY spectra and
confirm the assignments based on the more complex
techniques. The reason for this is that, sometimes,
crowding problems that may arise in the TOCSY spectra
may be resolved by looking at a COSY type spectrum which

has many fewer cross peaks.

TOCSY
The name is an acronym for TOtal Correlation
SpectroscopY [54] and the purpose of this sequence is to

connect all the resonances of all the spins (or, at
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least, many spin resonances) in a J-system. Because of
the broad range of connectivities that can be
established by analyzing a TOCSY spectrum, it usually
plays the key role in the process of any resonance
assignment. In our work we will use it for the proton
assignment of peptides, but it can also be utilized in
the study of 13c 1abeled proteins [55].

In the TOCSY experiment (Fig. 13), the mixing 90°
pulse of the COSY sequence is replaced with a mixing
sequence whose main part is a spin lock turned on for a
time that inpeptides usually lasts for 30ms to 80ms.
The main purpose of this "pulse" (in effect a sequence
of pulses with very short delays between them) is to
allow J-coupled spins to interact with each other by
keeping them in the transverse plane for a long period
of time. The net result is that a term of the density
matrix containing a component of the spin I before the
spin lock is applied, is turned into a sum of terms
containing all the spins that are J-coupled to I (let
them be named Sy, Sy, S3, ...):

I8, +S8, +S,.+.
The ensuing evolution gives rise to observable terms

that upon Fourier transformation exhibit cross peaks at

61

(01, 0g1), (07, ©g2), (®p, ©s53), ... Longer mixing times

(around 80ms) allow one to see many bond correlations.

For instance, with a long enough mixing time a cross
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peak between the NH of an amino acid like Nle and the
protons on the g-carbon can be observed. However, many
times a shorter mixing time may be preferable (around
65ms) because not too many connectivities are lost and
the spectrum is "cleaner", that is, a better baseline
and fewer artifacts are obtained.

Because the protons in peptide molecules are not J-
coupled across the peptide bonds, in order to completely
and unambiguously assign all resonances, it is useful to
complement the J connectivities obtained from COSY/TOCSY
experiments with the through space proximity information

from NOESY and/or ROESY experiments.

NOESY and ROESY

In order to perform any kind of experiment-based
molecular modeling, one needs distance constraints.
These constraints are obtained from experiments that
measure the dipole-dipole (through space) interactions
between spins. The basis of dipole-dipole interaction
measurements is the nuclear overhauser effect in which
one spin is selectively irradiated with the effect that
the resonance amplitude of a spatially near spin is
affected. The effect is distance dependent because,
unlike the J-coupling term, the dipole-dipole
interaction Hamiltonian depends on the inverse cube of

the internuclear separation. Due to the fact that the

1
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NOE is a second order perturbation effect, an overall
inverse sixth power dependence is observed. Thus, by
using an internal reference, for instance, the distance
between two geminal protons, one can obtain distance
constraints for the studied molecule according to the

formula [34]:

with rg the internal reference (fixed distance), rj the
"unknown" distance to be determined and Ig,; the
intensities of the effect for the two spin pairs.

With the advent of 2D NMR, bidimensional variants
of NOE experiments were designed which have the great
virtue of allowing one to study all the through space
connectivities for a whole molecule without worrying
about selective irradiation and on the same spectrum.
Technically, there are currently many variants of pulse
sequences that use cross relaxation to obtain spatial
information about the studied molecules [56], but we
will concentrate on just two of them.

The NOESY sequence (Fig. 13) consists of a 90°
pulse that creates transverse coherences, an evolution
time, during which the "first" (tj) axis resonances are
created, a 180° pulse followed by a mixing time during

which the spins interact through space and a final 90°
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"reading " pulse followed by acquisition, on which the
"second"” (tjy) axis evolution is recorded. The
intensities of the cross peaks can be introduced
directly in the formula presented above in order to
obtain the distance constraints, provided that care is
taken to keep unwanted effects to a minimum.

The main source of unwanted effects is spin
diffusion, which is another name for multistep
magnetization transfer arising from cross-relaxation.
While the desired effect is generated by magnetization
transfer between two spins I¢»S, a multistep process is
due to magnetization transfer between three or more
spins, some of which act as intermediaries: I&S©X.
There are two undesirable consequences of such a
transfer: a) the results of the interactions of S with
both I and X are distorted, b) the spin I may seem to
interact with spin X although, in fact they are not
directly exchanging magnetization and may be spatially
far apart. In order to avoid such artifacts, the NOE
build-up curve, i.e., the dependence of the NOE
intensities on the mixing time must be studied and the
mixing times for the actual constraints determining
experiments must be chosen in the initial (linear)
region of this curve.

Another problem that may occur with NOESY is that

the effect is dependent on the molecular motion
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(expressed by the correlation time, i.e., the time
needed by a molecule to rotate by approximately 1
radian) and on spectrometer frequency. For any given
spectrometer frequency, there is a motional region,
corresponding to mediﬁm size molecules in which there is
no observable cross relaxation (Fig. 14). One way around
this problem is to work with a different frequency
spectrometer. However, this is seldom practical for two
reasons: a) the "bad" NOESY region is wide and
consequently in many cases little improvement is
obtained by changing spectrometer frequency, b) using a
considerably lower frequency spectrometer obliterates
all the resolution advantages introduced by a higher
field spectrometer. Because of that, there are whole
classes of molecules (for instance, tetrapeptides) for
which NOESY cannot provide any conformationally relevant
information.

Although the same care must be taken in eliminating
spin diffusion distorted results, the rotating frame
nuclear Overhauser effect, which is the basis of the 2D
ROESY experiments, exhibits a different dependence on
molecular size/motion and allows the study of molecules
that cannot be approached by NOESY. The physical basis
of the ROESY experiment [37, 57] is the through-space
exchange of magnetization by spins which are parallel in

the rotating frame. Just as in the TOCSY experiment,
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constraining the spins to be parallel in the rotating
frame is realized by means of a spin lock field. As a
matter of fact, the pulse sequence for the ROESY
experiment is almost identical to the TOCSY (Fig. 13)
sequence and one of the major concerns when performing
ROESY is to prevent the TOCSY cross peaks from
distorting the cross peaks resulting from true through
space interaction. This is realized by choosing spin
lock field values and offsets that favor ROESY
interactions and disfavor TOCSY interactions [58, 59].
It is known that setting the frequency of the spin lock
field in the middle of the spectrum and using spin lock
field values that tiit the magnetization by 90°
introduce strong J-coupling mediated (TOCSY)
interactions, while setting the spin lock frequency on
one side of the spectrum and using a spin lock strength
that tilts the magnetization by 18° to 32° favors the
through space (ROESY) interactions.

To obtain ROESY distances the same formula, that
provides the NOESY distance constraints described abcve,
is used.

The ROESY experiments also have the remarkable
feature that they exhibit conformational exchange peaks
[48]. To be more explicit, in the case of molecules
that exhibit conformational isomerism on a time scale

long enough to be observable by NMR, cross peaks between

' . .
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proton resonances corresponding to the same proton on
two different conformers can be observed. While the
regular, through space, magnetization exchange cross
peaks have signs opposite to those of the diagonal
peaks, the conformational exchange cross peaks have the
same sign as the diagonal. This feature proves
invaluable in the assignment of resonances of minor
conformers which are otherwise very difficult to
correlate [8]. It may be emphasized that, while for
carrying out the conformational anlysis of molecules
that are large enough to be studied by NOESY, the ROESY
technique may seem cumbersome, in the case of molecules
that exhibit conformational isomerism the rotating frame
NOE is irreplaceable. Although it is a more demanding
experiment than NOESY, if properly obtained (i.e.,
paying attention at the technical details described
above) the ROESY spectra provide reliable information
about the conformational features of the molecules

studied [8, 58].

1 4
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CHAPTER 7

Solution Structures of i to i+3 Cyclized Model Peptides:

Building Blocks Mimicking Specific Conformations

INTRODUCTION

The cyclization of peptides is one of the
techniques of choice both for the conformational
analysis and in the design of potent analogs. The
usefulness of this method is based on the reduction of
conformational freedom that occurs when the peptide
backbone is constrained. The analytical objective is to
obtain molecules that are less conformationally flexible
and thus more prone to analysis, both by experimental
and computational methods. The biochemical objective is
to synthesize molecules that have a conformation close
to the actual active conformation locked in. 1In
academic terms, the cyclized molecules should present
higher conformational homogeneity which, if indeed

centered on a highly active molecular shape, might lead

T
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to increased receptor specificity, increased agonist or
antagonist potency, or extended resistance to enzymatic
or proteolytic degradation [60-67]. Constraints
attempted so far include chain end to chain end, side
chain to chain end and side chain to side chain
cyclization. Cyclization involving backbone atoms has
only been attempted infrequently [68, 69] due to the
synthesis difficulties involved and to the low
likelihood of obtaining active molecules in this way.
Chain end to chain end cyclization often results in
biologically inactive analogs [70]. This seems to point
to the conclusion that the C- and N-termini of the
peptides are essential for an efficient interaction with
the corresponding receptor since their elimination has
such drastic effects on the peptide activity. On the
other hand, both side chain to chain end and side chain
to side chain cyclization seem to have consistently
produced interesting analogs, as the following examples
show. Side chain cyclization using cystine, resulting
in the synthesis of an a-melanotropin analog constrained

via a disulfide bridge (71,] gave a super potent

4
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agonist. This success made the disulfide technique of
conformational design exceptionally popular with many
peptide chemists [70, 71]. Similarly, side chain to
side chain i to i+2 cyclization using amide bond
formation was utilized to develop highly potent and
selective opioid peptide analogs [72-74]. A longer
range cyclization, i1 to i+4 side chain lactamization,
has been employed to stabilize helical segments and
yielded highly potent and metabolically sTable growth
hormone releasing factor analogs [75, 76], a human
calcitonin analog [77], and a potent parathyroid
hormone-related protein antagonist [78]. Furthermore,

1 to i+3 lactam-bridging gave high affinity and
selectivity for cholecystokinin analogs [79-81],
increased anticoagulant activity in a thrombin binding
hirudin analog [82], and enhanced antagonist potency in
luteinizing hormone-releasing hormone [83, 84]. Despite
these successes, prior to this work, the exact
relationship between the size of the lactam ring and the

conformation of the constrained region for i to i+3 side

| §
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chain lactamization of turn regions in peptides had not
been systematically examined.

The molecule whose analogs are studied in this
thesis, the a-factor pheromone that mediates mate
recognition in the MATa haploid Saccharomyces cerevisiae
cells, offers an excellent framework for the
investigation of the effects of cyclization on pheromone
analogs. Furthermore, it is as well a good example to
consider within the wider context of peptide hormone -
receptor interactions (1, 2, 7, 13, 20]. To initiate
signal transduction, the a-factor molecule binds to a
receptor that is a member of the seven trénsmembrane G-
protein coupled receptor family [2, 20]. As part of the
efforts to elucidate the biologically active
conformation of this peptide, eight stereochemically
restricted tetrapeptide models mimicking the critical
region spanning residues 7 to 10 are studied here. The
conformational restriction is introduced by means of an
amide bond between the side chains of the first and
fourth amino acids. Biological studies, performed on

the corresponding tridecamer peptides, revealed that the

1
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activity and receptor binding affinity of those analogs
were related to the size and composition of the lactam
ring in the center of the pheromone [7]. 1In order to
relate those biological results to the conformation of
the lactam ring and to study the conformational freedom
in peptides containing side chain to side chain amide
bonds, NZ-acetyl carboxyl-amide terminal cyclic
tetrapeptides with an XxxProGlyZzz sequence where Xxx =
Lys, Orn, Dab, & Dpr; 2zz = Glu & Asp were synthesized
[8]. Initial characterization efforts [7, 8] revealed
the presence of multiple conformers in these constrained
model compounds. CD studies in water, trifluoroethanol
and methanol suggest that the cyclic peptides exist in S
~turn like conformations, likely involving the central
Pro~Gly dipeptide [8]. Cyclols4[Ac-Dab-Pro-Gly-Glu-NH>]
appears to assume a type II f-turn based on comparison

- with CD spectra calculated for idealized f-turns. The
other peptides in the series probably exist as distorted
versions of this conformation. The analysis of the CD
curves was complicated by the fact that CD spectra are

additive in nature and these peptides exist as mixtures

¥
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of different conformers. To provide definitive
information on the structures assumed by individual
conformers these model compounds were subjected to
biophysical analyses using 2D NMR and molecular
modeling. In this Chapter a detailed picture of
different solution structures of the major conformers of
these 1 to i+3 cyclized model tetrapepeptides is

presented.
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Materials and Experimental Methods

Peptide Molecules. The peptides examined in this
study were all more than 99% homogeneous and were
characterized by HPLC, FABMS, and NMR spectroscopy by
the authors of reference [8]. These peptides are all
cyclic tetrapeptides and have L-amino acids. They are
named as Tetrayy where the suffix xx indicates the
number of CHy groups on the side chains of first and
fourth residues, respectively. For example cyclol:4[Ac-
Lys-Pro-Gly-Glu-NH3] is designated Tetrago whereas
cycloll4[Ac—Dpr-Pro-Gly—Asp—NHZ] is designated Tetrajj
(Fig. 3a).

NMR procedures. NMR spectra were acquired in DMSO-
dg on a Varian Unityplus 600 MHz NMR spectrometer.
Peptides dried in an Abderhalden drying pistol over
refluxing methanol under high vacuum for 72 hr were used
for the NMR studies. DMSO-dg (100%) from Aldrich,
Milwaukee, WI was used to make solutions for NMR
studies. TMS was used as the internal reference for

proton resonances. Carbon chemical shifts were

. L
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referenced against DMSO-dg at 39.5 ppm. Solutions of
0.5-20 mM peptides were used for assessing aggregation
and 5 mM solutions for all conformational analyses. One
dimensional lH-NMR Spectra for determining temperature
coefficients were obtained at 295-325 K in increments of
5 K. Sample temperatures were controlled with the
variable temperature unit of the instrument.

Complete proton resonance assignments were made [8]
using COSY, RELAYED-COSY and TOCSY experiments. HMQC
and HMQCTOCSY were used to assign unambiguously proton
resonances of the conformationally heterogeneous cyclic
tetrapeptides. ROESY [37, 57] experiments were used to
extract interproton distances. ROESY spectra were
acquired at 300 K in phase sensitive mode using the
method of States et. al. [85]. Spectra were collected
with 2K data blocks for 512 tj-increments with a
relaxation delay of 1.5 s and 64 transients for each tj-
increment. The spectral width in both dimensions was
6000 Hz. ROESY spectra were obtained using 32° flip
angle spin lock pulses and resonance offset compensation

to suppress TOCSY contributions [57, 58]. The effective

H
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field strength for spin lock is 1.9 KHz. The ROESY
spectra were recorded with five different mixing times
viz. 50, 100, 150, 200 and 250 ms to generate ROE
buildup curves. The ROE intensities obtained at 100 ms
mixing time were found to be in the middle of the linear
curves. Therefore, interproton distances were deduced
from ROESY experiments carried out with 100 ms mixing
time.

NMR data acquired on a Varian spectrometer, were
processed on a SUN Sparc station IPX using VNMR
software. Prior to Fourier transformation, ROESY time
domain data were apodized using shifted sine-bell or
Gaussian window functions in both dimensions and zero
filled to 2K x 2K real points. Multiplication of the
first tj-increment by 0.5 prior to the second Fourier
transformation was carried out to reduce the t; ridges
in all ROESY spectra.

Modeling Procedures. Vacuum structures: The N&-
acetyl, carboxyl-amide, 1-4 side chain cyclized
tetrapeptides structures were built with the BIOPOLYMER

module of the SYBYL software on an INDIGOZ SGI computer
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and then minimized using the AMBER force field. The
amino acid models Lys, Orn, Dab, Dpr, Asp and Glu, used
in cyclizations were custom made to be recognized by the
AMBER force field using the dictionary options of the
SYBYL package. Constrained searches and minimizations
were conducted using the annealing procedure in SYBYL
(consecutive dynamics at T=500K and T=20K) starting with
the minimized structures. The constraints were input as
ranges centered on the experimentally determined
distance (#10% of the distance value). The results were
analyzed and the conformations compatible with the
experimental data were identified and further searched
and minimized.

Solvent box and solvated tetrapeptides: The DMSO
molecule was optimized by ab initio calculations using
the 6-31G* [44] basis set. The resulting parameters
i.e., charges: C, -0.703; S, 0.944; 0O, -0.784 and H,
0.221, 0.213, 0.188; bond lengths and bond angles: SC,
1.80A; so, 1.49A; CH, 1.10A; csc, 97.7°; €SO, 106.7°;
SCH, 109.5° were introduced into the Kollman All-Atom

parameter set of the SYBYL software. A DMSO box of

 §
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molecules having these parameters was built and
minimized using the AMBER (Kollman All-Atom) force
field. This box was subsequently used to generate the
solvent environment for the cyclic tetrapeptide
computations. We used parallelepipedic (almost cubic)
boxes. The typical length of a solvent box side was
between 32 and 36 A and contained around 325 molecules
of solvent. The best (lowest enerqgy) vacuum minimized
structures resulting from the searches were solvated and
minimized with periodic boundary conditions.

Dynamics: Constrained Molecular Dynamics (MD)
simulations in vacuum and DMSO were performed on the
eight tetrapeptides using the AMBER force field and the
Verlet algorithm. The simulations were carried out at
constant temperature under canonical ensemble conditions
and were started from well minimized structures obtained
as explained above. The final temperature of 300 K was
reached in three steps: heating at 1000 K for 1 ps,
cooling at 500 K for 5 ps, equilibration at 300 K for 14
pPs and simulations at 300 K for 60 ps [35]. The

equations of motion integration step was 1 and snapshots

‘. . - . . .
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were taken every 60 fs. For Tetragp, which is the
largest molecule among our model peptides, simulations
were carried out with the same algorithm with an
averaging period of 120 ps. There were no significant
differences from the 60 ps results. Averages for the
quantities of interest (distances and dihedral angles)
were computed over the simulation (60 ps) periods and
compared to the experimental data and are presented in

the text and in Tables 13 to 20.
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Results

Conformational heterogeneity in i to i+3 monomeric
lactams. 1Initial NMR analyses of these cyclic peptides
showed one predominant resonance for each amide NH in
Tetragp, Tetraq;, Tetra3p and Tetra3; suggesting either
one dominant isomer or fast conformational averaging on
the NMR time scale [8]. 1In contrast, the coexistence of
slowly interconverting multiple conformers in Tetrasyp,
Tetraj), Tetrajp and Tetraj] peptides was established by
NH/NH and C@H/CSH exchange cross-peaks (same sign as the
diagonal) in their corresponding ROESY spectra. The
NH/NH exchange cross-peaks of major isomers A and B for
Tetrap; are shown in Figure 15. Heating the samples
resulted in collapse of the multiple peaks to single
resonances for each NH and @CH proton. This effect was
reversible upon cooling the samples and unequivocally
establishes the occurrence of slowly interconverting
conformers in these peptides.

Tetraj;j exhibited two isomers (A and B) in a 6:1

ratio. Tetraj) and Tetraz; showed the presence of three

. . .
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iscmers (A, B and C) in 16:3:1 and 32:23:1 ratios,
respectively [8]. The NMR spectrum of Tetrajy revealed
the existence of four isomers (A, B, C and D) in a
20:6:4:1 ratio [8]. Isomer A of Tetrajj and Tetras; and
both isomers A and B of Tetraj, and Tetraj; adopt a
trans configuration with respect to the Xxx-Pro peptide
bond as indicated by characteristic ROE cross peaks from
the XxxC@®H to the ProCOH protons. A cis configuration
in isomer B of Tetraj; and both the isomers C and D of
Tetraj, was evidenced by a XxxC%H and ProC@H cross peaks
in their ROESY spectra. This is illustrated for Tetrajs
in Figure 16. Nothing can be definitely said regarding
isomers C in both the Tetraj; and Tetra2 due to a lack
of cross peaks. All of the conformationally homogeneous
peptides (Tetragp, Tetrag;, Tetrazp and Tetrasj)
exhibited a trans Xxx-Pro peptide bond. 1In the present
investigation, solution structures were elucidated only
for the trans isomers in each of the cyclic peptides.

In the case of the conformationally heterogeneous
peptides (Tetrajy, Tetrajj, Tetraj and Tetrajj) the

major trans isomer was examined.

»
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Temperature gradients of amide NHs. Temperature
coefficients offer a means for assessing the presence of
hydrogen bonds. The temperature coefficients for amide
protons were calculated by a least-squares analysis of
the temperature dependence of their resonances (Table
21). The cis/trans isomers for the tetrapeptides
(Tetrapp, Tetrazj, Tetraj) and Tetrajj;) are
conformationally distinct over the temperature range
which is used for calculating temperature coefficients.
Temperature coefficients for the major trans isomer of
each peptide are presented in Table 21. The &NH of the
i residue is outside the cyclic system and is expected
to be solvent exposed. As anticipated its temperature
coefficient has the highest value (4.15 - 7.44 ppb/K) in
each peptide. The temperature coefficient of the i+3
residue @NH is very low in seven of the eight cyclic
peptides indicating its probable involvement in
intramolecular H-bonding. The exception is the eighteen
membered cyclic peptide, Tetragp, which has a

coefficient of 4.8 ppb/K. Each of these protons except
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in Tetrag, resonate up field (6.95 - 7.32 ppm) compared
to other NHs in their corresponding peptides [8]. This
suggests that these ®NHs are not solvated by DMSO [86,
87]. The temperature coefficient of the Asp ®NH in the
Asp-containing tetrapeptides was found to be highest for
Tetra3; followed by Tetrag; and Tetrajj while it is
smallest for Tetrajy; (Table 21). We noticed a
corresponding upfield shift of the Asp ®NH in these
peptides (7.32, 7.26, 7.03 and 6.83 ppm, respectively)
[8]. A similar trend was observed in the Glu-containing
tetrapeptides. With the exception of Tetragy these
observations further support the involvement of the i+3
@NH in an intramolecular hydrogen bond. We also
observed that the temperature coefficient of the i+2
residue @NH is exceptionally low in Tetrajs (0.82 ppb/K)
implying that it is either strongly shielded from
solvent or that it participates in a relatively sTable
H-bond. 1In Tetrasp, Tetraz; and Tetrajj the moderately
low coefficient of the i+2 ®NH (~ 3 ppb/K), also
suggests moderate solvent shielding or participation in

H-bonding. Similarly, the lactam NH displayed a
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relatively low (-Ad/AT) coefficient in only one cyclic
peptide (Tetraszp, 2.28 ppb/K) and moderately low values
in another four peptides suggesting that these amide
protons were moderately solvent shielded.

3JNH—C“H coupling constants and backbone dihedral
angles derived from coupling constants and modeling.
The 3JNH-CaH coupling constants were extracted from well
digitized 1D proton spectra. The resolution of the
spectra was enhanced by applying a Gaussian window
function prior to Fourier transformation. Bystrov's
Karplus equations [88, 89] were used to calculate the
dihedral angles (¢) from these coupling constants (see
the supplementary material, Table 21). The average
dihedral angles computed from the 60 ps simulations in
DMSO are generally within +/- 30° of at least one of the
values derived from the coupling constants.

Ramachandran Plots. The dihedral angles of the
turn region (@2, w2, ¢3 and y3) obtained by averaging
over the 60 ps dynamics simulations are tabulated along
with the temperature coefficients of ®NH(i+3) and two

key interproton distances in Table 22. The ¢ dihedral

4
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angle is constrained to be around -60° by the pyrrolidine
ring of the proline residue at position i+l1. For
Tetragy and Tetra3j the yo dihedral angle is more than
20° lower than the value corresponding to a type II i
turn (120°). The average value of the backbone dihedral
angles for Pro of Tetrag, corresponds to an inverse p-
turn around this residue (i+l1 position, Table 22). The
dihedral angles for 1000 discrete steps of the molecular
dynamics simulation are shown in a Ramachandran map

(Fig. 17a) and cluster near the values expected for the
inverse y-turn. The Ramachandran plot of the Gly residue
in Tetra3y is consistent with the presence of a y~turn
around this residue (Fig. 17b; Table 22).

Interestingly, Tetras; has ¢,y angles of Pro similar to
those of Tetragy and ¢, ¥ angles of Gly similar to those
of Tetraszp, implying the presence of both conformational
features in this molecule (Fig 17c; Table 22). On the
other hand, the Ramachandran map of Pro(i+l) and

Gly(i+2) dihedral angles in Tetrapzy agree with a very
good type II f-turn (Fig. 17d, Table 22.) In Tetrajs

the ¢, w of both the Pro and the Gly are spread over the

B
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type II f-turn and both the y~ and y'-turn regions (Fig.
17e) suggesting the coexistence of several important
conformations in the major isomer of this tetrapeptide.
Tetrap; exhibits the largest distortion for the Pro ¢ (-
95° average on the solvent simulation). This indicates
significant strain for the prolyl residue and may
correlate with the fact that this molecule exhibits the
largest percentage of cis isomer for any tetrapeptide
(41%) .

Interproton distances deduced from ROE intensities
and from modeling. Low spin-lock field strength and
small (32°) flip angle pulses for the mixing sequence
were used while acquiring the ROESY spectra to minimize
TOCSY contributions [58, 59]. The position of the
offset was also chosen in such a way so that the J-
coupling contributions are minimal. ROESY spectra with
mixing time 50, 100, 150, 200, and 250 ms were used to
obtain ROE buildup curves (Fig. 18). Average ROE
intensities from both sides of the diagonal were used.
The dependence of the ROE integrals on mixing time was

seen to be approximately linear up till 150 ms.
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Assuming isotropic motion and the isolated two spin
approximation (ISPA) [34], the observed average
integrals from 100 ms ROESY spectra were converted to
interproton distances. The obtained distances were
calibrated with respect to the distance between Gly
methylenic protons (1.77 A). Both intra- and
interresidue ROESY cross peaks were obtained for all of
the cyclic tetrapeptides. The NH-NH(i+2; 1i+3)
interproton distance is the crucial distance which
indicates the occurrence of a f-turn or a p-turn. This
is expected to be around 2.4 A for both type I and type
II f-turns and around 3.70 A for a y-turn. Tetray, is
unique in this series of cyclic peptides in that its
spectrum was devoid of this ROE cross peak (Table 22).
The NH-NH(i+2; i+3 ) distance was found to be between
3.40 and 3.30 A for Tetra3z, and Tetra3j, respectively,
and 2.70 -~ 2.85 A for the remaining peptides. An
important interproton distance that discriminates a type
I f-turn from type II S~ and y-turns is QCH-ONH(i+1;
i+2). This is expected to be around 3.40 A for a type I

p-turn and between 2.20 - 2.30 A for both a type II S

. L
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turn and a pturn. ROE measurements for all peptides
vielded a shorter distance (around 2.20 - 2.65 A)
between these two atoms, indicating the presence of type
II f-turns and/or y-turns. These measurements allow us
to rule out the existence of type I f-turn-like
conformations in any of the cyclic peptides.

Among the vacuum structures generated for these
cyclic peptides, only those which satisfied NMR derived
interproton distances (root mean square deviation being
less than 0.055 A/distance, Table 23) and temperature
coefficients are selected for further studies in
solvent. Table 24 exhibits the results of using the
Karplus equation to calculate dihedral angles from
coupling constants and comparing them with
conformational averages. These structures were solvated
with DMSO, further minimized and dynamics simulations
were carried out (vide supra). The modeling distances
and dihedral angles are presented in Table 22 where the
NMR distances and modeling distances are also compared.
The values from the modeling represent average values

extracted from a 60 ps molecular dynamics simulation in

4'
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DMSO. In general, the average solvent dynamics values
were in good agreement with the ROE distances (a rmsd of
less than 0.05 A/distance, Table 23). The relevance of
the distance and dihedral angles to the conformations of

the i to i+3 lactams is given in the discussion section.

Discussion

Beta turns are a commonly reported conformational
feature that have been associated with the biologically
active state of many peptides ([90-95]. In particular, a
Pro-Gly sequence often occurs in type II f-turns [96,
971, and cyclization is attempted in many laboratories
to eliminate conformational heterogeneity of linear
peptides. The peptides involved in the present study
are both cyclic and possess a central Pro-Gly dipeptide
unit. Hence all of these cyclic tetrapeptides are
expected to manifest a type II f-turn as their
conformational feature if the side chain length
variation, and/or ring size has no influence on backbone

conformation. The NMR and modeling studies reported

)
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herein suggest that the stereochemical situation is
considerably more complex for i to i + 3 cyclization
around a central Pro-Gly unit.

Peptide conformations. Turns occur in peptides and
proteins when a growing peptide chain folds back on its
backbone. A l0-membered H-bonded ring comprising the
carbonyl of the i th residue and the amide NH of the i+3
residue is defined as a f-turn (25, 98]. An
interprotonic distance of 2.40 A between the @NHs of the
i+2 and i+3 residues is expected for both type I and II
p-turns. The proximity of the CZH (i+l1) to the ONH
(i+2) 3.40 A and 2.20 A, respectively, discriminates
between type I and II f-turns. Type I and II f-turns
also differ in their torsion angles y; and ¢3 which are
-30°, -90° and 120°, 80°, respectively. The differences
reflect opposite orientations of the i+l carbonyl group
with respect to the plane of the l0-membered ring. On
the other hand, a 7 membered H-bonded ring between the
carbonyl of i th residue and amide NH of i+2 residue
results in a p-turn around the i+l residue. The

interproton distance between @NHs of the i+l and i+2
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residues is 3.40 A and the backbone dihedral angles ¢ and
vy of the i+l residue about which the p-turn is located
are 70° to 85° and -60° to -70° respectively (99, 100].
We have used the above considerations to model
solution structures for a series of cyclic
tetrapeptides using NMR derived constraints. The
Ramachandran plots of the critical dihedral angles give
a clear representation of the variations found in an
ensemble of 1000 structures. The rms deviations for the
average distance and the torsional angle in these
ensembles are presented in Table 23. The consideration
of Table 23 in conjunction with Tables 13 to 21 shows
the average interproton distances obtained from the
analysis of the vacuum and DMSO simulations of these
peptides to be in very good agreement with their
corresponding ROE derived distances. H-bonding patterns
observed in the dynamics simulations of these molecules
support the temperature coefficients obtained from NMR
for the corresponding amide NH protons (vide infra and
also Tables 21 and 22). However, careful scrutiny of

the dynamics simulations shows that several of these

]
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cyclic peptides exist as ensembles of coexisting
structures involving both f- and y-turns. The
conformation of each peptide is discussed separately
below.

Cyclolr4[Ac-Lys-Pro-Gly—Glu—NH2] (Tetrags) : This
structure is unique in the series in that no ROESY cross
peak is observed between the i+2 (Gly) and i+3 (Glu)
NH's (Table 22). The large (4.80 ppb/K) temperature
coefficient of the i+3 NH suggests that it points
outside the cyclization ring and consequently the i+2
residue of this tetrapeptide is far from adopting a type
II f-turn conformation. On the other hand, the
moderately low temperature coefficient of the Gly (i+2)
NH (3.14 ppb/K) suggests that this atom is somewhat
solvent shielded or inside the lactam cycle. The MD
simulation in both vacuum and DMSO revealed a 7-membered
ring centered around Pro and closed by a hydrogen bond
between the Gly NH and Lys CO (Figure 1%a). The average
¢ and y angles of Pro, -77° and 77°, respectively in the
vacuum simulation and -77° and 82° in DMSO, correspond to

a y'-turn conformation. As seen in the simulation,
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except for this part of the molecule, the structure
seems to be very flexible and few constraints were found
in the ROESY analysis.

cyclol/4[Ac-Orn-Pro-Gly-Glu-NHy] (Tetrazp) : The
distinctive features of Tetra3z are the large ROE
distance (3.40 A) between the NH's at the i+2 and i+3
positions, the low temperature coefficient of the Glu NH
(0.90 ppb/K) and the relatively low temperature
coefficient of the lactam NH (2.30 ppb/K, the lowest of
all side chain NH's in the series). The vacuum and DMSO
simulations based on the ROE constraints seem to
accommodate these facts very well. The simulation
revealed a very sTable H-bond between the Glu NH and the
CO of Pro that closes a 7-membered ring around Gly in a y
-turn like conformation (Figure 19b). The average
dihedral angles ¢ and y of Gly, 84° and -68° in the
vacuum simulation and 81° and -68° in the DMSO
simulation, correspond to a C7 p-turn conformation. The
Glu NH also exhibited some ability to H-bond to the side
chain CO of Glu, forming a transient intraresidue 7-

membered ring. The side chain NH of ornithine formed an
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H-bond with the acetyl CO. Although such interaction
gives rise to a 9-membered ring that is outside the
cyclization ring, this H-bond was sTable throughout the
dynamics, and it provides the only possible rationale
for the low temperature coefficient of this side chain
amide bond.

cyclol/4 [Ac~Dab-Pro-Gly-Glu-NHj] (Tetragzs) : The
Glu NH of this molecule exhibited the lowest temperature
coefficient (-1.80 ppb/K) of the series while the
remaining NH's had high temperature coefficients
(between 5.7 and 7.6 ppb/K; Table 21). The Pro ZCH to
Gly NH and Gly NH to Glu NH distances (2.19 and 2.70 A,
respectivély) together with this very low NH temperature
coefficient suggest that the backbone of this molecule
adopts a relatively sTable type II f-turn conformation.
This conclusion agrees well with the CD results which
were run in different solvents and reflect the average
for all conformers of this peptide [8]. The average
interproton distances obtained from the analysis of the
vacuum and DMSO dynamics simulations of this molecule

are in very good agreement with its ROE derived

[
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distances (Table 23 shows the lowest rms deviations for
this structure.) The dynamics showed a very sTable H
bond between the Glu NH and the Dab carbonyl. The
average backbone dihedral angles ¢ and y of Pro and Gly
are -56°, 122°, 82° and 19°, respectively, in vacuum and -
71°, 126°, 87° and 5°, respectively, in DMSO. They
correspond to an almost perfect type II f-turn around
the Pro and Gly residues (Figure 19d).
Cycloll4[Ac-Dpr-Pro-Gly-Glu-NHZ] (Tetrajp) : The
distance between the Gly NH and the Pro @CH in the major
isomer of this molecule is larger than in any other
tetrapeptide (2.65 A). The Gly NH also has the lowest
temperature coefficient (0.82 ppb/K) of all Gly NH's in
the series (Table 21). Together these two facts suggest
that in this conformer the Gly NH is oriented towards
the lactam ring. The vacuum and solvent simulations
show that this NH is able to H-bond to the CO of Dpr,
forming a 7-membered ring that is highly populated
during the dynamics evolutions. The temperature
coefficient of the Glu NH is found to be 0.22 ppb/K,

also indicating strong H-bonding. Indeed, both
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simulations show this NH forms hydrogen bonds with the
carbonyls of Dpr (corresponding to a typical type II fS-
turn l0-membered ring) and Pro (a 7-membered ring around
Gly) that are very sTable throughout the dynamics. On
the average, the molecule seems to adopt a type II f-
turn and at the same time oscillates between two extreme
conformations, one corresponding to a y’-turn around Pro
and the other to a y-turn around Gly (Figure 19e). This
oscillation among three structures results in average
dihedral angles that are close to those expected for a
type II f-turn and a somewhat lengthened Pro@CH-Gly%NH
distance. The averaging over several structures is
observed as a large distribution of ¢4, ¥ angles in the
Ramachandran plot for this tetrapeptide (Fig. 17e).
Cyclolr4[Ac—Lys—Pro—Gly—Asp-NHzl (Tetraygy1) : The
short interproton ROESY distances from the i+2 NH to the
i+1 @CH (2.29 A) and to the i+3 NH (2.80 A) as well as
the low temperature coefficient of the i+3 NH (2.75
ppb/K) point to a type II f-turn conformation in this
molecule. The constrained dynamics in both vacuum and

DMSO exhibited a strong intramolecular hydrogen bond,

|
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the characteristic 10-member ring type II fB-turn
closure, between the Asp NH and the carbonyl of Lys.
The Asp NH also showed a less populated hydrogen bond
with the carbonyl of Pro. The €NH of Lys was inside the
ring during the entire simulation and showed some
ability to H-bond to the Lys carbonyl, consistent with
its temperature coefficient (3.33 ppb/K). On the
average, the backbone dihedral angles and the H bond
patterns from the simulations performed on this
structure correspond to a type II fB-turn.
Cyclolr4[Ac-Orn-Pro—Gly—Glu—NHZ] (Tetrazj) : The
relatively large (3.30 A) ROESY distance observed
between the NH's of Gly and Asp excludes the possibility
of a type II f~-turn with Asp at the i+3 position.
Together with the low temperature coefficient exhibited
by the Asp NH (2.65 ppb/K) this distance suggests the
presence of a y-turn like ring around Gly. This
conformational feature is observed in the dynamics
simulations concurrently with a transient y’'-turn
centered around Pro. The hydrogen bond between the Gly

NH and the Orn carbonyl associated with the y'-like ring
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repeatedly forms and breaks during the simulations which
is consistent with the measured temperature coefficient
of the Gly NH (3.45 ppb/K). A 10-membered H-bonded ring
involving the Gly NH(i+3) and the Orn CO(i) is never
observed in the simulations of this tetrapeptide. The
average dihedral angles found in the simulations (Table
22) are consistent with two C7 rings around Pro and Gly
(Figure 19c).

Cyclolr4[Ac-Dab-Pro-Gly—Asp—NH2] (Tetraszy) : The
simulations show that the i+3 residue NH (Asp NH) forms
H-bonds to 3 different CO's belonging to the i(Dab), i+l
(Pro) and i+3 (Asp) residues. This extensive H-bonding
is consistent with the very low temperature coefficient
determined for the Asp NH (-1.40 ppb/K). Although the
average values of the backbone dihedral angles of the
1+1 and i+2 residues are close to a type II fB-turn
conformation (Table 22), the 10-membered ring was the
least populated in the MD simulation. The 7-membered
ring involving the Pro CO appeared to be most sTable.
During the simulation a transient y'-turn like 7-membered

ring closed by an H bond between the NH of Gly and the
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CO of Dab was also observed. Given the relatively high
temperature coefficient of this NH (4.04 ppb/K) it is
likely that this y'-turn is not highly populated.
Cyclolr4[Ac-Dpr-Pro—Gly—Asp—NH2] (Tetraji) : The
MD simulations of this molecule exhibited a highly
populated bifurcated hydrogen bond from the Asp NH to
the a carbonyl of Dpr and to the B carbonyl of Asp.
This is consistent with the very low temperature
coefficient observed for this proton (-0.90 ppb/K). The
Gly NH and the side chain NH both show temperature
coefficients around 3 ppb/K. However, we note that all
temperature coefficients for Tetraj; are relatively low
(Table 21). This molecule is the most constrained of
the series and consequently its atoms experience less
motion and perhaps less overall interaction with the
solvent. The constrained dynamics indicated that the
Gly NH and the lactam NH had a very low tendency to form
an intramolecular H-bond. The absence of such H-bonding
for the lactam NH is supported by 6 experimental ROESY-
derived distance constraints for this proton which

result in its orientation to the outside of the cyclic
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portion of the molecule. The ROESY interproton
distances from the Gly NH to the Pro 2CH and to the Asp
NH, 2.48 A and 2.84 A, respectively, and the 60 ps MD
averaged dihedral angles (Table 22) support a type II S~
turn conformation for this tetrapeptide.

Conformational correlation. Previous
investigations have attempted to correlate the effects
of i to i +3 and i to i + 4 lactamization with helix
formation [101-104]. These studies concluded that both
ring size and the orientation of the side chains
involved in lactam formation influenced the stability of
the helical segment under investigation. 1In particular
an i to i +3 lactam bridge with an 18-membered covalent
ring was found to be helix destabilizing [105].

When trying to correlate the backbone conformation
to the ring size in this series of closely related
peptides, one is struck by the rich conformational
diversity offered by what would be expected to be
similar molecules. In the sixteen-membered cyclic
peptides, Tetraj; appears to form a sTable type II f#-

turn while Tetra3; assumes conformations involving p-turn

-
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and y’'-turn-like C7 rings. Similarly, in seventeen
membered cyclic peptides Tetrag; seems to adopt a type
II f-turn while the characteristic feature exhibited by
Tetra3zp is that of a p-turn like Cy7 ring. It was also
found that cyclic peptides (Tetrajs; and Tetrajy) with
fifteen-membered lactam rings exhibited entirely
different structures. It was somewhat surprising that a
p-turn like structure was absent in the relatively
flexible 18-membered lactam containing tetrapeptide
(Tetragp), while it was observed in Tetragj. This
finding together with the structural conclusions on the
tetrapeptides containing smaller rings leads us to
conclude that the exact conformation depends on the
specific composition of the ring and does not correlate
simply with the ring size. This conclusion could be
further tested by preparing lactam rings in which the
basic and acidic residues have been inverted in the
primary sequence.

From the perspective of our analysis of the
biologically active structure of a-factor, it is

important to note that tridecapeptides containing

n
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lactams corresponding to Tetra42, Tetra3z2, Tetrai2, and
Tetraj]l maintained the same preferred conformations as
the model peptides (see next Chapter). Hence, it
appears that one can control the architecture of a
peptide by using the cyclized tetrapeptides discussed
here as conformation fixing building blocks. This
finding is important since many biologically active
peptides contain B-turns and it is clear that
cyclization through lactam bridges could result in the
stabilization of this conformation. However, our
findings indicate that the choice of the residues used
for such lactamization is critical as different side

chains can induce quite different structures.

Footnote: The work discussed in this Chapter was

published in reference 48.

. . .
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CHAPTER 8

Conformational Analysis of Cyclic Analogs of the

Saccharomyces cerevisiae a-factor Pheromone

Introduction

As explained in previous Chapters, the sexual
conjugation by means of which S. cerevisiae goes from
its haploid level to its diploid level has been
extensively studied because it offers an excellent model
of cell - cell signaling. 1In particular, the size and
and the nature of the a-factor pheromone (13 amino acid
residues) and of the receptor (a seven-loop
transmembrane molecule coupled with with a G protein)
make understanding this biological mechanism an
exceptionally interesting problem with a high potential
for generalization. A typical example of a related
problem is, for instance, the gonadotropin releasing
hormone, a mammalian peptide secreted by the
hypothalamus that triggers the release of follicle-

stimulating hormone and luteinizing hormone by the

. . . .
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pituitary gland. Indeed, the similarity of the two
molecules is underscored by the fact that the yeast
pheromone stimulates (at a low level) mammalian
gonadotrophs [106]. The structure-activity relationship
in a-factor has been the object of numerous studies [1,
2]. Solution physical chemical investigations suggest
that this pheromone molecule has a substantial tendency
to fold into a PB-turn around the lysine-proline-glycine-
glutamine sequence, which constitutes the 7 to 10 region
of the its amino acid sequence [3, 4]. Furthermore, the
studies on the biological activity of the peptide [41,
107, 108, 109] suggest this region to be extremely
important for pheromone-receptor interaction.

The control of the stereochemistry and/or topology
of regions of molecules is an important part of drug
design and of understanding the interactions between
recognition molecules and their cognate ligands. The
consideration of the 7 to 10 lactamized tridecapeptides
is directly linked to the study described in the
previous Chapter. Indeed, the model tetrapeptides

considered before are the building blocks around which
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the design of the pheromone analogs is centered. The
critical proline-glycine moiety was found to exhibit a
variety of conformations related to type II PB-turns and ¥y
-turns but never type I B-turns in those cyclic
tetrapeptides. When incorporating the cyclic
tetrapeptide building blocks into the center of
tridecamer sequence to obtain constrained a-factor
analogs, biochemical investigations showed them to
preserve high biological potency despite the fact that
they did not bind to Ste2p, the a-factor receptor
molecule, with high affinity (7].

Clarifying the connection between overall activity,
receptor affinity, and peptide molecular shape is a
major goal in the study of any hormone, pheromone, or
substance mediating cell-cell signaling. The main
purpose of the work described in this Chapter is to shed
light on this question in the case of the a-factor. It
consists of a detailed conformational analysis of four
of the constrained tridecapeptides in which the center
of the peptide contained an i to i + 3 lactam with the

sequence (Xxx-Pro-Gly-Glu; Xxx = Lys, Orn, Dab, Dpr)

n
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using high resolution 1H nmr spectroscopy and
computational modeling. The results of this study also
allowed us to ascertain whether the cyclized
tetrapeptides are indeed conformational building blocks,
i.e., whether they retain their conformation when

inserted into a longer peptide.
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Experimental Procedures

Materials

The peptides investigated in the present study are
residue 7 to residue 10 side chain to side chain
cyclized analogs of the Saccharomyces cerevisiae o-
factor analog that has the sequence WHWLQLKPGQPNleY. IL-
norleucine (Nle), which is isosteric to L-methionine,
was incorporated at position 12 to replace Met12 of the
naturally occuring a-factor. This replacement improves
the synthesis and stability of the resulting peptide
without affecting the activity or receptor binding as
noted by the authors of reference [7] who synthesized
these peptides. The different analogs were obtained by
replacing the 10th residue with Glu and the 7th residue
with Lys, Orn, Dab, and Dpr respectively. The acronyms
that we will subsequently use for these peptides were
published previously and reflect the number of methylene
groups contained in the side chains of the 7th and 10th
residues. For example, the Lys’Glul® cyclized analog

was named C42, the Orn’Glul0 cyclized analog was named
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C32, and so on (Fig 3b). The syntheses of these
peptides and their biological properties were reported

previously [7].

NMR Procedures

The techniques used in the characterization of the
cyclic tridecamer analogs of the a-factor were the same
as the ones described for the cyclized tetrapeptides, in
the previous Chapter, with the following exceptions: a
series of TOCSY [110] and one dimensional lH-NMR spectra
for determining temperature coefficients of the cyclic
tridecapeptides were obtained at 295-325 K in increments
of 5 K. One dimensional NMR experiments alone were not
enough to measure the temperature coefficients due to
the considerable crowding exhibited by the spectra of
13mer molecules. Sample temperatures were controlled
with the variable temperature unit of the instrument
that was thoroughly calibrated before each experiment.

The complete proton resonance assignments were made
using DQFCOSY [111], TOCSY, ROESY (37, 57] and NOESY

[112] experiments. The DQFCOSY experiments were
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necessary, in this case, again due to the crowding of
the larger molecules' spectra. The NOESY (as opposed to
the ROESY) spectra utilized here, both in confirming the
assignments and to extract interproton distances were
the appropriate versions of Overhauser effect
experiments to use with pheromone (approximately 2,000
Daltons) sized molecules. All 2D NMR spectra were
acquired at 298 K in phase sensitive mode using the
method of States et al [85]. The NOESY spectra were
collected for 512 tj;-increments with 2K data blocks and
32 transients for each tj-increment. The spectral width
in both dimensions was 7200 Hz, which covered a region
approximately 2ppm to 3ppm wider than the one in which
all the meaningful resonances appeared. The NOESY
spectra were recorded with a mixing time of 250 ms
which, according to our analyses was the most
appropriate for collecting quantitative conformational
data. It may be emphasized that this time scale is
significantly larger than the one used for
tetrapeptides, which, again has to do with the larger

size of the molecules. The NOE intensities were
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converted to interproton distances. The spin lock time
for the TOCSY spectra was 60ms. The NMR data, acquired
on a Varian Unityplus 600 spectrometer, were processed
on a SILICON GRAPHICS workstationstation using the SYBYL
TRIAD software. Prior to Fourier transformation, time
domain data from the 2D experiments were apodized using
shifted sine-bell or Gaussian window functions in both

dimensions and zero filled to 2K x 2K real points.

Modeling Procedures

The tridecamer a-factor analogs models were built
using the BIOPOLYMER module of the SYBYL software on an
INDIGO 2 SGI computer. Special templates for the
residues used in the cyclizations (Lys, Orn, Dab, Dpr,
and Glu) were created using the dictionary options of
the SYBYL package. Constrained DIANA searches were used
to generate 200 initial conformations for each studied
molecule. The constraints were derived from NOESY
spectra. The constraints were input as the
experimentally determined internuclear distance in A #+

10%. Pseudo atom corrections were applied to those
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methylene protons that were indistinguishable. The
generated structures were minimized using the AMBER
force field and their deviations from the physical
chemical data were evaluated by computing RMSD values of
the constrained distances. For each molecule, 10
conformations with the lowest RMSD values were selected
and further searched and minimized (using repeated
annealing and minimization routines). The lowest energy
conformation for each molecule was solvated in a DMSO
box [48] and thoroughly minimized. The dynamics
simulations were run on both the vacuum and solvated
structures in five steps: heating at 1000K (10 ps),
cooling to 500K (10 ps), cooling to 300K (10 ps),
equilibration at 300K (20 ps), and simulation at 300K
(200 ps). The equation of motion integration step was 1
and snapshots were taken every 100 fs. Dihedral angles
deduced from coupling constants were not used as
constraints due to degeneracy, but rather used for
evaluating the model obtained from NMR derived distance

constraints.
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Conformational Heterogeneity in Cyclic Lactams

Each of these peptides showed a single sharp
homogeneous peak in analytical HPLC under two different
conditions [7]. One-dimensional proton NMR spectra of
18- and 17-membered ring containing a-factor analogs C42
and C32 exhibited one resonance for each amide NH,
suggesting either one dominant isomer on the NMR time
scale or fast conformational averaging. However, both
of the smaller ring peptides C22 (l6-membered) and C12
(15-membered) were heterogeneous on the NMR time scale
and showed the presence of two isomers in 30:1 and 19:1
ratio, respectively. The coexistence of two conformers
was established from the exchange cross-peaks (same sign
as the diagonal) in their corresponding ROESY spectra
(data not shown). The isomers were most likely a result
of slow Xxx-Pro peptide bond isomerization as compared
to the NMR time scale. The major isomer adopts a trans
configuration with respect to the Xxx-Pro peptide bond
as evidenced from the characteristic ROE cross-peak from

the XxxC®H to the ProCSH, while the minor isomer adopts a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



113

cis configuration, as revealed by the XxxC%*H to the ProC
OH ROE cross-peak. In the case of the conformationally
heterogeneous peptides (C22 and C12) the conformational
analysis was carried out only for the major trans

isomer.

Characterization of peptide pheromones

The complete proton resonance assignment of all the
molecules studied in DMSO-dg was accomplished by
analyzing standard DQF-COSY, TOCSY and NOESY
experiments. Peak resolution and typical TOCSY
connectivities are shown for C22 (Fig. 20). All protons
for each residue are labeled in the TOCSY spectrum and
the connectivities are easily followed for the B-NH
proton of Dab7 (8= 7.23). The characteristic downfield
resonances of CBHs (2.80-3.20 ppm) were used to
differentiate the Trp, His and Tyr residues from the
non-aromatic residues, while the upfield resonances (C5Hs
and CEHs; 0.80-0.90 ppm) were used to identify the Leu

and Nle residues. The side chain ring protons of Trpl,
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Hisz, and Trp3, which form independent spin systems,
were identified by inter- and intra-residue NOE
connectivities. Identical spin systems such as Trp(1l
and 3), Leu(4 and 6) and Pro(8 and 11) were
distinguished by means of sequential NOE connectivities
as illustrated for C32 (Fig. 21). The composition of
the peptides was confirmed by the complete NMR resonance
assignments. Chemical shift values of the cyclic
tridecapeptides are summarized in Table 25, which
presents complete assignments for C22, and in Table 26
which presents the assignments for the four residues
involved in the ring cyclized region of C42, C32, and

Cl2.

Temperature coefficients of amide NHs

The temperature coefficients for amide protons were
calculated by a least-squares analysis of the
temperature dependence of their resonances (Table 27).
When considering the i to i+3 cyclized residues (amino

acids 7 to 10), the UNH of the i-th residue is outside
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the cyclic system and is expected to be solvent exposed.
The temperature coefficient exhibited by residue Xxx7
was between 6.0 and 6.7 ppb/K and was consistently the
highest of the three NH’s involved in the constrained
region of the cyclized tridecapeptides. It was also
consistently comparable to the temperature coefficients
of The NH's from nonconstrained residues of these a-
factor analogs, suggesting that this NH experienced a
solvent exposure similar to the amide NH's that were not
in the cyclic region in each of these peptides. The O®NH
of the i+3 residue exhibited very small temperature
coefficients (0.06 to 1.78 ppb/K) in the €32, €22, and
Cl2 peptides, indicating its probable involvement in
intramolecular H-bonding. As in the study of the cyclic
tetrapeptides, the NH coefficient of the i+3 residue in
C42 (6.3 ppb/K) is an exception and suggests solvent
exposure of this proton. In addition, the ONH proton of
the 10th residue in €32, €22, and C12 resonated upfield
(6.47 - 7.50 ppm) compared to all other amide NHs in
each of these peptides, further indicating that in these

molecules this ONH was not solvent exposed [86, 87]

-
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Moderately low temperature coefficients, 3.1 ppb/K and
3.4 ppb/K were observed for the glycine amide proton in
C42 and Cl1l2, respectively, implying that in these two
pheromone analogs the “NH of the i+2 residue is
partially shielded from the DMSO solvent and/or involved

in some intra- or intermolecular hydrogen bond.

Interproton distances calculated from NOE intensities

and from molecular modeling.

NOESY spectra were recorded with mixing times of
150, 250, 300 and 350 ms. The intensities of
corresponding peaks from both sides of the diagonal were
averaged to obtain NOE buildup curves. Based on the
isotropic motion assumption and the isolated two spin
approximation (ISPA) [34], the observed average
integrals from 250 ms NOESY spectra (which fell within
the linear range of the NOE build up curve) were
converted to interproton distances. In cases where both
methylene protons resonated at the same chemical shift

the observed NOE cross-peak volume (I) has been
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corrected using the formula Iogr = 2/3 Igpg. The
distance between the Gly methylenic protons (1.77 A) was
used as an internal standard for calculation of all
other distances. Of utmost importance in the
understanding of the molecular geometry are the aCH-
NH(i+1, i+2) and NH-NH(i+2; i+3) interproton distances
because they differentiate between distinct types of B-
and y-turns. The former distance takes a value of
approximately 2.2-2.3A in type II B-turn and y-turn
conformations and a value of approximately 3.4A for a
type I B-turn, while the latter distance is around 2.4A
in type I and II B-turns and around 3.7A in y-turns. c42
is the only member of this series of cyclized 13-mer
pheromone analogs which does not exhibit the NH-NH(i+2;
i+3) NOE cross peak, indicating an almost extended
conformation for the Gly residue (Table 28). NOESY
spectra of all remaining peptidés exhibited this cross
peak and the corresponding inter atomic distance was
found to be between 2.58 and 2.78 A. This is consistent
with a bent conformation around the glycyl residue in

each of these molecules. The ACH-ONH(i+1; 1i+2)
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interproton distance extracted from NOE crosspeak
volumes was between 1.97 A and 2.40 A for all
constrained tridecapeptides indicating the presence of
type II PB-turns and/or y-turns and excluding the
possibility of a type- I B-turn. The average
interproton distances obtained from the analysis of
molecular dynamics simulations in vacuum (data not
shown) and DMSO of these cyclic peptide pheromones were
in very good agreement with their corresponding NOE
derived distances ( Table 29, and supplementary
material, Tables 30 - 32). The rms deviations for each
average distance in the ensemble of two thousand

structures are also presented in these Tables.

BJNH—C“H coupling constants and backbone dihedral angles

derived from coupling constants and modeling

The 3JNH—C“H coupling constants were extracted from
well digitized DQFCOSY and one dimensional lH NMR
spectra. Bystrov's Karplus equations [88, 89] were used

to calculate the dihedral angles (¢) from these coupling
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constants. The observed coupling constants displayed a
well defined pattern, with the residues from the
noncyclic region exhibiting 3JNH—C“H values between 6.7
Hz to ~8.0 Hz (there was only one value of 8.3 Hz, all
the others being below 7.9), while the cyclic region
residues exhibited values as low as 5.7 Hz and as high
as 12.9 Hz. The 3JNH—CaH values for the constrained
region amino acids as well as the dihedral angles
calculated from Bystrov's Karplus equationsl® together
with average dihedral angles computed from 200 ps MD
trajectories in DMSO are given in the supplementary
material, Table 33. The dynamics average dihedral
angles are generally within +/- 25° of at least one of

the values derived from the coupling constants.

Ramachandran Plots

The dihedral angles of the Pro-Gly region (4;j+7, ¥
i+1, $i+2 and y;.2) for the 2000 discrete steps of the
200 ps molecular dynamics simulations in DMSO are shown
in Ramachandran maps for the four molecules studied

(Fig. 22). Table 28 presents the dynamics averages of

]
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these dihedral angles and the averages of the two
important interproton distances from the Gly2 aNH to the
Pro8 aCH and the GlulQO oNH. The average values
exhibited by ¢;;7 are confined to the range between -47°
and -80°, due to the presence of the pyrrolidine ring of
the proline residue at position i+1 which constrains
this angle to values around -60°. The other three
backbone torsional angles which determine the shape of
the central lactam region exhibited considerable
heterogeneity implying substantial conformational
divergence in this otherwise closely related series of
cyclic peptides. The dihedral angle y;;; average was
found to vary between 76° in C42 and 147° in C32, the ¢
ij+2 average varied between 63° in C12 and 165° in C42,
and the yj;» average varied between -164° in C42 to +25°
in C22.

The yj;; dihedral angle average of C42 is 44° lower
than the standard type II B-turn value (120°). The
Ramachandran plot as well as the dynamics simulation
averages of the torsional angles of Pro8 (i+1, Wi+1) in

C42 correspond to an inverse y-turn around this residue

2
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(Fig. 22a, Table 28). The Gly9 residue of C42 adopts an
almost extended conformation (Table 28). In the C32
dynamics simulation, the Gly2 dihedral angles are
consistent with the presence of a y-turn around this
residue (Fig. 22b; Table 28). The average backbone
torsional angles in C22 reflect a reasonably good type
II B-turn (Fig. 22c, Table 28) as do the angles of C12.
However, significant spread is observed in the
Ramachandran maps of the molecular dynamics simulations
(Fig. 22d) indicating the coexistence of several
additional turn structures (see Discussion). It is very
interesting that the smallest lactam ring exhibits
higher conformational diversity than some of the larger
homologs.

The conformational features exhibited by the
residue 7 to residue 10 regions of the cyclized
tridecapeptides were very similar to those exhibited by
the corresponding model cyclic tetrapeptides [48]. The
only noTable difference was the wider spread of the
glycine torsional angles in the Ramachandran map of C22

to accommodate a transient y-turn, as opposed to the
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corresponding tetrapeptide which seemed to exhibit a
very sTable type II B-turn.

DISCUSSION

The region encompassed by residues 7 and 10 of
a-factor has been shown to play a very important role
in the biological activity of this pheromone [90-95].

In the native pheromone this region is centered on a
Pro-Gly dipeptide unit which induces a transient type II
B-turn conformation [41.] Although side chain to side
chain cyclization is utilized in many laboratories with
the purpose of eliminating the conformational diversity
of linear peptides, our previous studies on side chain
lactamized tetramers that model this critical region of
the a-factor revealed a quite heterogeneous family of
structures [48]. Depending on the methylene composition
of the side chains used for lactamization, the cyclized
tetrapeptides exhibited various combinations of
conformational features including the type II B-turn,
the y-turn and the y'-turn. 1In order to determine

whether these conformational preferences were modified
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when the same constraint was placed in a longer peptide,
we used 1H-—NMR to study a family of analogs of the
tridecapeptide a-factor that incorporated the model
cyclic tetrapeptides in the critical region discussed
above. The conformational behavior of these cyclic
pheromone analogs as revealed by NMR and constrained
dynamics simulations is discussed below for each of
these peptides.

C42: The large temperature coefficient (6.30 ppb/K) of
the i+3 NH, in conjunction with the absence of a NOESY
cross peak between the i+2 (Gly) and i+3 (Glu) NH's
(Table 28,) suggest that the i+3 residue amide proton
points outside the lactam ring and consequently that the
i+2 residue of this tridecapeptide is not part of a type
II B-turn. The simulation averages of the backbone @, v
dihedral angles of the i+2 residue (165° and -164°)
substantiate this conclusion. In this molecule the Gly
NH displayed a temperature coefficient (3.10 ppb/K, )
which was the lowest among all the amide NH's in C42 and
among all the glycine NH coefficients in this series of

cylic peptides. This implies that this atom is
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moderately solvent shielded and that this NH is likely
oriented towards the inside of the lactam ring and/or
involved in hydrogen bonding. A 7-membered ring
centered around Pro and closed by a hydrogen bond
between the Gly NH and Lys CO is indeed observed in the
molecular dynamics simulation performed on this molecule
in both vacuum and DMSO (Figure 23a). The major
conformational feature of C42 corresponds to a y'-turn
around Pro8 and a relatively extended Gly9 residue which
is consistent with the average angles found in
constrained molecular dynamics simulations in both
vacuum and DMSO.

C32: The i+3 residue NH exhibited the lowest
temperature coefficient (0.06 ppb/K) of all the amide
protons in this series of molecules suggesting its
involvement in a strong intramolecular hydrogen bond.
However, in this analog a relatively large NOE distance
(2.78 A) between the NH's at the i+2 and i+3 residues
was found which appears to contradict the presence of a
type II B-turn. These facts were well reproduced by the

dynamics simulations which revealed a sTable H-bond
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between the Glu NH and the CO of Pro closing a 7-
membered ring around Gly in a y-turn like conformation
(Fig. 23b). 1Indeed, the average backbone torsional
angles calculated for Gly, 89° and -51° in the vacuum
simulation and 87° and -63° in the DMSO simulation,
correspond to a C7 y-turn conformation.

C22: The Pro ®CH to Gly NH and Gly NH to Glu NH
internuclear distances derived from the NOE experiments
were found to be 2.07 and 2.58 A, respectively, for this
molecule. In combination with these data, the low
temperature coefficient of the Glu residue NH (1.78
ppb/K) suggests that the backbone of this molecule
adopts a type II PB-turn like conformation. Besides a
quite sTable H bond between the Glu NH and the Dab
carbonyl, the dynamics simulations also exhibited a
transient y turn centered around the glycine residue
(Fig. 23c). This accounts for the larger scattering of
the points observed in the Ramachandran plot of this
peptide (Fig. 22c) as opposed to the very narrow range

displayed by the corresponding model tetrapeptide.?d

. L
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Cl2: Similarly to the corresponding model tetrapeptide,
in the molecular dynamics simulation of this molecule
three conformational features (type II B-turn, y- and Y'-
like C7 turns) coexisted (Fig. 23d). The very low
temperature coefficient (0.5 ppb/K) of the Glu NH which
is extensively H-bonded in the dynamics simulation, and
the moderately low temperature coefficient (3.40 ppb/K)
of the Gly which seems to spend a considerable time
inside the lactam cyclization ring, both support this
picture. The averaging over several conformations is
also reflected by the extensive spread of the points in

the Ramachandran plot (Fig. 22d).

Biological and biochemical ramifications of the effects

of the tetrapeptide building blocks*

It is relevant to discuss the above conformational
conclusions in light of the biological activities of the
CXX a-factor analogs. A growth arrest assay showed that
all of these analogs except for C32 had virtually the

same activity which was about ten-fold lower than that
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of the linear tridecapeptide. The equivalency of the
activities for C42, C22 and C12 coupled with the
different conformational preferences of the cyclic
central region of these constrained molecules makes it
rather unlikely that any one cyclic structure is
identical to the biologically active structure of a-
factor. This conclusion is supported by the fact that
the cyclic peptides all have much lower receptor
affinities than linear a-factor and implies that the
receptor selects or induces the bound conformation of
the a-factor. However, the reasonably high potency of
these covalently constrained pheromones strongly
suggests that the linear pheromone does assume a bent
structure in its biologically active state. The exact
nature of this structure will only be revealed when
studies on the receptor-peptide complex can be carried

out.

Footnote: The work discussed in this Chapter was
published in reference 49.*The discussion of the
biological effects is presented here for completion.
The biologically relevant experiments were performed in

Dr. J. M. Becker's lab, University of Tennessee.
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motto
"Look around and see, this is my land, these are my

people”

CHAPTER 9

Considerations on the Usage of Solid State NMR Dipolar
Dephasing Experiments in the Conformational Analysis of

Peptides

The REDOR effect (27, 113] is a remarkable
phenomenon that has been shown to be particularly useful
for the investigation of the conformation of active
peptides and proteins [114-117]. Although the
interpretation of the 2-spin heteronuclear interaction
is quite clear, and very fast algorithms have been
developed for the numerical simulation of the data
[118], problems arise from the effect of natural
abundance dephasing spins [119]. 1In a typical
experiment, a REDOR spectrum is measured for the
interaction of two labeled nuclei such as 13C and 19N.
The full echo and the REDOR spectrum are subtracted and
the difference spectrum is corrected for interactions
between the observe nucleus and natural abundance nuclei
within 1 or 2 bonds. After proper correction the

resultant dephasing between the labeled nuclei can be
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related to their internuclear distance. Empirical
methods to correct for natural abundance dephasing have
been successfully applied to a variety of molecules
(114, 115]. However, when the observed nucleus is
within approximately the same distance from many similar
dephasing nuclei a more careful theoretical treatment
may be needed, given that the effect is not linear.
With that in mind, in this work we analyze the
expressions resulting from the equations of evolution
due to the dipolar interactions of three or more spins
and we find that the heteronuclear 3-spin case is a
direct generalization of two spins problem. The theory
underlying 3-spin REDOR experiments and REDOR
experiments on multiple - labeled substances is worked

out.
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THE TRUNCATED DIPOLAR INTERACTION HAMILTONIAN FOR THREE
DIFFERENT SPINS I, S, AND X

We consider the problem of the evolution of a spin
I that has heteronuclear dipolar couplings with spins S
and X in a constant magnetic field, under MASS, i.e.,
magic angle spinning, conditions. I, S and X are
different spin * nuclei, i.e., @gr # ®gg # ®gx- The
problem setting is pictorially described in the Figures
24a and 24b, with the (Xrotors Yrotorr Zrotor) reference
frame (RF) parallel to the rotor RF and originating at I
(Zrotor 1s parallel to the MAS rotation axis). 1In this
RF
(e, B) are the polar angles of the line connecting I and
S (same convention as in [27, 113]). Because there are
three spins involved, we must introduce an extra pair of
angles that we will denote ¢ and y (Figure 24b) and which
give the relative spatial position of the spin X with
respect to the S spin. They are, respectively, the
azimuth and the colatitude of the IX line in the RF (not
drawn) in which the IS line is the "z" axis. We will
note here that while y is a molecular conformation
dependent angle that is found in the final formulas, ¢
is a molecular orientation dependent angle (just like a
and B), that in a powder takes, with equal probability,

all possible values (between 0 and 2n or -% and ® which

-
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is the convention used in this work). Thus, the powder
average that gives the formula of the measurable
intensity will be, in this case, a triple integral over
o, B and o.

The reference frames relevant to our problem are
the laboratory (denoted lab) frame, the rotor (denoted
ro) frame and a frame (denoted spin) with IS as the "z"
axis. The ro frame is made parallel to the lab frame by
a rotation of Euler angles (-ort, 8y, 0) with 6, the
magic angle and o, the MAS angular frequency [119, 120]
(we use -0, instead of +®, in order to obtain the same
relative signs for o and o,t in the dipolar dephasing
frequencies as in reference [27], which is just a matter
of convention and does not affect the results on either
the dephasing phase, or the total signal, since the
effect is clearly independent of the sense of the rotor
rotation). The spin frame is made parallel to the ro
frame by a rotation of Euler angles (m, B, m-a) which is
the inverse of R(a, B, 0) [121]. Obviously, there is a
degree of arbitrariness in the choice of the spin frame
that is resolved in the final formulas by the
integration over ¢@. The first purpose of our problem is
then to express the truncated dipolar interaction part
of the Hamiltonian, governing the lab frame evolution of

I, in the variables (a, B, v, ¢) and this is done

-
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according to [119, 120] using the properties of

spherical tensors.

HE™ = o () IS + a2 (1) IX + et (1) §S,X, (1]

The ol® (1) and o (1) are the (20) spherical components
(0120 1120

of the dipolar interaction tensors of spin I with S and

of I with X in the lab frame. They are given by

+2
oign (1) = 2o, (2. A)DF(-0,1,6,,0)

q=-2

0’21,‘)'2)(1) Zw§$?(¢, (2)(7rxﬂ’ = a)DS)(—w f, ann O)

Pg=-2

(2]

with wf{,‘;fzq(a,ﬂ), the standard [119] spherical components

of the dipolar tensor of I and S in the rotor frame and
a%n”(¢’)' the standard spherical components of the
dipolar tensor of I and X in the spin frame.

The problem of the evolution of spin I governed by
the Hamiltonian ([27] from an initial state described by
a density matrix ConstxIy (that is obtained for
instance, by cross polarization with the proton

reservoir) has the analytical solution

At) = Const x {!x cos[jdrwf,’,"&( 7)S, +J‘drw§{‘;°,?o )X ,:|+ I, sin[same]} [3]
0 0

=
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where the sin function has the same argument as the cos.

The derivation of eq. [3] is discussed in Appendix 1.

-
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THE 3-SPIN EXPERIMENT

We consider an experiment with the pulse sequence
described in Fig. 25 performed on a substance of which
molecules contain the three spins system described in
Figures 24a and 24b. The dephasing angular frequency of

spin I is calculated in Appendix 2. The term originating

in aJE(’,‘;'J)q(a,,B) gives the standard [27] REDOR dephasing and

the term originating in aﬁﬁﬁ(¢J0 gives the contribution

due to the second spin. The choice of the dephasing spin
that is called S or X is entirely arbitrary. A natural
choice is to take as S the spin that is more strongly
coupled to I, so that the contribution to the dephasing
due to X is the smaller one.

If the dephasing pulses on the third and fourth
channels (the S and X spins channels) are given at the
middle of the rotation period (as Figure 25 suggests),
upon time integration over an integral number of
periods, all the terms in the angular dephasing
frequency expression exhibiting a (2a+2e,t) time
dependence vanish, leaving the following expression for
the dipolar dephasing of spin I due to the combined

effects of spins S and X:

|
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2larie 7O _ i ofao)sin(26)% 10)sin(2p) o iy ~cos? 1) £ A os(2 s psin(z)}

4(1)cos af cos Bsin psin(2y) - sin fsin(2¢)sin’ 7] (4]

with the same A notation as in [27], i.e.,

2(0) =N.DOT D©@ =Ho rlrsh in Hz

« 4x 21} (ar
A)=N.DOT  pO=Holilxl ;1

« ar 277

and rg, rj are the distances from I to S and X,
respectively. The different (%) signs correspond to the
cases when the two S spins are parallel (top sign) or
antiparallel (bottom sign, see Appendix 1 for the
analytical basis of this formula). The normalized signal
is obtained by a trace and powder average (eq. [16] in
Appendix 1) which, in this case, becomes a triple
integration (over a, P and @) and an average of the two
cases arising from the (anti)parallelism of the S and X
spins which are, to a very good approximation
equiprobable.

5, =Ly !

_Exﬁjdaj‘dq)fdﬂsin p{cos(A¢m"")+cos(A<b“"“)] (5]
-z -z 0
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MANY SPINS

The reasoning presented above for the computation
of the 3-spin Hamiltonian is immediately generalized to
a many-spins case (more than 3 spins) with the
observation that for each additional dephasing spin Y we
will have to consider an extra y(Y) conformation
dependent angle (between the IS and IY lines) and an
extra azimuth ¢@(Y) that, in principle, must be averaged.
However, a number of complications arise from the
following facts: 1) the azimuths are not independent
(since giving the three angles a, B and ¢ entirely
determines a molecular orientation), 2) 21 (with m=the
number of dephasing spins) terms arise from the
different parallel-antiparallel possibilities, 3) all
spins must be different, which obviously places
stringent limits on m. Still, the reasoning presented in
Appendix 1 holds, because, as long as no two spins are
identical, the evolution of the initial cross polarized
state can be solved analytically. For completeness, we
present here the formulas for the Hamiltonian

corresponding to 3 dephasing spins, S, X and Y:

H = o (1) 21,5, + a0 21.%, o021y, t6)
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(1) = waéi’zq a,f)DP(-,1,6,,0)

g=-2
w(u) (t) = ng{'z'g(¢hr[)D§)(”1ﬂ! - a)DS)(‘w t: enno)
pr-2
wggz)o ZmEZ).") (¢"1 72 D(-)(”ﬂ T— a)D(Z)(—w ta 6,,,,0)
p.q=-2

NUMERICAL SIMULATION OF THE HETERONUCLEAR 3-SPIN

EXPERIMENT SIGNAL

The numerical simulation for the A?S-=1—Sf value
0

amounts to the numerical calculation of the Sg triple
integral given above. This is somewhat facilitated by

the formula [122]

.]_J.dacos(ucosa+ vsin a) = JO(V u’ + Vz) (7]
2r

-X

with Jg the standard zeroth order Bessel function, by
means of which the integration over a is analytically
performed. Thus, using this formula and the discussion

in Appendices 1 and 2, the expression for Sg becomes:

S, = —;- X g;jabjdﬂsin /{Jo(\/ uProef 4y ) + Jo(\lzl“"“z +v? )] (8]
o 0
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with u and v defined in Appendix 2 and the parallel and
anti choices corresponding to the upper and lower sign
choices in eq. [20]. This integral was computed
numerically for the cases illustrated in Fig. 26 and 27
using a two dimensional adaptation of the quad3d routine

[(123].

MANY HETERONUCLEAR SPIN EXPERIMENTS: STRATEGY AND SCOPE

An important observation based on the results of
Appendix 1 and in particular of eqgs. [3 and 6] above is
that one may label e.g., 4 positions in a molecule with
nuclei I, S, X and Y (for example 13c, 15N, 19F and 31p)
and, in principle, in an ideal case, perform twelve
possible standard 2-spin experiments and twelve 3-spin
experiments of the kind described in Fig. 25 on this
same sample. Indeed, the time dependence of all dipolar
dephasing frequencies is cyclic with the same pulsation
®r, thus, if no pulses are shot on the X and Y channels,
one may perform I-observe, S-dephase standard REDOR, or,
S-observe, I-dephase standard REDOR on the same molecule
as if X and Y were not present since their effects
refocus at the end of each period. The same goes for an
I-observe, S, X-dephase 3-spin REDOR experiment to which
Y is not playing any part, as long as no pulses are

given on the Y channel. Since all four spins play
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equivalent roles any of them can be chosen to be I, or
S, or X, giving rise hypothetically to the 24
experiments mentioned above from which a considerable
amount of information about the conformation of the

molecule could be extracted.
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HOMONUCLEAR DEPHASING SPINS

A very important case, both for potential 3-spin
experiments and for the interpretation of standard 2-
spins REDOR data is yy*Ys=Yy. As shown previously (118,
119, 124, 125] the high field truncated dipolar
Hamiltonian for three spins, two of which are from

identical nuclei, is:

2 2 1 1
Hmeleb - gioh (¢) -?:I,Sx + w{(‘;'g,(t) ?"X L+ e (I)J%[ZS‘X . —E(S‘ X +S X, )] 91

with the same notations as in eq. [1] for the
pulsations. As shown in Appendix 3, there is no general
analytical solution of the evolution governed by this
operator, however, our heteronuclear calculations could
provide a good approximation for the case when the SX
coupling is much smaller than the IS and IX couplings. A
typical case would be 1=19F and s=x=15N. Since
YlsN/Ylgp = 0.108, for most angles y (y=260°), the problem
term in the commutator calculated in eq. [21] would be
much smaller than the "nice" one hence the validity of
our approximation.

For general simulations, one should adapt to this
problem the techniques discussed in references [124,

125].

.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



141

There is one singular situation in which the
homonuclear S and X case is exactly soluble. As noted in
Appendix 2, for S, I and X collinear (y=r) and

equidistant (rg=ri, see Fig. 24a, b)

e (1) - ol (1) =0

thus, the second term of the commutator [21] vanishes

and the analysis in Appendix 1 holds exactly.

DISCUSSION

Our computations support the experimentally based
conclusion [115] that when one of the two couplings is
much stronger (e.qg., D(0) of the order of
8xD(1l) or larger) the more strongly coupled of the two
dephasing spins (S within our convention) dominates the
observable effect, and the errors introduced by
approximating the true 3-spin effect with the sum of two
2-spins effects are no more than 10%. However, the
effect is not linear and for D(0) < 8xD(l) substantial
errors are introduced by this approximation.

The dependence on y for the case p(0} ~ p(l) is
illustrated in Fig. 27. For A(0)=A(1)=1.0, the maximum
possible effect is twice as large as the minimum
possible effect. As explained in the appendices, the
measurable signal (eq. [5]) has a y©&n-y symmetry, which

is somewhat unfortunate, because it prevents unequivocal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



142

determination of the angle from a signal measurement.
For y=0 (which is the same as y=n, given the just

mentioned symmetry) eq. [4] becomes:
A, B, ¢,= 0y,4(0), A(1)) = 242 sin asin(28){ 1(0) + 2(1)} [10]

Consequently, at equal couplings, A(0)=A(l)=A, which is
the only when we are also able to solve analytically the

homonuclear case:

AD*™ Y o B y = 1, A(0) = A(0) = 2) = 2v/2 sin asin(28) x 24

AD™(a, By = 1, 4(0) = 2(0)= 2) =0 tii]

and the equation for-é§ becomes, in this case:
0

jgﬁ =1-§,=1-05- % x é—ilz—:,.:da:“:dqaj dfsin ,B{COS(Zﬁ sin asin(2/) x 2,1)]

0

Clearly, there is no ¢ dependence and remembering the

definition of the 2-spins effect,

2-SPIN
i‘ﬁ(;,:,,,;,(o):,{(l):g):o,sxﬁ (2x2) [12]
S, So

[ 8
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2-SPIN
where, EF— (2x2) is the expression of the 2-spin REDOR
0

as defined in egs. 6 to 8 in reference [27]. Thus, the
effect of 2 homonuclear dephasing spins on an observed
(dephased) heteronuclear spin located exactly at the
middle of the line segment linking them is equal to half
the effect of one of them, located a little closer (VE
times closer, to be specific) to the I spin (Fig. 27).
Although simple, eq. [12] and Fig. 26 together
constitute, probably, the clearest way to exhibit the
very different nature of the 3-spin interaction vs the
2-spin one. Their significance is that, due to the fact
that the two dephasing spins may be oriented oppositely,
in many instances (i.e., for many geometries and at many
values of the Ng parameter) they interfere destructively
and they give a total dephasing which is less than
either of the separate dephasings that any single one of
them would produce.

These results emphasize the importance of data
processing for the deeper understanding of REDOR
experiments. In a complex case, quite typical for
biologically interesting experiments, a labeled 15N may
be within 5.5A from e.g., 20 carbon atoms in the same
molecule (this number was picked from the molecular
modeling of molecules similar to those studied in

[114]), only one of which is artificially labeled. The
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probability of having two 13C nuclei in the same

molecule affecting the same observed labeled 15N is

P, =C. x(0.01108) x(1-0.01108)"* ~ 0.172 [13]

thus, approximately 17.2% of the molecules experience 3-
spin instead of 2-spin effects. Clearly the presence of
natural abundance 13c may account for more than 10% of
the effect, and our discussion makes a better starting
point for the calculation of the correction than the
linear approximation. Due to the presence of the ¥
angles these corrections depend on the working molecular
model, thus a consistent processing of REDOR experiments
should involve iterative back and forth data
refinement/exchange between the fitting of the
experimental results and structural modeling.

Another outcome of our theoretical considerations
is the interpretation of a putative experiment in which
the 3-spin effect is pursued in itself. Some compounds
that might test our calculations are depicted in Fig.
28. A substance containing the functional group a)
should give an N detected curve very similar to the 3-
spins curve shown in Fig. 26, since for this group y is
close to 180° and the two labeled 13C atoms are
equidistant from the observe 15N. The groups b) and c)
should give similar results upon N detection since

Y(b)~1800-y(c) [14]

-
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Footnote: The work discussed in the above sections of
this Chapter constitutes the theoretical basis for a
manuscript that is currently under review. Also, to a
large extent it parallels the experimental design
considered in reference 130. Nevertheless, based on the
above discussion, it is this thesis author's feeling
that the approximations used in that article are less
than ideal for the interpretation of a 13¢ detected, 19¢

dephased experiment.
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APPLICATIONS OF THE REDOR EXPERIMENT TO THE STUDY OF THE

a-FACTOR PHEROMONE

Four labeled analogs of the a-factor pheromone were
synthesized [by Dr. Michael Breslav]:
1) WHWLQLK-[1-13C]PG-[a-15N]QPNleY
2) WHWLQLK- [19N]P-[1-13C]GQPNleY
3) WHWLQLK- [19N]P-[2-13C]GQPNleY
4) WHWLQLKP- [2-13C]G-[al5N]QPNleY

Figure 29 shows the design of the REDOR experiment
and Table 34 shows the results [114] compared to the
molecular models obtained as described in Chapter 5 (see
also Figure 12.)

The experiment seems to support the fact that, in
powder, the a-factor molecule adopts a distorted type I
B-turn like conformation.

The analysis presented in this Chapter shows the
accuracy of the distances determined from this REDOR
experiment to be less reliable than initially
considered. Nevertheless the computer assisted process
of determining how to design labeled molecules on which
to carry out meaningful physical experiments bears

considerable promise.

Footnote: The work discussed in this section was

published in reference 114.

‘
-
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CHAPTER 10

|

Ab Initio Calculations on Glycine. Comparing

Experimental and Theoretical Results.

Introduction

The history of the study of glycine, the simplest
amino acid, embodies all the features of the
considerably insightful gains that can be obtained from
systematic computational studies as well as the
challenges of correlating the theoretical results with
the experimental data collected under various
conditions. Particularly, organic compounds and,
especially, biologically relevant molecules like amino
acids always bring forth controversial issues concerning
the pertinence of quantum mechnical computational
results, which are performed in vacuum, in gas phase, or
in a dielectrically modeled solvent, to the
interpretation of physical chemical experiments that are

performed in a variety of real solvent environments
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(like DMSO, chloroform, methanol, micelle suspensions),
and which, in their turn are invariably less than ideal
approximations of the actual biological conditions.
Nevertheless, as unexpected as it might be, ab initio
calculations are one of the few available sources of
information for the determination of good conformations
for the neutral forms of amino acids (31, 40]. This is
due to the fact that in polar media and in the solid
state, amino acids form zwitterions. Thus, while the
charged forms of amino acids are accessible by X-ray
spectroscopy, the determination of the conformation of
the neutral form is limited to matrix isolation
spectroscopy because almost all amino acids decompose
before melting [126, 127].

One of the purposes of the study of glycine is to
reproduce theoretically the microwave absorption lines
observed in vapor experiments. This endeavor resulted
in a controversy because it is not the structure
predicted by computational optimization to be the most

sTable that seems to be responsible for the main
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absorption lines that are due to a higher energy
conformation [1126, 128].

Also, the conformational predilections of glycine,
i.e., the amount of Ramachandran space that it tends to
occupy, have considerable importance because this amino
acid is present in many activity-determining regions of
biologically important molecules. This is clearly
evident from many other published works [25, 36, 126,
127, 128] as well as from the previous nine Chapters
centered around the conformation of glycine as a part of
larger peptides, replacing glycine, and cyclizing around
a glycine containing moiety to obtain interesting
analogs.

Our purpose in this Chapter is to use high level
computational methods (MP2, MP3, and MP4) in order to
investigate possible optimized conformations of glycine
and both contribute to the elucidation of the microwave
spectrum controversy and lend support to the rest of the

computations carried out in our work.
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METHODS

The basis set used is 6-311+G**. The 6-311+G** is
a triple-zeta basis set which uses three Slater orbitals
for the description of valence electrons, one expanded
in a series of three gamma functions and the other two
approximated by one Gaussian each. The other electrons
are described by one Slater orbital expanded in a series
of six Gaussians. 1In addition, diffuse functions and d
functions are set in non-hydrogen atoms and p functions
are set on the hydrogens. The correlation energy
effects are taken into consideration using the Moller-
Plesset [129] method, also known as MP up to the fourth
perturbation correction term.

The main difference between the ab initio
calculations described in this Chapter and the similar
computations carried out on dipeptides is that here, the
program that we run takes into account higher order
perturbation terms in the Hamiltonian. The highest
order Moller-Plesset correction term used in the
calculation is the basis for naming each energy level

obtained. The four conformations studied were obtained
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by inputing different initial conditions in the Gaussian
program [44] and by using four different Hartree-Fock
approximations: regular self consistent field (SCF),
MP2, MP3 and MP4 with the 6-311+G** basis set. The
numeric results of the calculations are exhibited in
Tables 35, 36, 37, 38, and 39. The numbers 1, 2, 3, and
4 were arbitrarily assigned to name the optimized
molecular conformations found. Figure 30 shows the
numbering of the atoms within the glycine molecule that

is to be followed throughout the Tables of this Chapter.

RESULTS

The 4 conformations analyzed here are exhibited in
Figure 31. The analysis of the energy values exhibited
in Table 35 shows the conformations 3 and 4 to be the
most sTable. The importance of higher order correction
terms is apparent frcm the fact that in the higher order
correction energy levels MP3 and MP4, the conformation
4, which is exhibited to be the best within the
framework of the regular SCF and MP2 approximations, is

replaced as the lowest energy structure by conformation

-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



152

3, as shown in Tables 35 and 36. Conformation 2 is
consistently, irrespective of approximation level,
around 2kcal/mol higher than the lowest enerqgy available
and conformation 1 is exhibiting consistently very high
energy levels, between 7.0 and 8.3 kcal/mol above the
best conformation found in each case.

The comparison of our glycine bond lengths (shown
in Table 37) to other models of glycine [126-128] as
well as to the results of the dipeptide discussed in
Chapter 3, shows the models considered here to have a
consistently shorter double bond between the carbon and
the oxygen of the carbonyl group. This shortening,
consistently present in all our models, of approximately
0.02A may be attribuTable to our more sophisticated
basis set that allows for higher order energy
corrections and, consequently, for subtle geometrical
adjustments. Except for this bond, all the other bond
lengths are in good agreement with the ones from other
models. The Mulliken population analysis charges show
carbonyl atoms to be much less charged in the case of

this glycine model (structure #4, Table 40) than in the

»
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case of the glycyl residue of the Pro-Gly dipeptide

considered in Chapter 3.

DISCUSSION

By employing different computational methods our
study sheds some light both on the question of the
sTable conformers of glycine and on the importance of
the sophistication of the basis set used.

Our two most sTable conformations (structures 3 and
4 in Tables 35, 36, and 39) are both stabilized by
hydrogen bonds. Structure 3 forms a five membered ring
closed by a hydrogen bond between the carboxyl hydrogen
atom and the amino nitrogen. In structure 4, the 5-atom
ring is closed by a hydrogen bond between the amino
hydrogen atoms and the oxygen of the carboxyl.

The lower order perturbation calculations (shown in
Table 36) indicate structure 4 to be substantially lower
(by 1 kcal/mol in the regular HF approximation and by
almost 2kcal/mol in MP2) than the structure 3. Thus at
this level of the energy calculation approximation, the

bifurcated hydrogen bond due to the presence of the two

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



154

hydrogen atoms on the nitrogen that can form bonds to
the oxygen seems to be responsible for the determining
effect. The higher order perturbation calculation seems
to be more sensitive to the high charge on the carboxyl
hydrogen (Table 40). In this calculation, the single
carboxyl hydrogen seems to bond strongly enough to the
nitrogen to offset the energy dip due to the two
hydrogen atoms in the other confromation. However, the
difference in energy between the two conformations is
low, 0.32 kcal/mol at MP3 level and even lower, 0.14
kcal/mol at MP4 level. Thus, the two conformations seem
to be indicated by higher order perturbation
calculations to be very close which suggests that in
experimental setups they may both be equally populated.
This may be the reason why actual experiments have

found different conformations for glycine.

=
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CONCLUSIONS

This work attempts to rationalize, on a quantum
mechanical basis, the behavior of some peptide molecules
containing the proline moiety and to organize a thorough
conformational study of four constrained analogs of the
Saccharomyces cerevisiae a-factor pheromone (Chapter 8)
as well as of eight model tetrapeptides (Chapter 7.)
Besides being interesting organic compounds and peptide
moieties by themselves, all these molecules were
considered for the purpose of understanding the residue
7 to residue 10 region of the a-factor that seems to
play a key role in the recognition of the pheromone by
the STE2 receptor of the MATa yeast haploid cells.

The ab initio study can only be carried out for
small molecules, but its results are meaningful for the
understanding of the physical chemical behavior of the
larger peptides. Since the lowest energy structure for
the Ac-L-Pro-D-Ala-NHjy is a type II B-turn, the study of
the blocked dipeptides supports in an unambiguous way
the known [8] tendency of Pro-D-Ala moieties in peptides
and proteins to adopt type II B-turn conformations. The
study provides further ;omputational support for both
the observed type II B-turn conformation in linear

peptides containing the L-Pro-D-Ala moiety and for the

n
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conformational flexibility observed in linear peptides
containing the L-Pro-L-Ala moiety. The quantitative
computational evaluation of the energetic barrier
preventing the formation of a type II B-turn, introduced
by the presence of an L amino acid at position i+3, is
consistent with the one calculated in the nonblocked
dipeptides (around 13kcal/mol.) These quantitative
results show unequivocally that the presence of a D-Ala
amino acid at the position i+3 in a turn region strongly
favors a type II B-turn like conformation. Correlated
with the high biological activity of the Sp-Ala analog
of the a-factor, this result lends convincing
theoretical support to the hypothesis that a type II B-
turn conformation is important for pheromone
recognition. The comparison with X-ray crystallography,
when considered in parallel with the nonblocked
dipeptide study, shows that the computational effects of
blocking the carboxy terminus are in good agreement with

the experimental data.

The ab initio calculations seem to provide a simple
.quantitative explanation of the fact that the physical
chemistry of the 9I-Ala analog is different even at a
qualitative level from that of the 9p-Ala analog: the

9r-aAla analog is probably more flexible because the

»
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



157

energetic spectrum of the L-Pro-D-Ala dipeptide has many
levels within a low energy gap above the ground state.
The detailed conformational analysis of the major
trans isomers of eight i to i+3 side chain lactamized
cyclic tetrapeptides was carried out in order to
investigate the effect of a Pro-Gly dipeptide unit at
the i+1 and i+2 positions of a peptide ring spanning
four amino acids. The systematic variation in the size
of the constrained region, containing from 14 to 18
member atoms, showed an unexpectedly rich conformational
diversity of these peptides. 1In contrast to what might
have beeen expected for Pro-Gly centered peptides,
several of these compunds exhibited preferences for py-
turn or y'-turn like conformations. Other peptides
assumed a near perfect type II f-turn and still others
were relatively flexible and underwent transitions
between structures which had close AMBER force field
computed energies. The Ramachandran maps (Fig. 17)
clearly indicated that for several structures the range
of dihedral angles was highly limited while for others a

greater range was allowed, signifying substantial

-
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flexibility. Based on this work, it seems that these
plots incorporate all the conformations available to the
Pro-Gly region corresponding to the low energy (and thus
reasonably accepTable) structures of these molecules.

In all the peptides that were studied, the @NH of the
Gly is experimentally determined to be close to the &CH
of Pro. Consequently, the y dihedral angle of the
prolyl residue is always positive and all the turn

conformations are far from a type I f-like shape.

The fact that the use of different, but seemingly
similar, amino acids such as ornithine and lysine, or
aspartic acid and glutamic acid (viewed by many analysts
as almost identical from the point of view of their
conformational effect) resulted in very distinct
molecular shapes conveys a serious cautionary warning:
careful planning should be undertaken while using such
lactam constraints in the design of biologically active
molecules with reverse turns and especially, extreme
attention should be given not to draw precipitous
conclusions or make abrupt assumptions about the shape
of the "constrained" molecule. An extra methylene group
may make a huge difference both in the shape and in the
general flexibility of the structure. However, it is

the conclusion of this work that it appears to be

- .
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reasonable to try to control the turn topology of a Pro-
Gly peptide backbone by side chain lactamization. It is
nevertheless critical to use appropriate buiding blocks
and realize that simply having the same character side
chains (e.g., amino or carboxyl) does not necessarily
insure that different amino acids will impose identical,

or even similar conformational constraints.

The NMR characterization and conformational
analysis of four side chain lactamized analogs of the
yeast a-factor which differ from each other only in the
composition of the non backbone segment of the cyclized
region supports the conclusion of the tetrapeptide study
that these rings exhibit considerable conformational
diversity. The major structures assumed by these
lactams involve type II B-turns and y-turns. It appears
that the cyclic tetramer building blocks (Xxx-Pro-Gly-
Glu) preserve their conformational characteristics when
incorporated into medium size peptides and, therefore,
that they can be used as tools to affect the
architecture of such molecules. This is an important
result from two different points of view. Firstly, it

shows that constrained peptides regions can be analyzed

=
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separately to reach inferences that can be generalized
with good accuracy to the larger parent molecules.
Secondly, it implies that given constrained building
blocks can be consistently used to design larger

molecules with desired shapes.

The nuclear magnetic resonance spectroscopy
Overhauser effect based molecular modeling study of the
model tetrapeptides carried out in comparison with the
similar study of some of the cyclized tridecamers also
gives credence and rationalization to the biological
results that show small differences of the cyclized
molecules to have dramatic effects on their
biocactivities [7]. Indeed, although apparently similar
the different 7 to 10 lactamized peptides were found to
have substantially different shapes, and thus, their
different activities are not that surprising.

Even in the absence of physical chemical data, a
systematic modeling effort may provide good working
models, ideas, as well as quantitative data for
experimental design and interpretation. The best
support for this statement is provided by the Tetrajs
molecule that has high propensity for forming an almost
perfect type II B-turn. This predilection, together
with the low likelihood of this molecule deviating far

from the favored turn during its dynamic evolution had
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been inferred long before any ROESY data supporting its
conformational analysis had been collected. However,
caution should always be exercised in analyzing the
results of stand alone molecular modeling because, as
emphasized in this work, the energy differences
calculated within a classical framework are far from
being as trustworthy as those obtained within a quantum
mechanical framework. The structures obtained from
stand alone modeling should be viewed as working models
which should be supported with further physical chemical
data.

REDOR studies can prove very useful in future
understanding of biologically active conformations.
Nevertheless, good interpretation of the data may
require thorough understanding of all the factors
involved and very careful application of the software
tools. Such factors as the background natural abundance
spins may produce significant effects that cannot simply
be eliminated by subtraction since the technique
measures variations of amplitude which do not depend
linearly on the separate spins.

The main molecule considered in these studies, the
Saccharomyces cerevisiae a-factor, seems to have a high
propensity to adopt a turned conformation. All the
studies discussed in this work as well as in previous

experimental (solid state NMR, high resolution solution
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NMR, VCD, or fluorescence transfer measurements) or
theoretical (ab initio calculations, stand alone
modeling, or physical chemistry based modeling) work
seem to concur in this respect.

It seems that a type II B-turn conformation
centered around Pro8 and Gly9 is likely to be a good
candidate for the biologically active conformation of

this pheromone.

-
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APPENDIX 1

THE VALIDITY OF AVERAGE HAMILTONIAN THEORY IN THE MANY

SPIN HETERONUCLEAR CASE

As far as the truncated dipolar Hamiltonian
approximation is valid (which is the assumption under
which most of the theory of solid state NMR [119, 120]
and, in particular, that of the REDOR experiment is
written) there is no difference between the 2-spin case
[27] and the many-spin cases discussed here because as
long as all the spins are different, the many-pin
truncated dipolar Hamiltonian has fundamentally the same
commutation rules with the state prepared by cross
polarization of the observed nuclei as the 2-spin one.
To be specific, we consider the problem described by the
Hamiltonian in eq. ([1]. The crucial point in the
generalization is that an initial state described by the

density matrix:

p, =Const x I, (15}

with Const a normalization constant (or any time
independent function of S, and X,, for that matter)

which is the form of the density matrix describing the

-
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observe nucleus after the cross polarization with the
proton "reservoir", evolves under the action of [1] to

give, (using the Liouville operator notation [117]):

|o(1)) = Texp[—fidn‘?z“"““’]bo(o))

The expression on the right hand side of this equation
can be calculated analytically to yield (back to regular
operator notation) eq. [3] in the text and the signal is

obtained from:

S, =

[16]
Tr[1_0(0) >mm

with the angular brackets denoting the powder average.
Upon taking the trace, the Iy term vanishes and so do
all the terms containing odd powers of S, and X, i.e.,

the terms assuming the form (k, 1 integers)

fnsx

in the power expansion of the cosine. Clearly, keeping
only the even power terms is the same as taking the
arithmetic average between the cosine of the difference
and the cosine of the sum which is the mathematical
basis for the definitions of the dephasing (eq. [4]) and

signal (eq. [5]) given there with the intuitive physical

-
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argument based on the relative orientation of the I and

X spins.

APPENDIX 2
CALCULATION AND PROPERTIES OF THE DIPOLAR DEPHASING
ANGULAR FREQUENCY AND DIPOLAR DEPHASING IN THE

HETERONUCLEAR 3-SPIN CASE

From eq. [1] and the considerations above, we

obtain the angular dipolar dephasing frequency of a spin

I:
0u(0) =320+ (0]

with the % factor coming from the dephasing spins

(mathematically speaking from the fact that each "z"
component is half a Pauli matrix) and the * sign taking
into account the S-X parallelism effect discussed
before. We need not be concerned by the overall sign of
the expression, because in the formula for the
experimentally observable signal it shows up under a
cosine function (eq. [4]) which is even. To be perfectly
rigorous, another * sign should be placed in front of
the whole expression (27]. Using in this formula the eq.

[2], the expressions for the spherical components of the

]
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dipolar tensor (reference [119] pages 11 and 292) and of

the rotation matrices [121], we obtain:

a’o(a,ﬂyﬂﬁf) =
2r

—%D“’) [sin ? Beos(2a + 2ax) + /2 sin(2f) cos(a + ax )] +

i—z—lﬁDm [cos(2¢+ a+ ,t)sin? ysin A1+ cospf) —
—cos(@+ a+w,t)sin (27)(2 cosf-1)(1+ cosf) +
+cos(a+w,1)(1-3cos? y)sin(2B) +
+cos(-@+ a+w,1)sin(27)(2cosf+1)(1 - cos B) +
+cos(—2@+ a+ @ ¢)sin? ysin Kcosf-1)]+
i-%D"’[cos(Zng- 2a+2w,t)sin? ycos* g -
—cos(@+2a+2w,t)sin ycosy sin AK1+cosp) +
+%cos(2a+ 2a,1)sin? A1 - 3cos? )+

+cos(—p+2a+2m,1)sin ycosysin A cosf—1) +

+cos(—2@+2a+2m,¢)sin? 7sin‘§] (17]

The 2n denominator on the left side of the equation
insures that we use consistently the definitions of the
dipolar constants in Hz as given in eq. [3'].

The term containing p(0) is the standard REDOR angular
dephasing frequency [27]. The relative sign of the two
terms in the square bracket of this standard term is
different here. This is a matter of how the B angle is
defined. Obviously, changing B<»n-B changes the relative

sign between the two terms and since a B integration is

-
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to be performed as a part of the powder averaging, this
sign bears no significance on the final result.

An important property of the dipolar pulsations
that can be seen on the above equation is that for Y=
(i.e., I, S and X collinear) and for D(1)=D(0), which
is, for instance, the case of S and X homonuclear and
equidistant from I,

oo (1) = @f5n (1) [18]
thus, in this exceptional case, S and X contribute
identically to the effect and give a zero total
antiparallel dephasing.

The 3-spin experiment dephasing over Nc rotational

periods is given by [27]:

AY(a,B,¢;7,4(0),A(1) = N, [Tdta)p(t) - ]:dtwn(t)J

tr

with tp the time delay within the rotor period after
. . . . T,
which the dephasing pulse is given [27]. If g,=7;, the

last five terms in eq. [17] above (oscillating with
2xort) vanish upon this integration, and, the expression

of A® becomes:

.
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AD(a, B, @, 7,4(0), A(1)) = 2¢24(0)sin asin(28) F
FV24(1)[sin(2p+ @)sin? ysin A1+ cosB) -
—sin(@+ a)sin(2y)(2cosf-1)(1+cos B) +

+sin &1 -3 cos? y)sin(28) +
+sin(-@+ a)sin(2y)(2cos B +1)(1- cosf) +
+sin(-2¢+ a)sin? ysin Hcos f—-1)]

[19]

from which eq. [4] in the text is deduced by means of
simple properties of trigonometric functions. We can
note that: 1) the A(0) containing term is the regular
[27] dephasing which is studied at length in {118}, 2)
one reassuring quick check is that for y=0, i.e., for S
and X on the same line, the term in A(l) assumes a form
identical to the one in A(0) which is true for the terms
in D(1) and D(0) in eq. [17] too.

As mentioned, the dephasing depends on 4 polar
angles, 2 azimuths a, ¢ and two colatitudes B, y, the
first three of these angles being orientation dependent,
but the last one being conformation dependent. Some
useful properties of the signal function Sfg defined in
eq. [4] are deduced from
eqgs. [4 and 5] as follows. From eq. [4] one realizes

that the u and v parameters in eq. [5] are in fact:

-
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(B, @, 7) = 2(0)sin(28) F A(1)sin(28)(cos® psin? ¥ - cos® ¥) + A(1) cos(28) cos psin(27)

[20]
(B, @, 7)= :tﬂ(l)[cosﬂsin @sin(2y) - sin Bsin(2¢) sin? y]

Clearly,

u(B,-¢,y)=u(B,,7)
v(B-@.7) =-v(B.#:7)

and since from eq. [5] it is clear that the signs of
both u and v bear no significance after a averaging, the
@ averaging interval can be reduced from (-m,w] to [O,=m].

This ¢ integration interval in conjunction with

uB, - g, n-y)=uB,¢,7)

v(iB, - gy m—7)=-v(B,@;7)

imply that the y dependence of the signal (eq.{5])
function Sr exhibits the following symmetry:
Sf(}'):Sf(”—}')

which is seen in all the numerical simulations.

APPENDIX 3
COMMUTATION PROPERTIES OF THE 3-SPIN HAMILTONIAN FOR THE

HOMONUCLEAR DEPHASING SPINS CASE

-
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With the notation from egs. [1 and 2], the first
commutator involved in the solution of the equations of

motion assumes the usual form:

o 2
g 1= Platgn(ds, + a0 ],

but, once the "z" components of the dephasing spins are
introduced, due to the presence of the S+ and X4
operators in the Hamiltonian, the results become

complex:

(-1)2[11,(;}»_&3@) Hpes™, 1 ]]-- o2 (1)S, + 0l (1) X, ] I+
(21]
[mﬁl’?%(f) o (1)l o (1)(S. X. - S_X.)1,

Obviously, the term containing the raising and lowering
operators spoils the hope for a general analytical
solution. The exception is the one discussed at eq.
[18]. In this singular case the Si and X4 containing
terms are zero in all orders of commutators (due to the
fact that the first two terms of the Hamiltonian combine
to give a multiple of (S+X),) and an analytical solution

can then be written.

n
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Table 1b.
Minimized energies and backbone dihedral angles for the L-Pro-Gly dipeptide.

Pro-Gly
v(Pro) o(Gly) E(Hartrees)  AE(kcal/mol)
-18.5 -175.5 -605.304415
21.2 93.0 -605.300570 2.412737
-19.0 -84.7 -605.300450 2.488037
-141.4 179.7 -605.296493 4971055
74.7 179.4 -605.295609 5.525765
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+ TABLES 2a, band ¢

Comparison between the calculated and experimental bond lengths for the three dipeptides
studied in this work. The first 4 columns in each table give the 6-31G optimized values for

the lowest energy 4 conformers. The last column in each table contains the experimental
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values (from reference [10]) for N-iBu-L-Pro-L-Ala-NH-iPr (Table 2a); N-iBu-L-Pro-D-
Ala-NH-iPr (Table 2b); tBoc-L-Pro-Gly-OH. All distances are in A. (see Table 1a for the

corresponding energies)

TABLE 2a. L-Pro-L-Ala

1 2 3 4 X-RAY
NI-C2 1.4671 1.4671 1.4587  1.4671 -
NI1-H14 09970  0.9970  0.9954  0.9969 -
N1-C5 1.4541 1.4556 1.4459  1.4552 1.48
C2-C3 1.5470 1.5470 1.5556  1.5470 -
C2-H15 1.0824 1.0824 1.0826  1.0824 -
C3-C4 1.5450 1.5470 1.5447  1.5450 -
C4-Cs 1.5408 1.5450 1.5524  1.5408 -
Cs5-Cé 1.5119 1.5408 1.5127  1.5119 1.50
C5-H21 1.0867 1.0867 1.0860  1.0867 -
C6-07 1.2339 1.2339 1.2323 1.2339 1.23
C6-N8 1.3437 1.3437 1.3487  1.3437 1.33
N8-H22 0.9961 0.9961 0.9941  0.9961 1.46
N8-C9 1.4453 1.4453 1.4493 1.4453 1.44
Co-Cl10 1.5031 1.5031 1.5041 1.5031 1.51
Co-C11 1.5384 1.5384 1.5379  1.5384 -
C9-H23 1.0824 1.0824 1.0826  1.0824 -
C10-012 } 1.3468 1.3468 1.3441] 1.3468 -
C10-013 1.2124 1.2124 12132 1.2124 1.25
Cl11-H24 |} 1.0817 1.0817 1.0814  1.0817 -
CI1-H25 | 1.0825 1.0824 1.0826  1.0824 -
O12-H27 | 0.9545 0.9545 0.9547  0.9545 -
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" TABLE 2b. Pro-D-Ala

1 2 3 4 X-RAY
N1-C2 1.4611 1.4724 14712  1.4597 -
NI1-H1i4 0.9964  0.9999 1.0007 0.9959 -
NI1-C5 1.4489 14680 14692  1.4470 1.45
C2-C3 1.5571 1.5607 1.5608  1.5567 -
C2-HI15 1.0826 1.0819 1.0816 1.0822 -
C3-C4 1.5445 1.5469 15470  1.5444 -
C4-C5 1.5514 1.5317 15321 1.5527 -
C5-Cé 1.5120 1.5085 1.5079  1.5109 1.49
C5-H21 1.0851 1.0871 1.0869  1.0855 -
C6-07 1.2326 1.2318  1.2288  1.2297 1.23
C6-N8 1.3478 1.3487 13540 1.3542 1.34
N8-H22 0.9942 09961 0.9934 0.9917 1.47
N8-C9 1.4494 1.4480 14397  1.4422 1.46
Co-Ci0 1.5038 1.5040 15128 1.5120 1.46
Co-Cl11 1.5378 1.5381 1.5338  1.5342 -
C9-H23 1.0825 1.0819 1.0816  1.0822 -
C10-012 1.3438 1.3458 1.3513 1.3521 -
C10-013 1.2132 1.2123 1.2092  1.2077 1.26
Cl1-H24 1.0814 1.0815 1.0831 1.0833 -
C11-H25 1.0825 1.0819 1.0816  1.0822 -
O12-H27 | 09546 09546 09543 0.9543 -
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TABLE 2c. L-Pro-Gly.

1 2" 3 4 X-RAY
N1-C2 1.4683 1.4702 14696 1.4557
N1-H13 | 09972 09977 09979 0.9935
N1-C5 1.4554 14576 14574  1.4457 1.469
C2-C3 1.5466  1.5464 15469 1.5517
C2-H14 | 1.0826 1.0825 1.0826 1.0834
C3-C4 1.5450  1.5450 .1.5450 1.5468
C4-C5 1.5408 1.5408 1.5398  1.5341
C5-Cé6 1.5117 15116 15115 1.5118 1.520
C5-H20 1.0865 1.0859 1.0861  1.0955
C6-07 1.2328  1.2304 12302 1.2311 1.223
C6-N8 1.3435 13485 1.3482 13497 1.346
N8-H21 | 09959 09932 09927 0.9928 1.0
N8-C9 1.4382 14316 14323  1.4413 1.447
C9-C10 1.4939 15072 1.5079 1.4942 1.520
C9-H22 1.0830 1.0821 1.0805 1.0826
C9-H23 1.0837 1.0810 1.0822  1.0829
C10-O11 | 1.3460  1.3458 13455 1.3436
C10-012 | 1.2116 1.2124 12122 12126 1.228
O11-H24 | 0.9544 09548 09548  0.9544
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. TABLES 3a,bandc

Comparison between the calculated and experimental bond angles for the three dipeptides studied in
this work. The first 4 columns in each table give the 6-31G optimized values for the lowest energy 4
conformers. The last column in each table contains the experimental values (from reference [10]) for
N-iBu-L-Pro-L-Ala-NH-iPr (Table 2a); N-iBu-L-Pro-D-Ala-NH-iPr (Table 2b); tBoc-L-Pro-Gly-OH.
All angles are in degrees. (see table 1a for the corresponding energies)
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Table 3a Pro-L-AJa

1 2 3 4 X-RAY
N1-C2-C3 104.66 104.66 106.29 104.66 -
N1-C5-Cé 113.11 113.03  110.97 112.96 112.6
C2-C3-C4 105.66 105.66  105.67 105.66 -
C3-C4-C5 104.69 104.69  104.30 104.69 -
C4-C5-C6 111.56 111.56  112.02 111.56 -
C5-C6-07 120.58 120.58  122.09 120.58 119.1
C5-C6-N8 116.46 11646 11599 11646 116.6
07-C6-N8 122.96 12296  121.91 122.96 1243
C6-N8-C9 121.96 12196 122.10 121.96 1249

N8-C9-C10 108.08 108.09 107.82 108.09 114.4
N8-C9-C11 112.73 11273 112.60 112.73 -
C10-C9-C11 110.58 11044  110.59 114.16 -
C9-C10-012 112.07 112.07 11230 112.07 120.7
C9-C10-013 125.87 12587 12549  125.87
012-C10-013 | 122.06 122.06 12221 122.06 -
C2-N1-H14 115.79 115.65 117.88 115.06 -
N1-C2-H15 110.96 11096 110.52 110.96 -
C3-C2-H15 111.23 111.25  110.81 111.23 -
N1-C2-H16 110.96 11096  110.51 110.96 -
H15-C2-H16 107.84 107.81 107.93 107.84 -
C2-C3-H17 111.35 11135 11124 °111.35 -
C4-C3-H17 110.55 110.57 11079  110.55 -
H17-C3-H18 107.43 107.39  107.17 107.43 -
C3-C4-H19 111.35 111.35  111.25 111.35 -
C5-C4-H19 111.04 111.06 111.47 111.04 -
H19-C4-H20 107.43 10739 107.16  107.43 -
C4-C5-H21 109.90 110.11 109.57 110.13 -
C6-C5-H21 106.29 10634  108.64  106.32 -
C6-N8-H22 118.44 11844 12066 11844 129.5
C9-N8-H22 119.60 119.60 117.23 119.60 111.7
N8-C9-H23 108.85 108.85  108.98 108.85 -
C10-C9-H23 107.93 106.90  108.01 105.37 -
C11-C9-H23 108.54 109.64  108.73 107.28 -
C9-C11-H24 109.62 109.62  109.69 109.62 -
C9-C11-H25 110.68 110.68  110.53 110.68 -
H24-C11-H25 | 108.78 108.78  108.83 108.78 -
C9-C11-H26 109.62 109.62  109.69 109.62 -

H24-C11-H26 | 109.32 10932 109.25 109.32 -

H25-C11-H26 | 108.78 108.78  108.83 108.78 -

C10-O12-H27 | 114.13 114.13 11437 114.13 -

-
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TABLE 31_) Pro-D-Ala

1 2 3 4 X-RAY
N1-C2-C3 106.41 106.47 106.37 106.35 -
N1-C5-Cé 110.76  110.92 110.71 110.82 110.8
C2-C3-C4 105.51 105.64 105.570  105.58 -
C3-C4-Cs 104.05 104.28 104.246 104.23 -
C4-C5-Cé6 112.04  111.56 111.970 111.97 -
C5-C6-07 121.84 12189 122,128 12222 1229
C5-C6-N8 116.15 115.72 116.117 116.28 116.6
07-C6-N8 121.99 12231 121.733  121.57 120.7
C6-N8-C9 122.16 123.63 121944 121091 120.3

N8-C9-C10 107.56  109.86 110.619 110.78 112.9
N8-C9-Cl11 11291+ 113.88 110.838 110.79 -
C10-C9-C11 110.53 113.17 110.143  110.12 -
C9-C10-012 112.23 11201 110.817 110.82 119.1
C9-C10-013 125.43 126.09 126.769 126.78 -
012-C10-013 12230 12190 122343 122.33 -
C2-N1-H14 117.04 11697 117.644 117.65 -
N1-C2-H15 110.38 110.37 110.428 110.44 -
C3-C2-H15 110.79  110.81 110.803 110.81 -
N1-C2-H16 11032 11036 110.451 110.41 -
H15-C2-H16 108.11 108.04 108.024 108.01 -
C2-C3-H17 111.26 11132 111.296 111.23 -
C4-C3-H17 110.84  110.79 110.838 110.83 -
C2-C3-H18 111.27 11132 111.234 111.23 -
C4-C3-H18 110.82  110.74 110.829 110.86 -
H17-C3-H18 107.18 107.05  107.187 107.19 -
C3-C4-H19 111.27 111.32 111.234 111.23 -
C5-C4-H19 111.51 111.46  111.578 111.58 -
C5-C4-H20 111.56 111.49  111.528 111.51 -
H19-C4-H20 107.19  107.04 107.152 107.14 -
C4-C5-H21 109.56  109.72 109.697 109.66 -
C6-C5-H21 109.10  109.06 108.834 108.82 -
C6-N8-H22 12069  118.62 119.573  119.59 128.0
C9-N8-H22 117.19 11776 118507 118.56 111.7
N8-C9-H23 108.94 106.22  108.586 108.64 -
C10-C9-H23 107.98 10525 106.648 106.61 -
C11-C9-H23 108.80 107.86 109.836 109.80 -
C9-C11-H24 109.68 10995 110315 110.31 -
C9-Cl11-H25 110,51 110.07 110425 11047 -

H24-C11-H25 108.84 108.96 108527 108.54 -

H24-C11-H26 109.22 108.97 108.672 108.67 -

C10-012-H27 11434 11370 114.096 114.11 -

=
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TABLE 3¢ ProGly
1 2 3 4 X-RAY
N1-C2-C3 10474 10485 10477 103.81 -
N1-C5-C6 11284 11311 11191 11242 | 1113
C2-C3-C4 10569 10570  105.65  105.34 -
C3-C4-C5 104.77 10483  104.63  103.33 -
C4-C5-C6 11155 111.14  111.88  118.07 -
C5-C6-07 120.87  120.87 120.87 12094 | 122.9
C5-C6-N8 116.59 11593 116.14 11793 | 1126
07-C6-N8 12254 123.19 12298 121.13 | 1234
C6-N8-C9 121.26 12225 12208 12086 | 124.9
N8-C9-C10 109.77 11541 11537 10931 | 110.7
C9-C10-O11 | 111.61 11498 11509 111.82 -
C9-C10-012 | 12585 12296 12286 12546 | 1207
011-C10-012 || 122.54 12206 12205 122.72 -
C2-N1-H13 11551 11516 11542 12021 -
NI-C2-H14 110.90 110.85 11090  111.56 -
C3-C2-H14 11124 11121 11123 111.22 .
H14-C2-H15 | 107.86 107.91 107.86  107.51 -
C2-C3-H16 11134 11136 11135  111.17 -
C4-C3-H16 110.56 11055 110.58  110.63 -
H16-C3-H17 | 107.40 107.37 10738  107.93 -
C5-C4-H18 111.03 11099 11135 111.63 -
C4-C5-H20 109.95 11026  109.97  108.62 -
C6-C5-H20 10635 106.49 10631  106.12 -
C6-N8-Hz1 11897 11685 117.02 121.72 | 1295
C9-N8-H21 119.77 12090 12091 11742 | 1145
N8-C9-H22 11125 11115  109.58  111.44 -
C10-C9-H22 | 10894 107.11 106.65 109.10 .
N8-C9-H23 111.90 10840 11036  111.51 -
C10-C9-H23 | 108.67 10690 107.01  108.95 -
H22-C9-H23 | 106.19 107.52 106.47  106.45 -
C10-O11-H24 | 11428 113.35 -113.19 114.39 -
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TABLE 4
Calculated and experimental dihedral angles (in degrees).
TABLE 4a Pro-L-Ala
1 2 3 4 X ray
C2-C3-C4-C5 19.617 19.731 16.161 19.700
C6-C5-C4-N1 -121.342 -121.085 -120.564 -121.081
07-C6-C5-N1 162.397 161410 -19.996 158.556
y(Pro)=N8-C6-C5-N1 | -17.603 -18.59 160.004 -21.444 145
N8-C6-C5-07 180.000 180.000 180.000 180.000
¢(Ala)=C10-C9-N8-C6 || -158.436 -85.009 -160.978 66.426 -89
C11-C9-N8-C6 79.034 152.631 76749  -60.705
012-C10-C9-N8 169.659 166.724 169.659 -164.854
013-C10-C9-012 180.000 180.000 180.000 180.000
H14-N1-C5-C2 135.466 135.194 -136.031 134.309
H15-C2-N1-C3 120.066 120.087 120.299 120.065
H21-C5-N1-C4 -118.483 -118.694 -118.196 -118.726
H22-N8-C6-07 180.000 180.000 180.000 180.000
H23-C9-N8-C10 116.982 115764 117.007 113.964
H24-C11-C9-N8 60.032  59.022  60.163 65.163

Footnote to Table 4a.

The structure #4 is very close in energy (within 0.8kcal/mol) to the next three
structures which (numbers 5, 6 and 7 in Table. 1). Among these, the structure #6 is the
one that has the same conformation as the X-ray studied peptide.
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TABLE 4b Pro-D-Ala

1 2 3 4 X ray
C2-C3-C4-C5 17.109  21.096 20.932 16.622
C6-C5-C4-N1 -120.343 -125.085 -123.867 -120.402
07-C6-C5-N1 -24.426 -146.636 -142458 -30.734
v(Pro)=N8-C6-C5-N1 | 155.574 33364 37.542 149.266 137
N8-C6-C5-07 180.000 180.000 180.000 180.000
o(Ala)=C10-C9-N8-C6 § 162.832 160.293 85.083 85.325 96
C11-C9-N8-C6 285.040 -77.121 -152.383 -152.161
012-C10-C9-N8 190390 -170.88 -168.983 -165.967
013-C10-C9-012 180.000 180.000 180.000 180.000
H14-N1-C5-C2 -133.403 -124.664 -124.44 -135.087
H15-C2-N1-C3 120.277 120.317 120317 120.295
H21-C5-N1-C4 -118.008 -115.820 -116.185 -118.244
H22-N8-C6-07 180.000 180.000 180.000 180.000
H23-C9-N8-C10 -116.801 -116.835 -116.472 -116.753
H24-C11-C9-N8 60.132  59.565 60.275 59.965
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TABLE 4c ProGly
|
1 2 3 4 X-ray
N1-C2-C3-C4 0 0 0 0
C2-C3-C4-C5 19.405 19.326 19.852 22.497
C6-C5-C4-N1 -121.323  -121.046 -121.394 120.239
07-C6-C5-N1 161.483  158.551  160.951 38.579
Y(Pro)=N8-C6-C5-N1 | -18.517 -21.449  -19.049 -141.421 157
N8-C6-C5-07 180.000  180.000 180.000  180.000
0(Gly)=C10-C9-N8-C6 | -175.489  99.110 -84.671  179.744 -76
O11-C10-C9-N8 179.485  -10.717 -6.935 179.030
012-C10-C9-012 180.000  180.000 180.000 180.000
HI13-N1-C5-C2 134699 133494 133536  143.501
H14-C2-N1-C3 120.092  120.097  120.097 119.867
H20-C5-N1-C4 -118.545 -118.949 -118.423 -116.043
H21-N8-C6-07 180.000  180.000  180.000  180.000
H22-C9-N8-C10 120.653  122.212 120424 120.678
H23-C9-N8-C6 63.771 -20.711  154.089  59.220

. . . .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 5a

Total atomic charges in L-Pro-L-Ala:

1 2 3 4
1N -0.813019 -0.815873 -0.776892 -0.810843
2C -0.056169 -0.057772 -0.070516 -0.060753
3C -0.352572  -0.352406 -0.349432 -0.352712
4 C -0.300255 -0.301194 -0.319306 -0.305621
5 C -0.024998 -0.030888 -0.024003 -0.035822
6 C 0.781408  0.792795 0.798107 0.807402
70 -0.646827 -0.641785 -0.644577 -0.647487
8 N -0.903980 -0.868139 -0.917439 -0.871850
9C 0.008713  -0.029115 0.006809 -0.038728
10 C 0.770732  0.793040 0.773922 0.806727
11 C -0.447182  -0.459406 -0.447937 -0.440160
12 O -0.732669 -0.736615 -0.730402 -0.737758
130 -0.560246 -0.555825 -0.563563 -0.553216
14 H 0.339148  0.344722 0.374346 0.331824
15 H 0.151771 0.153996 0.166363 0.151583
16 H 0.173927 0.169375 0.162187 0.169768
17 H 0.173094 0.174253 0.168668 0.171991
18 H 0.176928 0.175311 0.171992 0.177325
19 H 0.188703  0.190151 0.167581 .0.189121
20 H 0.182881 0.180808 0.183605 0.208456
21 H 0.195023  0.200225 0.187799 0.194348
22 H 0.441125 0.416483 0413115 0.415721
23 H 0.253734  0.262331 0.255280 0.223483
24 H 0.159540 0.166627 0.162276 0.227182
25 H 0.184901 0.201915 0.186338 0.180382
26 H 0.211897 0.184916 0.218538 0.157039
27 H 0.444392  0.442070 0.447142 0.442598
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Table 5b

Total atomic charges in L-Pro-D-Ala:

1 2 3 4
I N -0.758422 -0.740873 -0.760497 -0.760497
2C -0.080600 -0.097253 -0.077390 -0.077390
3C -0.348875 -0.361357 -0.348628 -0.348628
4 C -0.318226 -0.287438 -0.319161 -0.319161
5C -0.038638 -0.076934 -0.038272 -0.038272
6 C 0.804184 0.780755 0.806334 0.806334
70 -0.647260 -0.636450 -0.635046 -0.635046
8 N -0.921498 -0.916837 -0.878271 -0.878271
9C 0.012533  0.012457 -0.022764 -0.022764
10 C 0.774274  0.769279 0.784024 0.784024
11 C -0.452190 -0.449952 -0.465668 -0.465668
12 O -0.730416 -0.732417 -0.737399 -0.737399
130 -0.563417 -0.557989 -0.540946 -0.540946
14 H 0.370483  0.328063 0.373107 0.373107
15 H 0.169146 0.179712 0.169175 0.169175
16 H 0.163453  0.168049 0.163462 0.163462
17 H 0.168603 0.170003 0.167996 0.167996
18 H 0.171553  0.169689 0.171915 0.171915
19 H 0.164975 0.182505 0.158928 0.158928
20 H 0.184134 0.181896 0.184022 0.184022
21 H 0.190469 0.215473 0.192658 0.192658
22 H 0.414874 0.437834 0.385124 0.385124
23 H 0.255593  0.250265 0.266273 0.266273
24 H 0.219814 0.217823 0.185374 0.185374
25 H 0.187595 0.185953 0.205839  0.205839
26 H 0.160410 0.161621 0.166464 0.166464
27 H 0.447449 0.446125 0.443348 0.443348
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Table Sc
Total atomic charges in Pro-Gly:

ProGly
1 2 3 4
1 N || -0.807182 -0.809801 -0.811572 -0.794879
2 C | -0.059516 -0.062214 -0.061506 -0.040454
3 C | -0.352320 -0.351990 -0.352405 -0.352059
4 C [-0301782 -0.307203 -0.300986 -0.310554
5 C |-0.028911 -0.040839 -0.037866 -0.027490
6 C | 0779652 0.783964 0.782951 0.825041
7 O |-0.641434 -0.632788 -0.632658 -0.637602
8 N [-0.917470 -0.865830 -0.864137 -0.942359
9 C }-0081042 -0.161255 -0.162023 -0.083360
10 C § 0.739973 0.758123 0.762087 0.743265
11 O {-0.729492 -0.715240 -0.719468 -0.726855
12 O | -0.554625 -0.556371 -0.554440 -0.560313
13 H [ 0336229 0.333822 0.340711 0.362075
14 H j 0.152145 0.154246 0.154803 0.144347
15 H | 0.175390 0.172413 0.171947 0.169205
16 H | 0.173323 0.174195 0.175335 0.168527
17 H | 0.177842 0.177878 0.177441 0.176613
18 H || 0.189565 0.190214 0.191777 0.162378
19 H | 0.184676 0.200524 0.183006 0.185840
20 H || 0.195515 0.198052 0.199743 0.178411
21 H || 0443976 0417969 0.418862 0.422642
22 H || 0.243016 0.226429 0.272109 0.245377
23 H [ 0.236904 0.275068 0.225960 0.244622
24 H | 0.445568 0.440633 0.440329 0.447582
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Tables 6a and 6b.

Minimized energies and backbone dihedral angles of the four lowest
energy conformers found for Ac-L-Pro-L-Ala-NH, and Ac-L-Pro-D-Ala-
NH,;. The numbering of the conformations given here is followed in all
tables and throughout the paper. For example, In table 2a, the bond
lengths referring to conformation #2 are the optimized bond lengths
obtained for the Ac-L-Pro-D-Ala-NH, conformation that is 5.7730
kcal/mol higher than the lowest energy one.

Table 6a. Ac-L-Pro-D-Ala-NH,.

v(Pro) o(Ala) w(Ala) E(Hartree) AE(kcal/mol)
1 103.2 126.2 9.8 -776.23328
2 -13.6 -74.8 -9.7 -776.22408 5.77300
3 116.2 117.0 -88.2 -776.22331 6.25617
4 118.2 136.2 -155.6 -776.22005 8.30182

Table 6b. Ac-L-Pro-L-Ala-NH,.

v(Pro) o(Ala) v(Ala) E(Hartree)
1 70.7 -117.7 19.5 -776.23037
2 -4.0 -117.1 18.7 -776.22811 1.41815
3 140.5 -146.5 56.6 -776.22405 3.96580
4 106.9 -173.6 -17.3 -776.21710 8.32692

. .
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TABLES 7a and 7b

Calculated distances in the ab initio models reported in this work
compared with the X-ray experimental bond lengths measured on some
related molecules. The first 4 columns in each table give the 6-31G
optimized values for the lowest energy 4 conformers found. The last
column in each table contains the experimental values (from reference
[10]) for N-iBu-L-Pro-D-Ala-NH-iPr (Table 2a); N-iBu-L-Pro-L-Ala-NH-
iPr (Table 2b). All distances are in A (see Tables 1a and 1b for the
corresponding energies).

TABLE 7a. Distances in Ac-L-Pro-D-Ala-NH, (A).

1 2 3 4 X-RAY
NI1-C2 14682  1.4657 1.4659  1.4653 -
N1-Cl4 1.3466 1.3539 1.2240  1.3526 1.34
NI1-C5 1.4670 1.4599 1.4542  1.4625 1.45

C2-C3 1.5392 1.5406 1.5429 1.5399 -
C2-H17 1.0811 1.0814 1.0814 1.0815 -
C3-C4 1.5450 1.5451 1.5439 1.5451 -
C4-Cs 1.5331 1.5378 1.5403 1.5369

Cs5-Cé6 1.5232 1.5213 1.5195  1.5270 1.49
C5-H23 1.0792 1.0782 1.0770  1.078 -
C6-07 1.2312 1.2343 1.2358 1.2333 1.23
C6-N8 1.3454 1.3454 1.3454 1.3380 1.36
N8-H24 0.9948  0.9951 0.9946  0.9973 1.47
N8-C9 1.4516 1.4593 1.4480 1.4416 1.46
Co-C10 1.5292 1.5233 1.5196 1.5329 1.46
C9-C11 1.5401 1.5348 1.5456 1.5424 -
C10-N12 1.3456 1.3482 1.3552 1.3487 1.33
C9-H25 1.0812 1.0787 1.0801 1.0867 -
C10-013 1.2307 1.2278 1.2241 1.2288 1.26
015-C14 1.2428 1.2351 1.2327 1.2356 1.27

Cl6-Ci4 1.5023 1.5032 1.5040 1.5037 -
C11-H26 1.0815 1.0815 1.0826 1.0804 -
NI12-H29 | 0.9993 0.9908 0.9904  0.9898 -
NI2-H30 | 09925 0.9925 0.9925  0.9926 -
Cl6-H31 1.0813 1.0815 1.0815 1.0815 -
O15-H29 | 22066 23970 6.4848  6.7819 -
O15-H24 | 2.6133 3.1198  3.2545  3.1859 -

1
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TABLE 7b. Distances in Ac-L-Pro-L-Ala-NH, (A).

1 2 3 4 X-RAY
N1-C2 1.4693 1.4682  1.4675 1.46%4 -
N1-C14 1.3493 1.3561 1.3463 1.3461 1.32
N1-C5 1.4681 1.4599 14640 1.4657 1.48
C2-C3 1.5438 1.5406  1.5400 1.5401 -
C2-H17 1.0811 1.0815 1.0818  1.0810 -
C3-C4 1.5449 1.5471 1.5438  1.5442 -
C4-C5 1.5269 1.5395 1.5361 1.5322 -
Cs5-C6 1.5294 1.5209  1.5322  1.5308 1.50
C5-H23 1.0803 1.0799 1.0805 1.0787 -
C6-07 1.2300 1.2299  1.2297 1.2310 1.27
C6-N8 1.3513 1.3476 1.3464  1.3505 1.32
N8-H24 1.0004 09917 0.9948  0.9945 1.46
N8-C9 1.4547 1.4531 1.4687  1.4693 1.44
C9-C10 1.5291 1.5312  1.5318  1.5299 1.51
C9-C11 1.5402 1.5380  1.5382  1.5512

C10-N12 1.3482 1.3458 1.3322  1.3441 1.33
C9-H25 1.0819 1.0816 1.0840  1.0831 -
C10-013 1.2283 1.2301 1.2291 1.2305 1.25

C14-015 1.2404 1.2357 1.2349  1.2410 1.23
Cl6-Cl14 1.5026 1.5035 1.5027 1.5027 -
C11-H26 1.0812 1.0816  1.0811 -1.0781 -
NI12-H29 | 0.9880 0.9932 09930 0.9927 -
N12-H30 | 0.9921 09924 09926  0.9925 -
C16-H31 1.0813 1.0815 1.0813 1.0813 -
O15-H29 || 4.1231 24655  6.5402  2.6275 -
O15-H24 | 2.1097  2.9251 3.8052 2.8012 -
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TABLE 8a. Bond angles in Ac-L-Pro-D-Ala-NH) (degrees).

. 1 2 3 4 X-RAY
NI1-C2-C3 105.25 105.30 104.97 104.98 -
N1-C5-Cé6 108.34 114.93 109.44 109.18 110.8
C2-C3-C4 106.83 107.05 106.48 106.16 -
C3-C4-Cs5 106.78 107.06 106.01 105.41 -
C4-C5-C6 112.91 112.38 111.29 110.86 -
C5-C6-07 121.89 119.63 120.44 120.26 122.9
C5-C6-N8 115.39 118.35 116.74 116.86 116.6
07-C6-N8 123.72 123.02 122.82 122.89 120.8
C6-N8-C9 124.2¢ 124.32 123.40 122.71 123.6

N8-C9-C10 110.95 113.22 107.14 109.04 112.9
N8-C9-Cl1 112.52 114.67 112.21 112.47 -
C10-C9-Cl1 111.15 111.48 111.52 110.41 -
C9-C10-N12 118.25 118.29 115.54 115.29 120.1
C9-C10-013 119.54 118.94 121.46 122.32 119.1

N12-C10-013 122.21 122.77 122.84 122.39 120.7

C2-N1-Cl14 126.37 125.77 127.14 127.49 -
N1-C14-015 120.83 120.60 120.90 121.29 119.7
N1-C14-C16 118.06 117.99 117.71 117.41 -
015-C14-C16 121.10 121.40 121.39 121.30 -
N1-C2-H17 110.24 110.61 110.37 110.38 -
C3-C2-H17 111.40 111.50 111.41 111.30 -
NI1-C2-H18 110.24 110.61 110.37 110.38 -
H17-C2-H18 108.32 107.35 108.31 108.49 -
C2-C3-H19 110.68 11093 110.839 110.93 -
C4-C3-H19 110.41 110.47 110.44 110.46 -
C2-C3-H20 110.68 110.93 110.84 110.93 -
H19-C3-H20 107.86 107.03 107.83 107.92 -
C5-C4-H21 110.43 110.46 110.68 110.84 -
C4-C5-H23 111.93 111.12 112.60 113.34 -
C6-C5-H23 110.04 104.39 110.62 110.78 -
C6-N8-H24 118.28 118.81 119.505  120.09 128.0
C9-N8-H24 117.45 116.87 117.10 117.21 111.7
N8-C9-H25 106.67 104.56 106.752 106.98 -
C10-C9-H25 105.88 104.53 108.73 108.72 -
C11-C9-H25 109.33 107.42  110.29 109.10 -
C9-C11-H26 110.36 110.69 110.89 110.856 -
C9-C11-H27 110.75 109.65 110.28 110.687 -

H26-C11-H27 108.54 108.11 109.14 108.14 -

H26-C11-H28 108.40 108.87 107.21 107.46 -

C10-N12-H29 124,53 12417 122752 123.226 -

C10-N12-H30 117.20 117.58 118.511 118.290 -

H29-N12-H30 118.27 11824  118.74 118.48 -

C14-C16-H31 110.21 110.30 110.207 110.193 -

H31-C16-H32 108.72 108.63 108.73 108.74 -

[ N
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TABLE 8b. Bond angles in Ac-L-Pro-L-Ala-NH) (degrees).

1 2 3 4 X-RAY
NI1-C2-C3 104.88 105.18 105.60 105.02 -
i NI1-C5-Cé 110.36 115.5 112.25 110.36 112.6
: C2-C3-C4 106.30 106.78 103.05 106.50 -
C3-C4-C5 105.98 106.66 102.85 106.47 -
C4-Cs5-C6 113.00 112.37 111.60 112.12 -
Cs-C6-07 120.03 118.61 120.92 119.03 119.1
C5-C6-N8 115.00 118.38 117.09 114.84 116.6
07-C6-N8 123.17 123.01 121.96 123.10 1243
C6-N8-C9 123.38 123.67 124.40 131.67 124.9
N8-C9-C10 111.93 110.71 112.75 111.70 114.4
N8-C9-Cl11 111.89 112.35 108.50 116.37 -
C10-C9-Cl11 111.21 111.59 113.06 111.25 -
C9-C10-N12 117.66 117.57 118.12 119.89 116.7
C9-C10-013 120.53 120.19 122.24 118.01 120.7
N12-C10-013 121.80 122.24 119.61 120.93 122.3
C2-N1-C14 126.76 125.98 125.30 127.02 -
N1-C14-015 120.81 120.65 121.98 120.82 1223
N1-C14-C16 118.06 117.97 118.05 118.16 -
015-C14-C16 121.12 121.38 119.96 119.88 -
NI1-C2-H17 110.43 110.59 112.25 110.26 -
C3-C2-H17 111.37 111.47 110.31 111.17 -
N1-C2-H18 110.43 110.59 109.21 110.33 -
H17-C2-H18 108.36 107.57 109.84 107.79 -
C2-C3-H19 110.82 111.02 109.50 110.74 -
C4-C3-H19 110.48 110.46 109.58 109.84 -
C2-C3-H20 110.82 111.02 112.32 111.58 -
H19-C3-H20 107.95 107.13 109.85 107.47 -
C5-C4-H21 110.64 110.52 113.63 111.26 -
C4-C5-H23 112.42 111.14 108.85 109.31 -
C6-C5-H23 108.64 104.63 109.33 106.72 -
C6-N8-H24 118.31 119.13 117.47 117.25 129.5
C9-N8-H24 118.31 117.20 118.05 118.43 111.7
N8-C9-H25 106.51 106.32 109.46 108.68 -
C10-C9-H25 105.65 105.91 105.56 105.72 -
C11-C9-H25 109.32 109.62 107.32 108.09 -
C9-Ci1-H26 110.50 110.72 110.47 110.37 -
Co-C11-H27 110.49 110.24 110.33 110.33 -
H26-C11-H27 108.29 108.29 108.85 108.62 -
H26-C11-H28 108.57 108.34 108.36 108.41 -
C10-N12-H29 122.56 124.02 120.71 122.46 -
C10-N12-H30 118.25 117.68 116.67 117.45 -
H29-N12-H30 119.19 118.30 120.11 118.93 -
C14-C16-H31 110.19 110.29 109.81 110.50 -
H31-Cl16-H32 108.74- 108.63 108.56 108.14 -
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TABLE 9a. Calculated and experimental [46] dihedral angles (in degrees) for

Ac-L-Pro-D-Ala-NH, conformers.
1 2 3 4 X ray
C2-C3-C4-C5 -11.0 -71.3 -14.5 -16.5 -
C6-C5-C4-N1 -117.6 -125.5 -117.6 -117.0 -
07-C6-C5-N1 -76.8 166.4 -63.8 -61.8 -
y(Pro)=N8-C6-C5-N1 1032 -136 1162 1182 137
N8-C6-C5-07 180.0 180.0 180.0 180.0 -
o(Ala)=C10-C9-N8-C6 | 1262  -748 1170 1362 96
C11-C9-N8-C6 -108.5 54.6 120.3 -101.0 -
w(Ala)=N12-C10-C9-N8 | -9.8 9.7 882  -155.6 3
013-C10-C9-N12 180.0 180.0 180.0 180.0 -
C14-N1-C5-C2 180.0 180.0 180.0 180.0 -
H17-C2-N1-C3 -120.2 -120.6 -120.2 -120.1 -
H23-C5-N1-C4 -119.7 -119.2 120.1 -120.8 -
H25-C9-N8-C10 -114.9 -113.2 -116.3 -117.4 -

- . .
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TABLE 9b. Calculated and experimental [46] dihedral angles (in degrees) for

Ac-L-Pro-L-Ala-NH, conformers.
1 2 3 4 X ray
C2-C3-C4-C5 -16.0 -10.8 -36.0 -13.9 -
C6-C5-C4-N1 -119.4 -125.5 -121.6 -116.0 -
07-C6-C5-N1 -109.3 176.0 -41.3 -73.1 -
v(Pro)=N8-C6-C5-N1 70.7 -4.0 1405  106.9 156
N8-C6-C5-07 180.0 180.0 180.0 180.0 -
©(Ala)=C10-C9-N8-C6 | -117.7  -117.1  -1465 -173.6 66
C11-C9-N8-C6 116.7 117.4 875 15.0 -
w(Ala)=N12-C10-C9-N8 19.5 18.7 56.6 -17.3 14
0O13-C10-C9-N12 180.0 180.0 180.0 180.0 -
Cl14-N1-C5-C2 180.0 180.0 180.0 180.0 -
H17-C2-N1-C3 -120.1 -120.5 -120.2 -120.1 -
H23-C5-N1-C4 -119.7 -119.0 -116.8 -121.2 -
H25-C9-N8-C10 115.0 114.6 117.2 115.7 -
-
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Table 10a.
Net atomic charges in Ac-L-Pro-D-Ala-NH,.

1 2 3 4
-0.858756 -0.905420 -0.872732 -0.893336
-0.014747 -0.017607  -0.016505 -0.011220
-0.345468 -0.356423 -0.3379S88 -0.328927
-0.317665 -0.334753 -0.317465 -0.310725
-0.027318 0.040307 0.032232 -0.022728
0.823291 0.788358 0.773873 0.803158
-0.635780 -0.614820  -0.647591 -0.603249
-0.907493 -0.921850 -0.918355 -0.902155
-0.016883 -0.008048 -0.011871 -0.009322
0.746497 0.776822 0.732549 0.765098
-0.459590 -0.417405 -0.422385 -0.453782
-0.967080 -0.951761 -0.943878 -0.962291
-0.629799 -0.630702 -0.623745 -0.613148
0.786080 0.752202 0.785603 0.762376
-0.680389 -0.634017 -0.644511 -0.679122
-0.537069 -0.534020 -0.533154 -0.541285
0.178659 0.188482 0.177998 0.184920
0.199854 0.173880 0.190274 0.185517
0.176480 0.190168 0.187734 0.182381

.—-.—l.—-»—-'—-n—an—-v—lr—-.—-\ow\)O\(J]AbJM'—‘
\OD OO NN O bW — O

OO0O02Z
TN NI NI I NI NS E00n0Zan 0 2%200

20 0.205528 0.186807 0.173592 0.192463
21 0.179980 0.198232 0.197167 0.181324
22 0.214602 0.212403 0.209819 0.213373
23 0.222891 0.261514 0.243397 0.252935
24 0.400314 0.387049 0.391235 0.389919
25 0.273326 0.209781 0.242763 0.253572
26 0.152995 0.151856 0.156217 0.155836
27 0.173172 0.170527 0.170436 0.172638
28 0.222512 0.214943 0.20982¢ 0.223637
29 0.450454 0.436191 0.437295 0.437781
30 0.382576 0.384019 0.382661 0.379221
31 0.218909 0.225207 0.221292 0.217933
32 0.196086 0.180501 0.182424 0.183220
33 0.193829 0.197575 0.191791 0.193956

- . . . . . .
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Table 10b.

Net atomic charges in Ac-L-Pro-L-Ala-NH,.

1 2 3 4
1N -0.873291 -0.891327 -0.887216 -0.859163
2 C -0.014536 -0.017205 -0.013158 -0.015201
3C -0.346358 -0.352378 -0.316952 -0.314924
4 C -0.325197 -0.323347 -0.279410 -0.303952
5C -0.023275 0.030740 0.019537 -0.028395
6 C 0.809214 0.793582 0.784752 0.823740
70 -0.647618 -0.650201 -0.621879 -0.617228
8 N -0.925123 -0.918254 -0.893514 -0.912431
9 C -0.010344 -0.009482 -0.006918 -0.008917
10 C 0.753292 0.762213 0.779516 0.745716
11 C -0.461728 -0.417174 -0.445187 -0.427318
12 N -0.942438 -0.950612 -0.942714 -0.971264
130 -0.640517 -0.631278 -0.609381 -0.643927
14 C 0.788165 0.749291 0.721292 0.735941
150 -0.684271 -0.631355 -0.675173 -0.651294
16 C -0.531934 -0.540330 -0.544279 -0.539127
17 H 0.173728 0.184817 0.192017 0.179365
18 H 0.186283 0.178264 0.179218 0.194316
19 H 0.180225 0.189921 0.190551 0.178063
20 H 0.193929 0.188653 0.179310 0.176028
21 H 0.179331 0.194725 0.193072 0.183195
22 H 0.208941 0.214337 0.211937 0.209726
23 H 0.237458 0.258086 0.226825 0.249147
24 H 0.461826 0.384874 0.408291 0.392731
25 H 0.257613 0.210892 0.229143 0.264193
26 H 0.164284 0.152363 0.158027 0.150293
27 H 0.175610 0.171038 0.171560 0.179268
28 H 0.232790 0.224026 0.200591 0.225306
29 H 0.434925 0.448122 0.436129 0.438125
30 H 0.372419 0.378293 0.359405 = 0.364198
31 H 0.237548 0.232371 0.227332 0.223719
32 H 0.180026 0.189784 0.179248 0.192861
33 H 0.196254 0.196549 0.188023 0.187208
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The backbone conformations of the model tetramers as found by a vacuum

stand alone random sampling search/minimization procedure.

Table 11a. The cyclic tetramers containing Glu at position 4 (i+3)

position 7

Pi+1 Vi+] Pi+2 Vi+2
Dap -68.5 99.9 137.9 -40.9
Dab -41.1 124.2 105.2 -23.0
Om -49.0 117.1 82.2 -65.4
Lys -42.8 122.0 72.7 8.8

Table 11b. The cyclic tetramers containing Asp at position 4 (i+3)

position 7 Pj+] Wit+] Pj+2 Vit
Dap 652 7.8 -136.8 33.2
Dab -63.6 232 -95.0 63.9
Om -51.4 1235 85.3 833
Lys -66.1 117.8 82.0 739
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Table 12

Some distances for a type II B-turn conformation of the residue 7 to residue 10 region of
the -Factor are given. The distances are measured from 2 given Nitrogen ztom (for
instance in the first column, the N atom is the proline Nitrogen) and differen: carbon
atoms. All the distances are in A.

To understand to which carbon atom the distance is measured, view the enclosed figure
that contains 2 key. Example: the first distance in the table (5.770A in the top left comer)
is between the Pro® Nitrogen (N73) znd carbon £ 60 (the B carbon of Leu®).

Carbon Atom | Pro N (N73) Gly N (N80) Glu N (N84) Lys N (N64)
60 5.770 6.842 6.182 3.291
61 4.815 5.460 $.128 3.268
62 5.874 5.755 5.492 4740
63 3.992 5.219 5.593 3.419
65 2.483 5.106 4.930 1.454
66 1.357 3.605 3.893 2.356
68 3.257 5.725 5.276 2.467
69 4.555 7.250 6.705 3.148

| 70 5.690 8.025 7.002 3.291
71 6.763 9.332 8.392 4.206
74 1.462 2.432 4.350 4.764
75 2.528 1.345 3.307 5.233
77 2.360 3.585 5.736 5.949
78 2.358 4.826 6.644 5.659
79 1.462 4.745 5.974 4.295
81 4.749 1.460 2,432 6.477
82 5.178 2.492 1.343 6.062
85 5.554 4.124 1.456 4.856
86 6.496 4.761 2.410 5.546
88 5.136 4.750 2.429 3.611
89 6.469 6.270 3.822 4.332
90 6.552 7.091 4.936 3.740
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Annex to Table 12.
The critical region of the a-factor with the atom labels used in Table 12.
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Table 13. Comparison between the experimental and calculated interproton
distances for Tetra,,.2b

Protons ROESY-distance = MD in vacuum MD in DMSO
(A average (A)d average (A)e

Pro®CH-GlyNH 2.20 2.23 (0.05) 2.22 (0.06)
GlyNH-Gly>CHproR 2.80 2.64 (0.06) 2.65(0.07)
GlyNH-Gly>CHproS 3.10 3.02 (0.06) 3.02 (0.07)
GluNH-Gly®CHproR 2.80 2.81(0.12) 2.78 (0.07)
GluNH-Gly*CHproS 2.90 2.81(0.08) 2.79(0.10)
GlyNH-GluNH no cross peak 4.68 (0.16) 4.74 (0.18)
GluNH-Glu*CH 2.80 2.86 (0.08) 2.84 (0.07)
Lys*CH-LysBCH1 2.50 2.44 (0.19) 2.50(0.14)
Lys*CH-LysBCH2 2.62 2.98 (0.06) 3.03 (0.09)
Lys*CH-Lys*NH 2.90 2.90 (0.13) 2.96 (0.09)
Lys*CH-Pro3CH1 2.18 2.40 (0.21) 2.29 (0.20)
Lys*CH-Pro®CH?2 2.23 2.46 (0.16) 2.37(0.17)

2 Diastereotopic assignments are given as superscripts.

b rmsd value is given in parenthesis for each interproton distance obtained from

modeling for Tetra,,.

¢ Experimental data are extracted from a ROESY spectrum (100 ms) for Tetray, in

DMSO at 300 K.

d Calculated interproton distances are computed from 60 ps MD trajectories in

vacuum for Tetra,,.

¢ Calculated interproton distances are computed from 60 ps MD trajectories in

DMSO for Tetra42.
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Table 14. Comparison between the experimental and calculated interproton
distances for Tetra;,.ab

Protons ROESY-distance MD in vacuum MD in DMSO
(A) average (A)d average (A)e
ProCH-GlyNH 2.20 2.31(0.07) 2.31(0.07)
GlyNH-Gly*CHpProR 2.70 2.53 (0.06) 2.52 (0.06)
GlyNH-Gly>CHproS 2.90 2.99 (0.07) 2.98 (0.08)
GluNH-Gly*CHproR 3.10 3.19 (0.05) 3.19 (0.05)
GlyNH-GluNH 3.40 3.48 (0.10) 3.49 (0.10)
GluNH-Glu*CH 2.80 2.88 (0.07) 2.86 (0.08)
GluNH-GluPCH1 2.90 2.77 (0.08) 2.74 (0.08)
Glu*CH-GIuPCHI1 2.70 2.90 (0.05) 2.91(0.05)
GlueCH-GluvCH1 2.54 2.46 (0.10) 2.43 (0.09)
GlueCH-GlurCH2 3.00 3.12 (0.10) 3.08 (0.12)
Om®NH-GluBCH1 2.90 2.81 (0.10) 2.83 (0.10)
Om*CH-OmPCH]1 3.20 2.96 (0.07) 2.94(0.07)
Om>*CH-OrmYCH1 2.70 2.68 (0.05) 2.68 (0.09)
Om®CH-OmYCH2 2.90 3.02 (0.08) 3.02 (0.08)
Orn“CH-ProSCH1 2.20 2.27 (0.09) 2.27 (0.09)
Om*CH-ProSCH2 2.40 2.49 (0.09) 2.47 (0.10)
OmeCH-Om«NH 2.90 2.66 (0.05) 2.64 (0.06)

2 Diastereotopic assignments are given as superscripts.

b rmsd value is given in parenthesis for each interproton distance obtained from

modeling for Tetras,.

¢ Experimental data are extracted from a ROESY spectrum (100 ms) for Tetras, in

DMSO at 300 K.

d Calculated interproton distances are computed from 60 ps MD trajectories in

vacuum for Tetras,.

¢ Calculated interproton distances are computed from 60 ps MD trajectories in

DMSO for Tetras,.

i
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Table 15. Comparison between the experimental and calculated interproton
distances for Tetra,,.2.b.c

Protons ROESY-distance MD in vacuum MD in DMSO

(A)d average (A)° average (A)f
Pro“CH-GlyNH 2.19 2.19(0.08) 2.18 (0.08)
GlyNH-Gly>CHproR 2.44 2.22 (0.08) 2.20 (0.08)
GlyNH-Gly*CHproS 3.31 2.96 (0.07) 2.99 (0.06)
GluNH-Gly*CHproR 3.06 3.24 (0.06) 3.25 (0.07)
GluNH-Gly=CHproS 4.26 3.95 (0.04) 3.90 (0.05)
GlyNH-GIuNH 2.69 2.76 (0.10) 2.77 (0.10)
GluNH-GlueCH 2.97 2.99 (0.05) 3.00 (0.06)
GluNH-GlurCH2 3.49 3.34(0.07) 3.35 (0.08)
GlueCH-GluCH1 2.38 2.53 (0.07) 2.53 (0.07)
GlueCH-Glu*CH?2 2.78 2.68 (0.08) 2.78 (0.10)
Dab"NH-DabYCH1 2.54 2.47(0.08) 2.46 (0.08)
Dab’NH-DabBCH1 2.28 2.29 (0.07) 2.31 (0.08)
Dab*CH-DabBCH?2 2.62 2.88 (0.04) 2.88 (0.04)
Dab*CH-DabeNH 3.26 3.03 (0.04) 3.57(0.12)
Dab*CH-ProdCH1 2.18 2.19 (0.13) 2.25 (0.14)
Dab*CH-ProdCH?2 2.23 2.40 (0.16) 2.37(0.07)

3 Major conformer

b Diastereotopic assignments are given as Superscripts.
¢ rmsd value is given in parenthesis for each interproton distance obtained from

modeling for Tetra,,.

d Experimental data are extracted from a ROESY spectrum (100 ms) for Tetra,, in

DMSO at 300 K.

¢ Calculated interproton distances are computed from 60 ps MD trajectories in

vacuum for Tetra,,.

f Calculated interproton distances are computed from 60 ps MD trajectories in

DMSO for Tetra;,.
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Table 16. Comparison between the experimental and calculated interproton
distances for Tetra,.abc

Protons ROESY-distance ~ MD in vacuum MD in DMSO

(A)d average (A)e average (A)f
Pro*CH-GlyNH 2.65 2.54 (0.04) 2.54 (0.05)
GlyNH-Gly*CHproR 2.72 2.56 (0.04) 2.57 (0.05)
GlyNH-Gly*CHproS 2.78 2.87 (0.04) 2.86 (0.05)
GluNH-Gly>CHproR 3.17 3.23 (0.05) 3.18 (0.07)
GluNH-Gly>*CHproS 3.28 3.26 (0.06) 3.29(0.07)
GlyNH-GluNH 2.70 2.69 (0.07) 2.69 (0.08)
GluNH-Glu*CH 291 2.87 (0.05) 2.86 (0.05)
GluNH-GIuYCH2 2.76 2.82 (0.06) 2.97 (0.08)
Glu*CH-GluBCH]1 2.39 2.70 (0.04) 2.73 (0.05)
Glu*CH-GluBCH?2 3.41 3.13 (0.04) 3.11 (0.06)
Glu*CH-GlurCH]1 257 2.71 (0.04) 2.69 (0.06)
Glu«CH-GluYCH?2 2.94 2.73 (0.04) 2.75 (0.06)
DprPNH-GluvCH]1 2.73 2.80 (0.05) 2.86 (0.12)
DprNH-GlurCH2 3.14 3.11 (0.04) 3.20 (0.12)
DprBNH-DprBCHproR 2.93 2.77 (0.04) 2.80 (0.05)
Dpr>CH-DprBCHproS 2.38 2.40 (0.06) 2.37 (0.07)

& Major conformer

b Diastereotopic assignments are given as superscripts.

¢ rmsd value is given in parenthesis for each interproton distance obtained from
modeling for Tetra,,.

d Experimental data are extracted from a ROESY spectrum (100 ms) for Tetra;, in
DMSO at 300 K. :

¢ Calculated interproton distances are computed from 60 ps MD trajectories in
vacuum for Tetra,.

f Calculated interproton distances are computed from 60 ps MD trajectories in
DMSO for Teﬁalz.
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Table 17. Comparison between the experimental and calculated interproton
distances for Tetray;.2.b
Protons ROESY-distance MD in vacuum MD in DMSO
(A) average (A)d average (A)e
Pro*CH-GlyNH 2.29 2.29(0.10) 2.26 (0.05)
GlyNH-Gly>CHproR 2.35 2.26 (0.07) 2.28 (0.06)
GlyNH-Gly*CHproS 2.45 2.63 (0.06) 2.61 (0.05)
AspNH-Gly*CHproR 2.79 2.96 (0.09) 2.91(0.07)
AspNH-Gly*CHproS 2.82 3.00 (0.06) 3.03 (0.05)
GlyNH-AspNH 2.80 2.79 (0.10) 2.83 (0.09)
AspNH-Asp*CH 2.72 2.81(0.16) 2.67 (0.08)
LyseNH-LysYCH1 2.57 2.42(0.21) 2.62(0.12)
LyseNH-Lys'CH2 2.89 3.17 (0.06) 3.13 (0.06)
Lys*CH-LysYCH1 2.82 2.81(0.16) 2.91(0.16)
Lys®CH-LysYCH2 2.10 2.44 (0.09) 2.43 (0.13)
Lys*CH-Pro8CH]1 222 2.46 (0.20) 2.35(0.16)
Lys*CH-ProSCH2 2.19 2.42(0.21) 2.31(0.18)

2 Diastereotopic assignments are given as superscripts.

b rmsd value is given in parenthesis for each interproton distance obtained from
modeling for Tetray;.

¢ Experimental data are extracted from a ROESY spectrum (100 ms) for Tetra,; in
DMSO at 300 K.

d Calculated interproton distances are computed from 60 ps MD trajectories in
vacuum for Tetray;.

¢ Calculated interproton distances are computed from 60 ps MD trajectories in
DMSO for Tetray,.
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Table 18. Comparison between the experimental and calculated interproton
distances for Tetra;;.2.b

Protons ROESY-distance MD in vacuum MD in DMSO
(A) average (A)d average (A)e
Pro*CH-GlyNH 2.41 2.37 (0.07) 2.32 (0.08)
GlyNH-Gly*CHproR 2.56 2.33 (0.09) 2.29 (0.11)
GlyNH-Gly>CHproS 2.62 2.94 (0.06) 2.93 (0.07)
AspNH-GlyCHpros 2.62 2.67 (0.16) 2.69 (0.19)
AspNH-Gly=CHproR 3.06 3.50 (0.09) 3.54 (0.09)
GlyNH-AspNH 3.30 3.36 (0.07) 3.42 (0.07)
AspNH-Asp*CH 2.47 2.60 (0.05) 2.63 (0.06)
AspNH-AspBCHproR 2.61 2.43 (0.05) 2.44 (0.06)
AspNH-AspBCHproS 3.20 3.41 (0.05) 3.43 (0.05)
Orm®NH-AspeCH 3.47 3.59 (0.07) 3.57 (0.08)
OmSNH-AspBCHproR 2.43 2.40 {C.09) 2.44 (0.10)
Om3NH-AspBCHPproS 2.92 3.22 (0.06) 3.21 (0.05)
Om3NH-Om3CH1 2.56 2.47 (0.08) 2.45 (0.07)
OmSNH-Orm3CH2 2.79 2.94 (0.07) 2.92 (0.06)
OmNH-OrnYCH1 3.65 3.52 (0.08) 3.54 (0.07)
Orm®NH-OmYCH2 3.90 4.04 (0.05) 4.06 (0.05)
Om*CH-OmYCH]1 2.78 3.13 (0.04) 3.16 (0.04)
Om*CH-OrnCH?2 2.28 2.17 (0.06) 2.18 (0.07)
Om*CH-Om3CH2 3.13 3.26 (0.06) 3.27 (0.06)
Om*CH-OrnNH 2.99 2.93 (0.08) 2.99 (0.10)

2 Diastereotopic assignments are given as superscripts.

b rmsd value is given in parenthesis for each interproton distance obtained from
modeling for Tetras;.

¢ Experimental data are extracted from a ROESY spectrum (100 ms) for Tetras; in
DMSO at 300 K.

d Calculated interproton distances are computed from 60 ps MD trajectories in
vacuum for Tetra;;. '

¢ Calculated interproton distances are computed from 60 ps MD trajectories in
DMSO for Tetra;,.
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Table 19. Comparison between the experimental and calculated interproton
distances for Tetra,;.abc

Protons ROESY-distance =~ MD in vacuum MD in DMSO
(A)d average (A)e average (A)f

Pro“CH-GlyNH 234 2.23 (0.06) 2.24 (0.06)
GlyNH-Gly*CHproS 2.52 2.88 (0.08) 2.81 (0.08)
AspNH-GlyeCHpros 3.53 3.26 (0.13) 3.52 (0.09)
AspNH-GlyeCHproR 3.10 3.23 (0.18) 2.96 (0.18)
GlyNH-AspNH 2.85 2.87 (0.09) 2.84 (0.09)
AspNH-Dab'NH 3.08 3.15 (0.08) 3.08 (0.10)
Asp*CH-DabYNH 3.07 3.35 (0.04) 3.35(0.04)
Dab"NH-DabtCH1 2.57 2.41 (0.04) 2.43 (0.04)
Dab’NH-DabYCH2 2.62 2.75 (0.05) 2.74 (0.05)
DabYNH-Dab8CH]1 2.95 3.14 (0.05) 3.16 (0.04)
Dab7NH-DabBCH2 3.19 3.48 (0.05) 3.42 (0.05)
DabsCH-DabBCH1 2.27 2.21 (0.07) 2.15 (0.05)
DabCH-DabBCH2 2.32 2.48 (0.18) 2.51 (0.04)
Dab«CH-DabYCH1 4.14 3.92 (0.05) 3.90 (0.04)
DabeCH-Dab'CH2 2.91 3.21 (0.04) 3.19 (0.04)
Dab®CH-Pro®CH1 2.25 2.48 (0.09) 2.39 (0.09)
Dab*CH-ProSCH?2 2.40 2.52 (0.21) 2.79 (0.13)
Dab*CH-DabeNH 2.89 2.84 (0.06) 2.86 (0.06)
DabeNH-DabBCH1 2.40 2.58 (0.14) 2.41 (0.15)
Dab*NH-DabBCH2 3.23 3.56 (0.09) 3.59 (0.09)

a Major conformer
b Diastereotopic assignments are given as superscripts.

© rmsd value is given in parenthesis for each interproton distance obtained from
modeling for Tetra,;.

d Experimental data are extracted from a ROESY spectrum (100 ms) for Tetra,; in
DMSO at 300 K.

¢ Calculated interproton distances are computed from 60 ps MD trajectories in
vacuum for Tetra,;.

f Calculated interproton distances are computed from 60 ps MD trajectories in
DMSO for Tetra,;.
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Table 20. Comparison between the experimental and calculated interproton
distances for Tetra;;.&b.

Protons ROESY-distance ~ MD in vacuum MD in DMSO

(A)d average (A)e average (A)f
Pro>CH-GlyNH 2.48 2.37 (0.06) 2.34 (0.07)
AspNH-GlyeCHproR 3.10 3.30 (0.05) 3.32 (0.07)
AspNH-GlyeCHproS 3.47 3.71 (0.05) 3.71 (0.06)
GlyNH-AspNH 2.84 2.81 (0.10) 2.88 (0.11)
AspNH-AspeCH 2.88 2.95 (0.04) 2.96 (0.05)
AspNH-AspPCHproR 3.18 3.02 (0.05) 3.03 (0.08)
AspNH-AspBCHproS 3.76 3.61 (0.05) 3.65 (0.07)
Asp®CH-AspBCHproR 232 2.34 (0.05) 2.33 (0.08)
Asp*CH-AspBCHproS 2.39 2.53 (0.05) 2.51 (0.06)
DprBNH-AspBCHproR 2.50 2.36 (0.06) 2.33 (0.06)
DprBNH-AspBCHproS 2.60 2.70 (0.05) 2.69 (0.07)
DprBNH-DprBCHproS 2.62 2.50 (0.05) 2.50 (0.06)
DprBNH-DprBCHproR 2.70 2.90 (0.04) 2.93 (0.05)
DprBNH-DpreCH 2.79 2.94 (0.07) 2.85 (0.10)
DpreCH-Pro3CH1 2.21 2.32 (0.16) 2.27 (0.16)
DprCH-ProdCH?2 2.24 2.39 (0.13) 2.40 (0.13)

2 Major conformer

b Diastereotopic assignments are given as superscripts.
¢ rmsd value is given in parenthesis for each interproton distance obtained from

modeling for Tetra,;.

d Experimental data are extracted from a ROESY spectrum (100 ms) for Tetra;; in

DMSO at 300 K.

¢ Calculated interproton distances are computed from 60 ps MD trajectories in

vacuum for Tetra,;.

f Calculated interproton distances are computed from 60 ps MD trajectories in

DMSO for Tetra,;.
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Table 21. Temperature coefficients of NH protons (defined as -AS/AT and
measured in ppb/K) of cyclic peptides Tetraqy to Tetrayy in DMSO-dg.

Amide Proton aNH() ONH()  ONH(i+2)  ONH(i+3)
Tetragy 7.02 5.89 3.14 4.80
Tetrazp 7.44 2.28 6.76 0.90
Tetray, 7.44 5.71 7.57 -1.80
Tetrajy 4.40 3.99 0.82 0.22
Tetrag? 5.91 3.33 5.63 0.72
Tetra3q¥ 530 540 3.45 2.65
Tetrasg 4.54 3.72 4.04 -1.40
Tetrajq 415 3.10 3.40 -0.90

Amajor conformer
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Table 23. Comparison between the ROE distance values and the simulated

average distance values.

root mean-square deviation, (A/distance)

tetrapeptide 1n vacuum in DMSO
Tetragy 0.050 0.047
Tetraz) 0.031 0.033
Tetrayy? 0.024 0.026
Tetrayy? 0.033 0.037
Tetragy 0.052 0.043
Tetrazy 0.029 0.029
Tetraz @ 0.036 0.039
Tetraj9 0.029 0.027

Amajor conformer

1
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Table 24. 3Jyzy_cayy coupling constants (Hz), backbone dihedral angles (°) calculated from

coupling constants and dihedral angles (°) extracted from 60 ps MD trajectories in DMSO for
Tetray, to Tetra;,

Peptide Residue 37 HNCEH? ¢ calcb ¢ model¢
Tetray, Gly (WH, CeH) 11 54,135, -54, -135 108 (21)
Lys (MeH, CeH) 10.4 50, 139, -50, -139 -32(7)
Lys (NH, C2H) 7.9 43,71, -87, -153 -106 (12)
Glu (NH, CoH) 9.2 -95, -145 -153 (19)
Tetra;  Gly (VH, C=H) 11.4 56, 132, -56, -132 81 (8)
Om (N3H, CSH) 10.1 49, 141, -49, -141 101 (10)
Orn (NH, CoH) 6.9 33, 87, -80, -160 92 (14)
Glu (NH, CoH) 9.4 .97, -143 .52 (7)
Tetray,© Gly (NH, CeH) 10.8 53, 136, -53, -136 87 (9)
Dab (NYH, CH) 11.85 39, 129, -59, -129 -89 (10)
Dab (NH, C2H) 7.6 40, 80, -85, -155 -96 (13)
Glu (NH, C=H) 9.9 -101, -139 2106 (9)
Tetra,,¢ Gly (VH, C=H) 11.9 59, 129, -59, -129 68 (10)
Dpr (NBH, CBH) 12.4 63, 125, -63, -125 96 (16)
Dpr (NH, CeH)  NAd
Glu (NH, CeH) 8.6 54, 66, -91, -149 -102 (24)
Tetray Gly (NH, C=2H) 11.1 . 54,134, -54, -134 53 (9)
Lys (MeH, CeH) 11 54,134, -54, -134 -160 (17)
Lys (NH, C=H) 7.9 42,78, -87, -153 -74 (24)
Asp (NH, CeH) 8.1 44,76, -88, -152 -44 (14)
Tetray, Gly (VH, C2H) 10.9 53, 136, -53, -136 80 (9)
Orn (N8H, CSI'I) 11.6 57,131, -57, -131 -86 (11)
Orn (NH, CeH) 1.7 41,79, -86, -154 60 (8)
Asp (NH, CeH) 7.7 41,79, -86, -154 -66 (7)
Tetray®  Gly (VH, C=H) 11.9 59, 129, -59, -129 67 (9)
Dab (N1H, CH) 10.8 53, 136, -53, -136 180 (3)
Dab (NH, C>H) 8.4 49, 71, -90, -150 -71 (10)
Asp (NH, CoH) 7.3 37, 83, -83, -157 -136 (15)
Tetra;© Gly (NH, C=H) 11.5 57,132, -57, -132 72 (10)
Dpr (NBH, CBH) 11.3 56, 133, -56, -133 -76 (6)
Dpr (NH, C2H) 83 48, 72, -90, -150 -100 (11)
Asp (NH, C2H) 8.2 46, 74, -88, -152 -95 (9)

2 Experimental value extracted from 1D spectrum in DMSO-dg at 300K.

b( Possible values for the peptide backbone angles ¢ (°) from Bystrov's Karplus equations; for Glycyl and side

chain NHs T(Jyy cap) = -9.4 c0s? -1.1 cosd + 14.9 and for others Cnn.con) = 9.4 cos?0 -1.1 cosd + 0.4.

¢ Average dihedral angles from 60 ps constrained MD in DMSO & rmsd values are given in parentheses.
No experimental value due to signal overlap. ~ € Major conformer
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Table 25 IH Assignments for the cyclic [Dab?, Glul0, NlelZjo-factor (C22) in
DMSO-dg (25 ©C)
oNH oaCH BCH vyCH 6CH eCH yNH others
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Trp! 405  3.14, NI 10.92
2.98 C27.15
C417.57
C5 6.81
C6 7.00
C717.35
His2 8.88 4.67 3.06 C28.68
C417.29
Trp3  8.27 462  3.19, N1 10.82
2.96 C27.17
C4 7.66
C5 6.98
C67.05
C717.32
Leut 844 4.36 1.49 1.61 0.85
Gln®> 800 428 1.88, 2.10 : NH, 6.76
1.76 7.23
Les® 780 4.26 1.39 1.56 0.83
1.32
Dab? 841 4.60 1.88 3.62 7.23
166  2.64
Pro8 4.35 212, 184 3.99
1.93 3.74
Gly?  9.02 3.69
3.59
Glul0 647 4.55 1.46 1.95
Proll 433 1.98 1.76 3.52
1.86
Niel2 799 4.11 1.61 1.44 1.24 0.85
Tyrl3 786 433 2.92 C2,6 7.66
2.77 C3,5 6.97
OH 9.16

|
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Table 26 IH Assignments of constrained region for the cyclo?-10 [Xxx7, Glul0,

Nlel2ja-factor analogs in DMSO-dg (25 °C)

oNH oCH BCH yCH 5CH eCH oNH
(ppm)  (ppm) (ppm)  (ppm)  (ppm)  (ppm) (ppm)
C42
Lys? 7.98 4.52 1.71 1.40 1.31 3.22, 7.58
1.55 2.89
Pro8 430 2.00 1.85 3.69
3.56
Gly9 7.77 3.67
Glul0 794 4.55 1.52 2.09,
1.98
C32
Om’ 8.23 4.4] 1.76 1.32 2.96 7.04
1.50
Pro8 432 2.03 1.84 3.80
3.54
Gly® 7.96 3.73
3.60
Glul0 750 4.62 1.99 2.15
1.57
C12
Dpr’ 7.87 4.59 3.44 7.40
3.59
Pro8 4.29 2.09 1.74 3.62
1.90
Gly? 8.15 3.86
3.56
Glul®  6.69 4.56 1.77 2.35
1.99
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Table 27. Temperature coefficients of NH protons (-AS/AT ppb/K) of
cyclic peptides C42 to C12 in DMSO-dg

Amide Proton C42 C32 C22 C12
His2aNH 7.2 4.7 4.5 4.7
Trp3 aNH 6.1 3.9 3.8 4.0
LeutaNH 114 7.0 6.5 7.3
GlndaNH 6.5 4.0 na 4.0
LeuSaNH 6.9 na 4.0 6.4
Xxx7aNH 6.3 6.7 6.0 na
GlySaNH 3.1 5.9 5.8 3.4
Glul0aNH 6.3 0.06 1.78 0.5
Nlel2aNH 6.2 na' na na
TyrB3aNH 9.6 na 5.96 5.8

na not available due to signal overlap
Xxx in C42, C32, C22, & C12 are Lys, Om, Dab, & Dpr respectively

1 . o
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Table 29. Comparison between the experimental and calculated interproton
distances for C32
Protons NOESY-distance MD in DMSO

(A average (A)°

Trp'C°H His’NH 2.02 2.09 (0.09)
Trp'CPH His’NH 2.38 2.53 (0.11)
Trp' CPH2 His’NH 221 2.20 (0.06)
Trp'C H His’NH 3.36 3.63 (0.14)
His’NH His’C*H 2.64 2.59 (0.05)
His’NH Trp’NH 3.01 2.97 (0.06)
His’C*H Trp’NH 1.96 2.12 (0.05)
Trp’NH Leu*NH 2.50 2.72 (0.06)
Trp’C*H Leu"NH 1.98 2.03 (0.09)
Trp’CPHn Leu'NH 2.60 2.76 (0.04)
Trp°’CPH2 Leu"NH 2.79 2.89 (0.07)
Leu*C*H GIn°NH 1.83 2.01 (0.09)
Leu*C*H Leu'NH 2.60 2.70 (0.04)
Leu*NH GIn’NH 1 2.64 2.47 (0.06)
GIn’NH Leu’NH 2.14 2.23 (0.09)
Gin’CPH: Leu®NH 2.62 2.77 (0.05)
GIn’C'He LeuNH 3.60 3.83 (0.11)
Leu’NH Om’NH 2.76 2.62 (0.06)
Leu®C°H Om’NH 1.98 1.97 (0.05)
Om’NH Om'C°H 2.43 2.40 (0.08)
Om’NH Om’C’H: - 2.44 2.29 (0.06)
Om'NH Om’CPH> 2.68 2.56 (0.12)
Om’NH Ormn’CYHe 2.54 2.62 (0.07)
Om’C*H Oom’CPH, 2.11 2.10 (0.10)
Om’C°H Orn’CPH2 2.35 2.43 (0.04)
Om’C°H Pro’C°H\ 2.12 2.20 (0.05)
Om’C*H Pro’C°H: 2.18 2.26 (0.08)
Om'N°H om’C’H, 3.11 3.23 (0.08)
Om'N°H Om’C'He 2.70 2.59 (0.07)
Om'N°H Ormn’CPHe 2.32 2.40 (0.06)
Om'N°H Glu'°C?He 2.30 2.18 (0.11)
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Continuation of Table 29

Om'N°H

Glu'’CPH,

2.17 2.26 (0.04)

Om'N°H Glu'°CPx; 2.44 2.32 (0.08)
Pro’C*H Gly'NH 1.97 2.04 (0.06)
Gly’NH Glu"'NH 2.78 2.55 (0.05)

Gly’NH Gly’C®H: 2.54 2.47 (0.12)

Gly’NH Gly’C°Ha 2.75 2.84(0.13)

Gly’C°Hi Glu'NH 2.44 2.33 (0.07)
Gly’C*H2 Glu'NH 2.33 2.36 (0.04)
Glu'°C°H Glu"NH 2.80 2.92 (0.17)
Glu'"'NH Glu'"’CPay 2.63 2.51 (0.09)
Gl''NH Glu'°CPa 2.66 2.74 (0.04)
Glu'°NH Glu'°C?He 3.13 3.30 (0.16)
Glu'°C*H Glu'°C'He 2.71 2.70 (0.05)
Nle'*C*H Nle'?CPH, 3.00 2.88 (0.07)
Nle2CcoH Nle'*’C*H, 3.48 3.36 (0.11)
Tyr*CH Tyr*CPHy 2.54 2.65 (0.06)
TyrC°H TyrCPH: 2.84 2.77 (0.07)
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* Experimental data are extracted from a NOESY spectrum (250 ms) in DMSO-dg.

® Calculated interproton distances are computed from 200 ps MD trajectories in DMSO
&

rmsd values of the two thousand structures obtained during dynamics are given in
parentheses.

¢ Distance involving a pseudoatom.

- l . . . . . .
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Table 30. Comparison between the experimental and calculated interproton

distances for C42
Protons NOESY-distance MD in DMSO
A average (A)°
Trp'C*H His’NH 2.09 2.06 (0.04)
Trp'CPH: His’NH 2.47 2.44 (0.08)
Trp'CPH:2 His’NH 2.30 2.39 (0.09)
Trp'C,H His’NH 3.22 3.34 (0.12)
His’NH His’C*H 2.83 2.79 (0.05)
His’NH Trp’NH 2.44 2.47 (0.04)
His’C*H Trp’NH 2.02 2.08 (0.06)
His’C°H Trp°CH 3.06 2.99 (0.08)
Trp’NH Leu*NH 2.67 2.63 (0.05)
Trp°C°H Leu"NH 1.99 2.02 (0.04)
Trp’CPH Leu*NH 2.71 2.76 (0.09)
Trp’CPHI Leu"NH 2.74 2.83 (0.07)
Leu*C*H GIn’NH 2.13 2.28 (0.05)
Leu*C®H Leu'NH 2.82 2.79 (0.11)
Leu*NH Gin’NH 2.69 2.81 (0.10)
GIn’NH Leu’NH 2.37 2.36 (0.08)
GIn’CPH: LeuNH 2.47 2.40 (0.05)
GIn’C*H: Leu’NH 2.61 2.70 (0.09)
Leu®NH Lys'NH 2.74 2.68 (0.07)
Leu’C°H Lys'NH 2.20 2.11 (0.07)
Lys'NH Lys' C*H 2.76 2.84 (0.09)
Lys'NH Lys' CPH1 2.42 2.31 (0.08)
Lys'NH Lys C°H2 2.88 2.69 (0.15)
Lys'C*H Lys CPH\ 2.53 2.49 (0.09)
Lys'C°H Lys'CPH: 2.58 2.71 (0.11)
Lys'C°H Lys CTH< 2.81 2.72 (0.08)
Lys'C*H Lys C°He 2.92 3.03 (0.14)
Lys'N°H Lys CTHe 2.53 2.68 (0.07)
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Lys'N°H
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Lys C°He 2.56 2.45 (0.04)

Lys'N°H Lys'C*H1 2.31 2.26 (0.06)
Lys'N°H Glu'°CPHe 2.59 2.67 (0.08)
Lys'N°H Glu'°CH 2.17 2.21(0.04)
Lys'N°H Glu'°C'H: 2.28 2.34 (0.06)
Lys'C°H Pro’C’Hi 2.10 2.09 (0.05)
Lys'C°H Pro’C°H> 2.26 2.37 (0.06)
Pro®C°H Gly’NH 2.21 2.28 (0.05)
Gly’NH Glu''NH no cross peak 4.59 (0.11)

Gly’NH Gly’C*H\ 2.28 2.33 (0.09)

Gly’NH Gly’C°H: 2.43 2.39 (0.08)

Gly’C*H: Glu''NH 2.39 2.34 (0.04)
Gly’C*H: Glu'°NH 2.72 2.78 (0.06)
Glu'°C*H Glu'°NH 2.93 2.86 (0.11)
Glu''NH Glu'°CPh- 2.64 2.57 (0.07)
Glu''NH Glu'°C'H: 2.84 2.70 (0.10)
Glu'C*H Glu'°CPAre 2.74 2.86 (0.09)
Glu'°C*H Glu'°C"H 2.44 2.58 (0.05)
Glu'°C°H Glu'°C"Ha 2.52 2.58 (0.08)
Nle'*C*H Nle’NH 2.80 2.72 (0.06)
Nle'*C°H Nie'2CPH) 2.32 2.36 (0.05)
Nie'*C°H Nle'*CPH: 2.59 3.52 (0.10)
Tyr*C°H TyrCPa 2.49 2.71 (0.07)

* Experimental data are extracted from a NOESY spectrum (250 ms) in DMSO-dq.
® Calculated interproton distances are computed from 200 ps MD trajectories in DMSO &

rmsd values of the two thousand structures obtained during dynamics are given in parentheses.
¢ Distance involving a pseudoatom.
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Table 31. Comparison between the experimental and calculated interproton

distances for C22
Protons NOESY-distance MD in DMSO
(A)* average (A)°
Trp'C°H His’NH 2.07 2.11(0.04)
Trp'C*H Trp'C,H 3.06 3.19(0.11)
Trp'C,H His’NH 3.98 3.79 (0.08)
His’NH His’C*H 2.81 2.64 (0.09)
His’NH Trp’NH 3.25 3.36 (0.09)
His’NH His’CPHre 2.71 2.88 (0.04)
His’C*H His’CPRe 2.22 2.08 (0.08)
His’C*H Trp’NH 2.03 2.14 (0.06)
Trp’NH Trp’C*H 2.55 2.46 (0.06)
Trp°NH His’CPHe 2.77 2.82 (0.05)
Trp’C°H Trp’CH 3.13 3.01 (0.09)
Trp’NAH Leu*NH 2.91 2.88 (0.06)
Trp’C*H Leu*NH 2.05 2.06 (0.08)
Trp’C*H Leu‘C*H 2.93 2.77 (0.07)
Leu‘C*H GIn’NH 2.06 2.01 (0.04)
Leu*C*H Leu'NH 2.80 2.69 (0.10)
Leu*NH GIn’NH 2.90 2.76 (0.07)
Leu*NH Leu‘C'H 2.98 2.84 (0.11)
Leu*'NH Leu‘CPHre 2.51 2.61 (0.06)
Leu*C*H Leu‘CPHe 2.45 2.41 (0.06)
GIn’NH Gln’C*H 2.27 2.20 (0.07)
GIn’NH Gln’CTHe 3.38 3.32(0.15)
GIn’C°H GIn’C'He 2.83 2.77 (0.04)
GIn’C'He Leu’NH 3.40 3.53 (0.10)
Leu*NH Leu’C'H 2.81 2.70 (0.08)
Leu’NH Dab’NH 3.34 3.10 (0.08)
Leu’CoH Leu®’C'H 3.02 2.97 (0.07)
Leu’CH Dab’NH 2.10 1.98 (0.04)
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Continuation of Table 31

Leu®CH Dab’C°H 3.24 3.39 (0.09)
Dab’NH Dab’C*H 2.70 2.63 (0.05)
Dab’N'H Dab’C°H 3.75 3.61(0.11)
Dab’N'H Glu'*NH 3.82 3.90 (0.05)
Dab’N'H Glu'°C°H 4.17 4.33 (0.11)
Dab’N'H Glu'°C'He 2.12 2.19 (0.04)
Dab’N'H Glu'°CPrre 3.24 3.11 (0.08)
Pro’C°H Gly’NH 2.07 2.08 (0.09)
Gly’NH Glu'"NH 2.58 2.51(0.04)
Gly’NH Gly’C*Hi 2.18 2.29 (0.07)
Gly’NH Gly’C°H: 2.42 2.56 (0.09)
Gly’C*H Glu''NH 2.90 2.79 (0.11)
Gly’C*Ha Glu'°NH 3.14 3.20 (0.14)
Glu'°C*H Glu'°NH 2.72 2.89 (0.12)
Glu'°NH Glu'°CPAe 2.57 2.51 (0.09)
Glu'°NH Glu'°C'H¢ 2.64 2.53 (0.09)
Glu'°C°H Glu'°CPHe : 3.07 2.98 (0.08)
Glu'°C°H Glu'°C'He 2.20 2.34 (0.10)
Glu'°C*H Pro'!C®Hc 2.14 2.23 (0.06)
Pro''C*H Nle'2NH 2.04 1.99 (0.08)
Nle'>C*H Nle'’NH 2.86 2.79 (0.05)
Nle'’NH Nle'*CPHe 3.24 3.11 (0.07)
Nle’NH Nle'*C'He 3.73 3.89 (0.18)
Nle'*C*H Nle'2CPre 3.23 3.41(0.10)
Nie'’C°H Nle'*CtHe 3.99 3.78 (0.12)
Nle"’NH ' Tyr*NH 2.85 2.71 (0.05)
Nie'’C°H Tyr>NH 2.27 2.18 (0.07)
Nie’CPre Tyr>NH 3.48 3.34 (0.09)
Tyr"NH Tyr’C°H 2.66 2.57 (0.04)

* Experimental data are extracted from a NOESY spectrum (250 ms) in DMSO-d.

® Calculated interproton distances are computed from 200 ps MD trajectories in DMSO &
rmsd values of the two thousand structures obtained during dynamics are given in parentheses.
© Distance involving a pseudoatom.
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Table 32. Comparison between the experimental and calculated interproton

distances for C12
Protons NOESY-distance MD in DMSO
(A)* average (A)°
Trp'C*H Trp'CPH 2.55 2.49 (0.04)
Trp'C°H Trp'CPH: 2.14 2.27 (0.06)
Trp'C°H His’NH 2.00 2.01 (0.06)
His’NH Trp’NH 3.19 3.11 (0.08)
His’C*H His’CPre 2.18 2.23 (0.04)
Trp’NH Trp’CPH: 2.07 2.21 (0.05)
Trp’NH Trp’CPH:2 2.56 2.48 (0.07)
Trp°C°H Trp’CPH: 2.30 2.30 (0.09)
Trp’C°H Trp’CPH, 2.30 2.36 (0.06)
Trp’NH Leu*NH 2.54 2.62 (0.08)
Trp’C*H Leu*'NH 1.92 2.03 (0.06)
Trp’CPHI Leu*NH 2.74 2.81 (0.05)
Trp’CPH: Leu*NH 2.62 2.68 (0.10)
Leu'C*H Leu*NH 2.67 2.83 (0.09)
Leu*NH GIn’NH 2.72 2.74 (0.06)
Leu*NH Leu*C'H 2.65 2.70 (0.09)
Leu*NH Leu‘CPHe 2.27 2.35(0.05)
Leu*C°H Leu*CPHe 2.49 2.37 (0.07)
Leu“CPHc GIn’NH 2.50 2.46 (0.08)
GIn°NH GIn’CPHy 2.75 2.79 (0.09)
GIn’NH GIn’CPHa 3.00 3.07 (0.05)
GIn’°NH GIn’C'He - 290 2.81(0.09)
GIn’CPH: Leu’NH 2.75 2.88(0.11)
GIn’CPH: Leu®NH 3.00 2.99 (0.08)
GIn’CHe Leu*NH 2.92 3.07 (0.06)
Leu’NH Leu®CPHe 2.24 2.42 (007)
LeuNH Leu’C'H 2.79 2.66 (0.05)
Leu’NH Dpr'NH 2.28 2.29 (0.05)
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Leu®C°H

Leu®CPHe 2.81 2.78 (0.04)
Leu®CPHcC Dpr'NH 2.79 2.92(0.11)
Dpr'NH Dpr'C°H 3.00 2.83 (0.011)
Dpr'N'H Dpr'C°H 3.43 3.57(0.05)
Dpr'N'H Dpr'NH 2.97 2.88 (0.10)
Dpr'C°H Pro®CPHE 2.00 2.05 (0.04)
Dpr'N'H Glu'°NH 3.87 3.92 (0.08)
Dpr'N'H Glu'’CPHe 2.56 2.46 (0.04)
Pro’C*H Gly’NH 2.40 2.46 (0.06)
Gly’NH Glu'°NH 2.73 2.59 (0.05)
Gly’NH Gly’C*H\ 2.46 2.35 (0.09)
Gly’NH Gly’C°H: 2.46 2.51 (0.08)
Glu''NH Glu'°c*H 3.18 3.30 (0.07)
Glu'°NH Glu'°CPHre 2.70 2.69 (0.09)
Glu''NH Glu'°C"Hy 3.70 3.49 (0.15)
Glu'°C*H Glu'°CPHe 2.70 2.84 (0.07)
Ghu'°C*H Glu'°C"H: 3.18 3.04 (0.13)
Gl'’C*H Glu'°C'Ha 2.50 2.62 (0.07)
Nle'>C*H Tyr’NH 2.43 2.55 (0.08)
Tyr*NH Tyr*C°H 2.27 2.40 (0.09)
Nie'’C°H Tyr*C*H 2.33 2.41 (0.07)
Tyr*C*H Tyr CPH: 2.79 2.83 (0.05)
Tyr*NH Tyr*CPHI 3.04 3.16 (0.06)
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* Experimental data are extracted from a NOESY spectrum (250 ms) in DMSO-dg.

® Calculated interproton distances are computed from 200 ps MD trajectories in DMSO
& .

rmsd values of the two thousand structures obtained during dynamics are given in
parentheses.

¢ Distance involving a pseudoatom.
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Table 33. 3Jyp_cay coupling constants (Hz), backbone dihedral angles (°) calculated from
coupling constants and dihedral angles (°) extracted from 200 ps MD trajectories in DMSO for
for cyclic lactam containing at-factor analogs.

Peptide Residue 3TN CO R ¢ calcb & model®
C42 Gly (NH, CeH) 9.1 43,148, -43, -148 165 (9)
Lys (MVeH, CeH) 10.8 53, 136, -53, -136 -129 (13)
Lys (NH, C=H) 7.4 38, 82, -84, -156 -144 (18)

Glu (NH, C=H) 5.9 26, 94, -75, -164 47 (8)

C32 Gly (NH, CH) NAd - 87 (10)
' Orn (N®H, C3H) 10.4 50, 139, -50, -139 160 (17)
Om (NH, CeH) 5.7 24, 96, -74, -166 -53 (11)

Glu (NH, CeH) 8.9 -94, -147 71 (7)

C22 Gly (NH, CeH) 11.0 54, 135, -54, -135 66 (11)
Dab (N'H, CTH) 11.2 55, 134, -55, -134 -144 (15)
Dab (NH, C*H) 7.2 36, 84, -83, -157 -158 (19)

Glu (NH, CoH) 8.5 52, 68, -91, -149 -83 (11)

C12 Gly (NH, C=H) 12.9 66, 122, -66, -122 63 (10)
Dpr (NPH, CPH) 11.9 59, 129, -59, -129 112 (14)
Dpr (NH, CeH) NAd -141 (17)

Glu (NH, CeH) 5.9 26, 94, -75, -164 -67 (8)

8 Experimental value extracted from DQFCOSY and one dimensional proton spectra in DMSO-dg at 300K.

b Possible values for the peptide backbone angles ¢ (°) from Bystrov's Karplus equations; for Glycyl and side

chain NHs Z(J\y.cay) = -9.4 cos20 -1.1 cosd + 14.9 and for others (ynn.can) = 9.4 c0s20 -1.1 cosd +0.4.

€ Average dihedral angles from 200 ps constrained MD in DMSO & rmsd values are given in parentheses.
No experimental value due to signal overlap or unresoivable signal,
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Relative energies (kcal/mol) of the glycine conformations as calculated in first order of the

perturbation theory.

HF/6-311+G**

MP2/6-311+G**//HF/

6-311+G**
4 0 0
3 1.06675 1.938975
2 1.813475 2.539492
1 8.3081 6.958975

Relative energies (kcal/mol) of the glycine conformations as calculated in first order of the

perturbation theory.
MP3/6-311+G**//HF/ MP4/6-311+G**//HF/
6-311+G** 6-311+G**
3 0 0
4 0.320025 0.13805
2 2.1586 2.0331
1 7.184875 7.122125
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TABLE 37

Calculated bond lengths in the ab initio optimized models of glycine

reported.

1 2 3 4

C1-Co 1.507 1.511 1.527 1.520
C1-Ns 1.441 1.446 1.455 1.440
C1-O4 1.181 1.183 1.180 1.184
C1-03 1.330 1.326 1.316 1.327
C1-Hg 1.088 1.087 1.084 1.084
03-Hg 0.946 0.946 0.950 0.946
Ns-Hy 0.998 0.998 0.997 0.999
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TABLE 38
Calculated bond angles in the ab initio optimized models of glycine
reported.
1 2 3 4
Hg-C1-H7 | 106575 106733 106687  105.967
Hg-Cj-Cp | 106644 105582 106433  105.920
Hg-C1-Ns | 112592 112199 112017  109.838
H7-C1-C, | 106642 105583 106432  105.922
H7-Ci-Ng | 112591 112205 112016  109.835
Cp-Cy-Ns | 11138 113952 112819  118.586
Ho-Ns5-Hjo [ 109821 108702 108341  107.574
Ho-Ns-C; [ 111742 111290 112821  111.830
H)o-N5-Cy | 111736 111294 112824  111.831
03-Cp-O4 | 122977 122637 12288 122517
03-Cp-Cp | 111059 114102 115582  114.207
04-Cp-Cy | 125964 123261 121532 123277
Hg-O3-Co | 109023 108749 108580  108.584
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TABLE 39

Calculated torsion angles in the ab initio optimized models of glycine
reported.

1 2 3 4
Hg-C1-N5-Hg 168.054 175212 -121.083  61.557
Hg-C1-Ns-Hyg | 68442 63373 2112 -177.723

H7-C1-Ns-Hg 71429 64626  -1.241 177726
H7-C1-Ns-Hjg | 52074 56789  121.954  -61.554
C,-C1-N5-Hg 48311 55296  118.837  -60.359
Cp-C1-Ns-Hyo | 171815 176711  -117.968  60.362
Hg-C1-C-03 47445 -139.543  -123541  -123.857
Hg-C1-Cy-O4 || -132.558 40463  56.483 56.145

H7-C1-C-O3 -66.141  107.622 122936  123.881
H7-C1-C5-O4 113.856  -72372 -57.040  -56.118

N5-C1-Cp-03 170.653  -15964  -0.302 0.013
N5-C1-C-O4 -9.351 164.041 179723 -179.986
04-C-0O3-Hg 171278 8489  ~179:860  -0.012
C1-C,-03-Hg 8725 -171.505  0.165 179.989
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Table 40

The charges of the minimized structure #4 as calculated by the Mulliken population
analysis. The meaning of the atom numbers is given in Figure 30.

Atom Charge
Cy -0.091102
Cy 0.193416
O3 -0.296634
Oy -0.401490
Ns -0.532882
Hg 0.162734
H7 0.164745
Hg 0.299508
Hg 0.251445

Hjg 0.250260

. [ &
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Figure 1. The S. Cerevisiae diploid to haploid alternation and sexual conjugation.
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Figure 4
A simplified flow chart illustrating the conceptual process of possible usages
of modeling in the understanding of peptide conformations.
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and/or further physica! chemical experiments
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24,25,26

Figure 5a. L-Pro-L-Ala conformation #1 (Table 1a, legend);
y(Pro) =-17.69, @(Ala) =-158.40,
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Figure 5b. L-Pro-L-Ala conformation #2; y(Pro) =-18.59;¢(Ala) = -85.00.

I .
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Figure 5c. L-Pro-L-Ala structure #3; y(Pro) = 160.00;¢p(Ala) = -161.00°.
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Figure 5d. L-Pro-L-Ala conformation #4; y(Pro) = -21.49; ¢p(Ala) =
66.490,
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24,25,26

Figure 6a. L-Pro-D-Ala conformation #1; w(Pro) = 155.69; p(Ala) = 162.80.

]
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24,25,26

Figure 6b. L-Pro-D-Ala conformation #2: y(Pro) = 33.40; o(Ala) =
160.30,
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24,25,26

Figure 6¢. L-Pro-D-Ala conformation #3: y(Pro) = 37.59; ¢(Ala) = 85.19.
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Figure 6d L-Pro-D-Ala conformation #4: y(Pro) =149.30; @(Ala) = 85.30.
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Figure 7. L-Pro-Gly conformation #1; y(Pro) = -18.59; @(Gly) = -175.50.
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| 26, 27, 28

31,32, 33

Figure 8a. The lowest energy structure found for the Ac-L-Pro-D-Ala-
NH; molecule (structure #1 in Table 6a). The bifurcated hydrogen bond
involving hydrogen atoms H24 and H29 and the oxygen atom O15 is
displayed. This feature seems to be the reason for the very low energy
exhibited by this type II B-turn conformation.

!
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Figure 8b. Type I B-turn like structure for the Ac-L-Pro-D-Ala-NHj
(structure #2 in Table 6a). The hydrogen bond involving H29 and O15
displayed seems to provide the reason for this conformation being the
second lowest energy structure exhibited by the D-alanine dipeptide
although it has no nonblocked counterpart.

-
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Figure 9a. The lowest energy structure found for the Ac-L-Pro-L-Ala-
NH2 molecule (structure #1 in Table 6b). The hydrogen bond involving
the atoms H24 O15 is displayed. Although the four atoms C14, O15,
H24. and N8 are far from being colinear, this H-bond is very strong as
judged by the other characteristics described in the text. Its strength is
probably the basis of the low energy exhibited by this conformation.
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21, 22 26, 27, 28
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31, 32, 33

Figure 9b. The second lowest energy structure found for the
Ac-L-Pro-L-Ala-NH3 molecule (structure #2 in Table 6b) exhibits the

attributes of a type I B-turn. The hydrogen bond involving the atoms H29
and O15 that closes the characteristic turn ring is displayed.
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Figure 10.The conformations obtained by stand alone

molecular modeling for the cyclic tetrapeptides having

Glu at position 4 (i+3).
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Figure 11.The conformations obtained by stand alone
molecular modeling for the cyclic tetrapeptides having

Asp at position 4 (i+3).
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Figure 13. Pulse sequences used for assignment and quantitative
conformational measurements of peptides.

900

evolution (t])

900 | acquisition ()

900

The COSY pulse sequence.
The first pulse creates single quantum coherences. During the t; single and double
quantum coherences evolve in the constant magnetic field. The second 90° degrees
pulse insures that the "readable” (i.e., that can be determined experimentally)
coherences contain information that links J-coupled spins. To be more specific, this
pulse creates coherences of one spin containing t, oscillating factors depending on the
spin frequency of a J-coupled partner. During the acquisition period, the signal from
the sample is measured and stored as a computer file.

evolution (t1)

TOCSY mixing
sequence

acquisition (t2)

900

The TOCSY pulse sequence.

evolution (t})

900 mixing

900 acquisition (t2)

900

The NOESY pulse sequence.

evolution (t1)

ROESY mixing
sequence

acquisition (t2)

correlations.

i

The ROESY pulse sequence.
The difference between the ROESY and TOCSY pulse sequences is only technical
(the pulse widths of the mixing sequence pulses are adjusted differently) but from an
experimental point of view the results are dramatically different: the ROESY gives
only through space correlations, while the TOCSY gives multiple through bond
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Figure 14. The conformations obtained by stand alone
molecular modeling for the cyclic tetrapeptides having

Glu at position 4 (i+3).

THE STEADY-STATE NOZ FOR TWO SPINS
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Figure 15. The conformational isomers as seen in the
regular ROESY cross peaks. The Dpr%CH- Pro%CH cross

peaks are highlighted.
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Figure 17a. Ramachandran map of the backbone dihedral
angles of the DMSO dynamics structures for Tetragy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



256

180

120 +

60 +

> 0+

-60 -

-120 4

-180 : : . + :
-180 -120 -60 0 60 120 180

¢

Figure 17b. Ramachandran Maps of the backbone dihedrzl

angles of the DMSO dynamics structures for Tetraszs.
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Figure 17c. Ramachandran Maps of the backbone dihedral

angles of the DMSO dynamics structures for Tetraszj.
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Figure 17d. Ramachandran Maps of the backbone dihedral

angles of the DMSO dynamics structures Tetrajs.
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Figure 18. ROE buildup curves.

!
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



261

Figure 19a. The models of Tetragy cyclized tetramer
representing likely DMSO solution conformations as
resulting from the usage of physical chemical data in

the molecular modeling studies.

T
i
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Figure 19b. The models of Tetras3s cyclized tetramer
representing likely DMSO solution conformations as
resulting from the usage of physical chemical data in

the molecular modeling studies.
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Figure 19c. The models of Tetra3j cyclized tetramer
representing likely DMSO solution conformations as
resulting from the usage of physical chemical data in

the molecular modeling studies.
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Figure 19d. The models of Tetrajs cyclized tetramer
representing likely DMSO solution conformations as
resulting from the usage of physical chemical data in

the molecular modeling studies.

1
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Figure 19e. The models of Tetrajp cyclized tetramer
representing likely DMSO solution conformations as resulting
from the usage of physical chemical data in the molecular

modeling studies.
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Figure 22a. Ramachandran Maps of the backbone dihedral angles of the DMSO

*dynamics structure C42; Dihedral angles (¢,y) for the Pro and/or Gly residues

from 1000 discrete conformers observed during a 60 ps simulation are included in
the plots.
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Figure 22b. Ramachandran Maps of the backbone dihedral angles of the DMSO
dynamics structure C32; Dihedral angles (¢, ) for the Pro and/or Gly residues

from 1000 discrete conformers observed during a 60 ps simulation are included in

the plots.
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Figure 22d. Ramachandran Maps of the backbone dihedral angles of the
DMSO dynamics structure C12; Dihedral angles (¢,w) for the Pro and/or Gly

{esidues from 1000 discrete conformers observed during a 60 ps simulation are
included in the plots.
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c42 c2

c32 Ci2

Figures 23a to 23d. Models of the likely DMSO solution conformations of the
constrained regions of the cyclized pheromone analogs, as resulting from the usage
of physical chemical data in the molecular modeling studies.
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F igure.: 24. The two spins setup considered in the "classical” REDOR
experiment is presented.
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Figure 27. Three spin effect as a function of the ¥ angle, for different values of the

REDOR parameter.
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Figure 28. Some labeled compounds that might be used to test the 3-spins
REDOR experiment proposed in this thesis could contain the following structure.

C1
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THE WHOLE MOLECULE

THE TURN REGION

CHARMMmM?22 MINIMIZED MOLECULAR MODEL OF THE ¢-FACTOR
WiTH TYPE Il B-TURN AT RESIDUES § AND 9 INITIAL CONDITIONS

Figure 29

The design of a2 REDOR experiment. For purposes of
calibration, one distance must be known: in our case,
distance (4) is 2.54A irrespective of the peptide
conformation. The other distances must be chosen so a2s to
distinguish between possible conformations. The four
labeled compounds described in chapter 9 were designed to
measure the four distances explicitly exhibited in this

figure on 2 type II B-turn conformation (which is better
suited for examination.)
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Figure 30

Numbering of the atoms in the ab initio calculations on glycine
considered in chapter 10.

0]
/ \ / 4
Hg C,
HG/CI\I’H
N
N
Hg Hio

i

]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



280

N~ &

Structure 2 Structure 1

Structure 3 Structure 4

L &K

Figure 31
The optimized conformations found for glycine using four
different levels of perturbation theory.
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