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Abstract

NMR studies of the molecular conformations of peptides and proteins rely on a comparison of the relevant spectral
parameters with the corresponding values for so-called statistical-coil polypeptides. For this reason, it is necessary
to characterize the experimental ensemble of states populated by statistical-coil peptides. Such a characterization,
however, has proven to be both difficult and sensitive to changes in many environmental parameters such as solvent
composition, temperature, pH, as well as the neighboring amino acids in the sequence. As a consequence, a series of
significant discrepancies has been reported for some experimentally observed parameters, such as chemical shifts,
or vicinal coupling constants, JNHa, Whose values appear to be incompatible with a statistical-coil ensemble. In
this work, we report the results of a molecular mechanics study of a series of unblocked tetra- and pentapeptides
under different pH conditions. These calculations were carried out with explicit consideration of both the coupling
between the process of proton binding/release and conformation adopted by the molecule at a given pH and
the contribution of the conformational entropy to the total free energy. Good agreement was found between the
calculated and experimentally determined values of the vicinal coupling constant, 3JNyg, the a-proton chemical
shift, and the '3C® chemical shift. All the evidence accumulated in these theoretical calculations helps to rationalize
some of the unsettled anomalies observed experimentally, and to provide an understanding of the effect of pH and
amino acid sequence on the conformational preferences of statistical-coil peptides.

Introduction coil-regions (Swindells et al., 1995). These statistical

methods are based on the assumption that the effects

In the past few years, statistical methods derived from
analyses of high-resolution protein crystal structures
from the Protein Data Bank have been developed for
predicting the values of the vicinal coupling constants,
3INHa OF 2Jyenp, of amino acids in the statistical-
coil conformation (Serrano, 1995; Smith et al., 1996,
Fiebig et al., 1996; West and Smith, 1998) or for
deriving intrinsic (¢,{r) propensities for residues in
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of specific non-local interactions present in each of
the structures included in the database are averaged
out. This hypothesis is crucial when attempting to
derive the conformational properties of a polypeptide
assumed to be completely unstructured, i.e., for a pep-
tide in a statistical-coil state for which there are no
specific non-local interactions between residues.

It is important to remark that a non-structured state,
the so-called statistical-coil conformation (frequently,
but erroneously, referred to as a random-coil), corre-
sponds to an energy-weighted ensemble of conforma-
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tions in which a single residue can occupy any of the
regions of the Ramachandran diagram (Ramachandran
et al., 1963) with a certain probability specified by the
Boltzmann distribution. The probability of occurrence
of a particular conformation in the Ramachandran dia-
gram depends on its energy and the temperature of the
system, hence the term statistical coil. The probabili-
ties of all conformations would be the same (random
coil) only if their energies were the same, but they are
not. Thus, denatured proteins are not random coils.
The random coil could exist only at very high tem-
peratures at which the Boltzmann factor would make
all conformations in the Ramachandran map, includ-
ing those involving high-energy steric interactions,
equiprobable.

Significant discrepancies (Serrano, 1995) between
predicted and experimentally observed 3INHa Vici-
nal coupling constants for some unstructured peptides
have not been addressed by the statistical-based meth-
ods. For example, the value of the Jypy coupling
constant, 9.4 Hz, determined experimentally by Bundi
and Wiithrich (1979a) for phenylalanine from a study
of the peptide H-Gly-Gly-Phe-Ala-OH at pH 7 ap-
pears to be incompatible with that of a statistical-coil
ensemble when compared with the behavior of the
rest of the naturally-occurring amino acids, i.e. with
a 3INHq in the range of 5.6 Hz to 8.0 Hz. In addition,
indications of a non-statistical-coil structure involv-
ing histidine near the terminal COO™ of the peptide
H-Gly-Gly-His-Ala-OH have been reported (Jiménez
et al., 1986), and some experimental evidence also
suggests that the solution conformation of H-Gly-Gly-
Glu-Ala-OH includes some species in which the y
carboxyl group of Glu™ could be hydrogen bonded
to the backbone amide protons (Bundi and Wiithrich,
1979b), thereby indicating specific departure from a
statistical coil conformation.

More recently, O’Connell et al. (1999) made a
comparison between two models, one based on a sta-
tistical distribution from the structural database and
the other based on molecular dynamics simulations.
These authors noted that the method based on the
structural database should be influenced by both long-
range interactions and specific recognizable elements
of protein structure. Removal of the regular sec-
ondary structures, such as a-helix, B-strands and turns
from the database seems to indicate that the calcu-
lated (¢,{r) propensities do not change significantly
(Swindells et al., 1995). However, as O’Connell et al.
(1999) pointed out, some intrinsic difficulties in recog-
nizing all the turn and B-strands in the database might

indicate that certain bias may still be present and
will perturb the database-based representation of the
statistical-coil state. O’Connell et al. (1999) claimed
that their molecular dynamics study of a single-amino-
acid model with N-terminal acetyl and C-terminal
N’-methylamide blocking groups, should be consid-
ered as a better representation of a model system
for a statistical coil free of long-range interactions.
However, as the authors recognized, their theoretical
representation for the statistical-coil state may not be
experimentally realizable. As far as we know, nei-
ther treatment of the statistical coil described above
is able to account for anomalies such as the ones men-
tioned for phenylalanine, glutamic acid and histidine
residues, nor for the pH dependence or the sequence
dependence of the experimental results.

A large amount of the experimental work to study
statistical-coil models that make use of short un-
blocked oligopeptides is based on the assumption that
these peptides constitute an unstructured ensemble in
solution. Unblocked end groups, on the other hand,
are selected to ensure adequate solubility, and are
supposed to have no influence on the conformational
preference of the residue under investigation (Bundi
and Wiithrich, 1979a; Merutka et al., 1995).

We have focused our attention on the short un-
blocked oligopeptides studied by Bundi and Wiithrich
(1979a) and Merutka et al. (1995) for the following
reasons:

(a) NMR studies of the molecular conformations of
peptides and proteins rely on a comparison with the
corresponding spectral parameters for the statistical-
coil polypeptide chain.

(b) Changes in the spectral parameters have been re-
ported to occur with changes in pH, solvent, and
amino-acid sequence of the peptide model used to
represent the statistical-coil, without clear arguments
regarding the origin and nature of these changes.

(c) While the properties of the structured state such as
the a-helix, B-strand, turn, etc., are well known, those
of the unstructured states are not, mainly because of
the difficulty in obtaining a good representation of the
statistical-coil ensemble of conformations.

(d) Wishart and Nip (1998) suggested that changes in
the chemical shifts relative to a reference statistical-
coil state could be particularly helpful in identifying
secondary structure, delineating flexible regions, find-
ing hydrogen bonds or detecting aromatic interactions.
If this is true, then an analysis of the statistical-coil
state should contribute to our understanding of how
these states are related to the conformational pref-



erences of structured states, such as the o-helical
conformation.

Consequently, we have carried out simulations,
considering only L-amino acids, in which the equi-
librium binding of protons and its dependence on the
environmental conditions are considered, for both the
unblocked linear tetrapeptides H-Gly-Gly-X-Ala-OH
(where X stands for Phe, Glu, His, Ile, Lys, Gln, Arg,
Tyr, Leu, Thr, Ala, Val and Gly) studied by Bundi and
Wiithrich (1979a) at pH 7 and for the pentapeptide
H-Gly-Gly-X-Gly-Gly-OH (where X stands for Phe
and His) studied by Merutka et al. (1995) at pH 5.
Methionine and tryptophan were omitted from our
simulations for the tetrapeptide H-Gly-Gly-X-Ala-OH
because Bundi and Wiithrich (1979a) did not report
vicinal coupling constants, 3 INHa, for these residues.
Moreover, we did not carry out calculations on (a) as-
paragine, aspartic acid and serine because their 3Jnpq
values were measured on terminally-protected pep-
tides, and (b) cysteine because the corresponding ex-
perimental value of 3 INHa gas obtained for the oxidized
(disulfide bonded) state.

These theoretical calculations should enable us to
distinguish among the dominant interactions at differ-
ent pH’s to understand the strength and the arrange-
ment of these interactions that influence the conforma-
tion of short unblocked oligopeptides and to rational-
ize some of the anomalies mentioned above, as well as
the effect of different sequences on the conformational
preference of some amino acids.

The methodology used in this study is based on a
Monte Carlo approach, the EDMC (Electrostatically
Driven Monte Carlo) method (Ripoll and Scheraga,
1988; Ripoll et al., 1996), combined with a fast
and reliable algorithm, the MBE (Multigrid Bound-
ary Element) method (Vorobjev et al., 1994, 1995;
Vorobjev and Scheraga, 1997), that provides a solution
to the problem of ionization equilibria (Bashford and
Karplus, 1990; Yang et al., 1993; Yang and Honig,
1993; Gilson, 1993; Beroza et al., 1995; Vila et al.,
1998). The resulting procedure has previously been
applied successfully to elucidate the molecular basis
of the effect of hydrophobicity on the pKj, of ionizable
groups in polypeptides as well as to discuss the nature
of the interactions, such as hydrophobicity, charge-
charge interactions and solvent polarization effects on
the stability of right-handed a-helical conformations
(Ripoll et al., 1996; Vila et al., 1998, 2000, 2001).
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Methods

Evaluation of the conformational energy

The evaluation of the conformational energy follows
the procedure previously published (Ripoll et al.,
1996; Vorobjev and Scheraga, 1997; Vila et al., 1998);
i.e., the total free energy, E(r,, pH), associated with
the conformation, r,, of the molecule in aqueous
solution at a given pH, is defined by considering
a three-step thermodynamic process (cavity creation,
polarization of the solvent, and alteration of the state
of proton binding). This free energy involved in trans-
ferring the neutral polypeptide from the gas phase to
the aqueous solution is given by:

E(rp, pH) = Eint(rp) + Fyip(rp)+
Feav(rp) + Fsolv(rp)+
sz(rp, pH)a (1)

where Ejn(rp) is the internal conformational energy of
the molecule in the absence of solvent, assumed to cor-
respond to the ECEPP/3 energy (Momany et al., 1975;
Némethy et al., 1983; Sippl et al., 1984; Némethy
et al., 1992) of the neutral molecule; Fyip (rp) is
the conformational entropy contribution; Feay (rp) is
the free energy associated with the process of cavity
creation when transferring the molecule from the gas
phase into the aqueous solution; Fsoly (rp) is the free
energy associated with the polarization of the aqueous
solution, and Fjy, (rp, pH) is the free energy associated
with the change in the state of ionization of the ioniz-
able groups due to the transfer of the molecule from
the gas phase to the solvent, at a fixed pH value.

The contribution to the total free energy from the
conformational entropy of the molecule, Fyip (rp), has
been approximated by the harmonic vibrational con-
tribution (G0 and Scheraga, 1969; Zimmerman et al.,
1977) of each conformation obtained by using the
ECEPP/3 potential function. Feay (rp) describes the
free energy of creation of a cavity to accommodate a
zero-charge peptide molecule, i.e., all partial atomic
charges are set to zero. As shown previously (Sitkoff
et al., 1994; Simonson and Briinger, 1994), Fcay (rp)
can be considered as the free energy of transfer of a
non-polar molecule from the gas phase to water. This
free energy is proportional to the solvent-accessible
surface of the molecule. The term Fyoy (rp) is ob-
taining by using the fast Multigrid Boundary Element
(MBE) method developed by Vorobjev and Scheraga
(1997), and Fiy, (rp, pH) is calculated by using the
general multi-site titration formalism (Bashford and
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Karplus, 1990; Yang and Honig, 1993; Vorobjev et al.,
1994). The present MBE method provides an accu-
rate and stable calculation of both (a) the potential of
mean force between ionized groups of the protein, and
(b) the pK shifts of the ionizable groups as a func-
tion of the protein environment. The MBE method
rapidly and accurately computes the 2V ionization
states, where N is the total number of ionizable groups.
Further details of the calculation of the partition func-
tion, the pK shift, and the average degree of ionization
for each ionizable residue, are provided by Ripoll et al.
(1996).

The distinctive features of the present calculations
are the following: (i) We take into account the cou-
pling between the process of proton binding/release
and the conformation adopted by the molecule at a
given pH and (ii) the contribution of the conforma-
tional entropy to the total free energy is included.

Generation of the oligopeptides

Polypeptides generally exist as an ensemble of low-
energy conformations; consequently, a large part of
the computational work was devoted to identifying
low-energy structures that constitute a representative
set of the conformations in solution at different pH’s.
The conformations corresponding to the sequence
under investigation were constructed by using the
ECEPP/3 algorithm (Momany et al., 1975; Némethy
et al., 1983, 1992; Sippl et al., 1984). The program
considers the complete set of backbone and side-chain
dihedral angles as the independent variables while
the bond lengths and bond angles of the oligopeptide
chain are maintained fixed at their ECEPP/3 values.

The free energy terms, Fsory (rp) and Fiy, (rp,
pH) associated with electrostatic solvation in Equa-
tion 1 are very costly to compute. A full search for the
global minimum of the function represented by Equa-
tion 1, requiring the energy-minimization of thousands
of conformations, is beyond current computational ca-
pabilities. For this reason, the following protocol was
used to carry out the conformational search to produce
areasonable sampling of the conformational space de-
fined by E(rp, pH) without minimizing this particular
function.

The conformational search

Ateach pH and for each sequence, between 75 000 and
180000 local minimum conformations were obtained
from a series of conformational search runs carried
out by using a modified version (Ripoll et al., 1998)

Table 1. Summary of the EDMC runs

Peptide Number of energy- Number of Lowest energy
sequence minimized accepted (Kcal mol~1)
conformations?® conformationsP
GGFA® 112,688 4513 —236.87
GGFGGY 179,642 4722 —126.41
GGRA® 112,759 5630 —167.02
GGHA® 105,321 4860 —99.83
GGHA*® 81,396 4214 —91.99
GGHGGY 139,896 5456 —112.20
GGEA® 130,905 4784 —171.02
GGIA® 112,413 5849 —102.06
GGKA® 121,448 3787 —119.83
GGQA® 104,278 5401 —133.20
GGYA® 135,354 5627 —129.48
GGLA® 113,445 5376 —100.67
GGTAC 103,391 3972 —128.40
GGAA® 120,137 4973 —102.16
GGGA® 77,515 4339 —62.99
GGVA® 92,132 3667 —84.51

4These values correspond to the number of generated conforma-
tions for the runs using the procedure described in Methods.
bAccording to the Metropolis criterion.

“Values in this row were computed at pH 7 and t = 35°C, with
the solvent free energy and free energy of ionization computed by
using the solution of the Poisson—Boltzmann equation as described
in Methods (Ripoll et al., 1996).

dSame as (c), but for pH 5.

€Same as (c), but for pH 3.

of the EDMC method (Ripoll and Scheraga, 1988,
1989; Ripoll et al., 1996, 1998; O’Donnell et al.,
1996). After energy-minimization using the Secant
Unconstrained Minimization Solver (SUMSL) algo-
rithm (Gay, 1983), in combination with ECEPP/3,
their free energies were computed by using eq. (1).
The objective of these Monte Carlo runs was to sample
the low-energy regions of the free energy E(rp, pH).
The solvation free energy of the conformations was
always included in the free energy E(r,, pH). Further
details of the procedure can be found in an earlier
publication (Ripoll et al., 1996).

Evaluation of the Boltzmann-averaged value of the
vicinal coupling constants, (3 JNH) and (3 J HaHB)

The evaluation of the Boltzmann-averaged value of
the vicinal coupling constant 3 N for each residue
follows a published procedure (Vila et al., 2000), i.e.:

N
CIna)i = ) *Innei()) expl—BE(r, pH)1/Z  (2a)
j=1



and

N
Z =" exp[—BE(rj, pH)]. (2b)
j=1

where i represents any of the thirteen peptides listed in
Table 1, j represents any of the accepted conformations
referred to in Table 1 for the corresponding peptide i,
Z is the partition function, § = 1/RT with R being
the gas constant, T is the temperature in K, E(rj, pH)
is the total free energy of the conformation j as given
by Equation 1, and 3 INHa (j) is the vicinal coupling
constant for conformation j and is computed by using
the Karplus relationship (Karplus, 1959) which con-
nects the size of the spin-spin coupling constant, 3 Iy
(j), and the intervening dihedral angle ¢;, through the
equation:

3JNHO((]') = Acos’ ¢ —Bcosg;+C 3)

with ¢j = |$p; —60.0] and A = 6.4, B = 1.4 and
C = 1.9 as parameterized by Pardi et al. (1984).

An identical process can be used to compute the
vicinal coupling constant (3JH(,HB) which is related to
the torsion angle x| through a Karplus type equation
(Karplus, 1959). In this case, the corresponding para-
meters for Equation 3 are those from De Marco et al.
(1978): A =9.5,B = 1.6 and C = 1.8, with ¢ re-
placed by ¥ to compute 3JHod.lgz(j) or by (x1 — 120)
to compute 3JHaH53(j).

Evaluation of the Boltzmann-averaged value of the
a-proton chemical shifts

By using the availability of both high resolution X-ray
structures of proteins and complete NMR assignments
for these structures, Wishart et al. (1991), illustrated
the dependence of the a-proton chemical shift on
the backbone (¢,r) dihedral angles. The most im-
portant result obtained from this comparison was the
absence of any sinusoidal dependence of the chem-
ical shift on the dihedral angle V. In its place, the
authors found what appears to be a sinusoidal cor-
relation of the dihedral angle ¢ with the chemical
shift, and hence, they proposed three empirical func-
tions related to three sinusoidal-dependent phenomena
in peptides and proteins shown to be functions of
the dihedral angle ¢; the first one is the intranuclear
amide proton-to-a-proton distance the second one is
the dipolar effect arising from the local amide or
peptide anisotropy, and the third one is the vicinal
coupling constant between the amide and «-protons.
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As the authors noted, the first relationship does not
provide a very good fit to the experimental data. The
second and third relationships reproduce the experi-
mental data with almost similar accuracy; even when
it is difficult to say precisely which of the remaining
equations is most compatible with the experimental
data, the fitting in the positive ¢ region seemed to be
slightly worse for the second relationship. For this rea-
son, we adopted the third relationship to evaluate the
computed Boltzmann-averaged value of the a-proton
chemical shift for each of the thirteen amino acids
in the unblocked tetrapeptide GGXA. The correlation
with the dihedral angle ¢, as proposed by Wishart
et al. (1991), is obtaining by fitting a Karplus-type
equation (Karplus, 1959) to the NMR experimentally-
determined values for the chemical shift difference
(from the statistical coil), A;:

A3 = (Bobs,i — dsc,i) = Acos” g + Bcos ¢ +C, (4)

where 1 indicates the kind of amino acid; ¢; = |d;
— 60.0]; 84, is the experimentally determined o-
proton chemical shift for the statistical-coil amino
acid of type i, as reported by Wiithrich (1986); 8obs.i
is the observed a-proton chemical shift for the amino
acid of type i obtained from four proteins (Wishart
et al., 1991), viz., BPTI, thioredoxin, calbindin and
ribonuclease A; and A, B and C are the set of pa-
rameters to fit the observed data. The result of their
procedure led to the following values: A = 1.35, B =
0.25, C = —0.80.

By following a procedure similar to that used
for the computation of the vicinal coupling con-
stant (Equation 2a), it is possible to compute the
Boltzmann-averaged values of the chemical shift dif-
ference (A3B); for each of the thirteen amino acids
in the unblocked tetrapeptide GGXA by using the
expression:

N
(A8)i = ) Abi(j) exp[—BE(rj, pH)]/Z, (5)
j=1
where AJ;(j) is computed by using Equation 4; Z rep-
resent the partition function given by Equation 2b;
N represents the total number of accepted conforma-
tions referred to in Table 1 for each amino acid i, and
E(rj, pH) is the total free energy of conformation j, as
given by Equation 1. The values computed by using
Equation 5 are shown in column four of Table 3.
The computation of the Boltzmann-averaged value
of the a-proton chemical shift (dpeor) for each of
the thirteen amino acids in the unblocked tetrapep-
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tide GGXA can be computed straightforwardly from
Equation 4 as:

(Stheor)i = (Ag)i + 8sc,i- (6)

The corresponding Boltzmann-averaged value of the
a-proton chemical shift (deor)i for each amino acid i,
is listed in the second column of Table 3.

It is important to note that the observed empirical
correlation of the H* chemical shifts with the dihedral
angle ¢ has also been justified in terms of local fields
and magnetic susceptibilities (Williamson et al., 1992;
Osapay and Case, 1994).

Quantum Chemical calculations of the 3C chemical
shift

The calculation of the 13C chemical shifts § requires
the calculation of the molecular second-order isotropic
nuclear shielding tensor o. An efficient implemen-
tation of such algorithms with ab initio and density
functional methods was reviewed recently (Helgaker
etal., 1999). Such theoretical methods are now widely
applied, and it is accepted that the shielding of light
nuclei (notably 'H and '3C) can be calculated accu-
rately (Chesnut, 1996; Havlin et al., 1997; Sitkoff and
Case, 1997; Xu and Case, 2001; Sun et al., 2002).

A cost-efficient alternative to traditional correlated
methods is through density functional theory (DFT),
often giving results of quality comparable to that of
Mgller—Plesset (MP2) for a computational cost of the
same order as a Hartree—Fock (HF) calculation (Hel-
gaker et al., 1999). However, numerical evidence in-
dicates that, for accurate calculation of nuclear shield-
ing, a basis set of at least triple split valence quality
and with at least one set of polarization functions is
needed (Helgaker et al., 1999).

In the present work, we carried out computations
of NMR chemical shielding anisotropy tensors with
the GIAO (Gauge Invariant Atomic Orbitals) proce-
dure (Wolinski et al., 1990) with both ab initio HF
(Ditchfield, 1974) and DFT methods as implemented
in the Gaussian 98 suite of computational procedures
(Frisch et al., 1998). Density Functional calculations
were carried out with the hybrid three parameters
B3LYP functional which includes a mixture of the
HF exchange and the adiabatic connection methods of
Becke (1993) with the correlation functional of Lee
et al. (1988). This functional has proven to be a very
good choice to predict magnetic shielding tensors for
a great variety of compounds containing 13C, I°N, 170
and 'H (Facelli, 1998; Ferraro, 2000; Bagno, 2001).

A triple split valence basis set, such us 6-311G,
was used for all the atoms in the molecules. This
basis set was added with one extra set of diffuse func-
tions and two extra sets of polarized d-functions on all
heavy atoms plus one extra set of polarized p-functions
on all hydrogen atoms. The resulting 6-3114+G(2d,p)
basis set contains a total of 807 basis functions and
1226 primitive gaussians for the H-Gly-Gly-Phe-Ala-
OH peptide.

It was shown by Cheeseman et al. (1996) that the
B3LYP/6-3114-G(2d,p) level of theory predicts chem-
ical shifts which are quantitatively good especially
for 13C. On the other hand, this level of theory in-
cludes the effects of electron correlation and is more
cost-effective than MP2, representing a reasonable
trade-off between accuracy and cost as suggested by
Cheeseman et al. (1996).

The calculated isotropic shielding values (o) of
13C were converted to '3C chemical shifts & by
employing the equation: 3subst,th = Oref,th — Osubst, ths
where the indices denote a theoretical (th) deter-
mination, the substance of interest (subst), and
a reference substance (ref). The theoretical value
obtained for the '3C shielding of tetramethylsi-
lane (TMS) are ormsmn = 182.48 ppm and
192.58 ppm. These values were obtained by using
B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) and HF/6-
3114+G(2d,p)//B3LYP/6-31G(d) level of theory, re-
spectively. The corresponding experimental value for
the 13C shielding of TMS is orms exp = 188.1 ppm
(Jameson and Jameson, 1987).

The theoretical chemical shifts listed in Table 6
were calculated by using the following procedure:

(a) The conformations obtained by the EDMC pro-
cedure were not energy minimized at the ab initio
or at the DFT level of theory; instead, they repre-
sent energy-minimized conformations obtained with
the geometries defined in the ECCEP/3 force field
(Momany et al., 1975; Némethy et al., 1983, 1992;
Sippl et al., 1984).

(b) Secondly, we decided to check the hypothesis that
ab initio geometry optimization produces much better
agreement with the experimental values than those not
ab initio optimized geometries (Facelli, 1998; Ferraro,
2000; Bagno, 2001). To achieve this, we carried out
HF/3-21G(d) geometry optimizations in internal coor-
dinates allowing all bond lengths and bond angles to
relax but all dihedral angles were kept frozen at the
original values.

(c) Once the geometry was obtained, the correspond-
ing isotropic shielding values (o) for 13C* were com-



puted by using the Gaussian98 package (Frisch et al.,
1998), and the corresponding chemical shifts were
then computed.

Results

Conformational analysis of the oligopeptides
H-Gly-Gly-X-Ala-OH in aqueous solution at several
pH’s

Table 1 shows a summary of a conformational study
using the EDMC method for thirteen amino acids in
the unblocked tetrapeptide GGXA, i.e., with X= Phe,
Arg, His, Glu, Ile, Lys, Gln, Tyr, Leu, Thr, Ala, Gly
and Val at pH 7; for GGHA, at pH 3; and for the pen-
tapeptide GGXGGQ, i.e., with X= Phe or His, at pH 5.
In this Table, we list the total number of generated
(and energy-minimized) conformations, the total num-
ber of accepted conformations, and the lowest-energy
conformation found in each search. The number of
runs on each oligopeptide, leading to the total num-
ber of energy-minimized conformations in column 2
of Table 1, varied from 6 to 11.

Table 2 provides a comparison of the Boltzmann-
averaged vicinal coupling constants, 3Jnp, computed
over all the accepted conformations listed in Table 1.
It shows that the theoretically-determined values for
3JNHo agree with the experimental values for the
tetrapeptide within experimental error in a reasonable
number of cases (9 out of 13). The few exceptions
correspond to Arg, His, Leu, and Gly, with the
Boltzmann-averaged vicinal coupling constant, >IN,
for histidine (7 Hz at pH 7) in the tetrapeptide being
beyond the range of the reported experimental value
(8.0 £ 0.5 Hz at pH 7). As noted in the Introduction,
indications of non-statistical-coil structures have been
reported for oligopeptides involving histidine in the
tetrapeptides studied by Bundi and Wiithrich (1979a),
and these could be the source of these discrepancies
between the observed and computed 3INHa. The par-
ticular case of histidine requires more attention, and
will be discussed later in the section: Conformational
analysis of the tetrapeptide H-Gly-Gly-His-Ala-OH in
aqueous solution. It is important to note that the differ-
ences between the computed Boltzmann-averaged and
experimental vicinal coupling constants for glycine of
~ 0.3 Hz in the tetrapeptide, after taking experimen-
tal error into account, could be attributed to the small
number of data points with positive ¢ angles used by
Pardi et al., (1984) during the parameterization of the
Karplus (1963) equation.
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Table 2. Computed Boltzmann-averaged® value of
the vicinal coupling constant, 3JNH0(; for specific
amino acids in tetrapeptides and pentapeptides

Sequence 35 NHa 35 NHo
(Hz) (Hz)
Theoretical® Experimental® (+0.5 Hz)

GGFAY 95 9.4

GGFGG® 6.9 n/a

GGRAY 6.2 6.9

GGHAY 7.0 8.0

GGHAf 7.0 n/a

GGHGG® 6.0 n/a

GGEAY 6.6 7.0

GGIAY 6.8 7.0

GGKAY 6.8 6.5

GGQAY 5.8 6.0

GGYAY 7.3 6.8

GGLAY 74 6.5

GGTAY 6.7 6.9

GGAAY 6.6 6.5

GGGAY 6.4 5.6

GGVA? 6.9 7.0

4The theoretical values of the coupling constants were
computed from the calculated values of the dihedral
angle ¢ by using the Karplus relation (Karplus, 1959,
1963): 3INHa = A cosZ ¢ — Beos ¢ + C, with ¢ =
|¢ — 60.0] and A =64, B=14and C = 1.9, as
parameterized by Pardi et al. (1984).

bTheoretical values within the Bundi and Wiithrich
(1979a) experimental errors (+ 0.5 Hz) are shown in
boldface.

CExperimental values from Bundi and Wiithrich
(1979a) at pH 7 and t = 35 °C. The experimental error
in all cases is £0.5 Hz.

dValues in this row were computed at pH 7 and
t =35 °C, with the solvent free energy and free energy
of ionization computed by using the solution of the
Poisson-Boltzmann equation as described in Methods
(Ripoll et al., 1996).

€Same as (d), but for pH 5.

fSame as (d), but for pH 3.

The computed Boltzmann-averaged value of the
a-proton chemical shift ((deor)) for each of the 13
amino acids is shown in Table 3 together with the
experimentally-determined value (3s;) obtained from
NMR measurements by Wiithrich (1986). From Ta-
ble 3, it can be seen that the Boltzmann-averaged
a-proton chemical shifts, computed as explained in
Methods, are in good agreement with the experi-
mental values, i.e., with an average estimated differ-
ence of ~0.3 ppm. For nine residues out of thirteen,
the computed Boltzmann-averaged values for the o-
proton chemical shifts show variations with respect to
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Table 3. Computed Boltzmann-averaged® o-proton chemi-
cal shifts (3¢heor) for the residue X in the tetrapeptides
H-Gly-Gly-X-Ala-OH

GGXA (Stheor) 3sc [A3] =
X= (ppm) (ppm) [{Btheor — scl
Theoretical® Experimental® (ppm)d
PheP 4.92 4.66 0.26 (0.50/0.42)
Arg 4.10 4.38 0.28 (0.39/0.27)
HisP 4.48 4.63 0.15 (0.43/0.34)
Glu 4.07 4.29 0.22 (0.29/0.56)
Ile® 4.83 4.05 0.78 (0.56/0.38)
Lys 4.17 4.36 0.19 (0.41/0.36)
Gln 4.03 4.37 0.34 (0.35/0.51)
Tyr 4.50 4.60 0.10 (0.45/0.43)
Leu® 4.11 4.20 0.09 (0.40/0.31)
Thr 4.14 4.35 0.21 (0.33/0.50)
Ala 4.14 4.35 0.21 (0.30/0.32)
Gly 4.61 3.97 0.64 (0.09/0.50)
Val® 4.79 4.00 0.79 (0.60/0.38)

4The theoretical values of the a-proton chemical shifts were com-
puted from the calculated values of the dihedral angles ¢ by
using a Karplus type relation as given by Wishart et al. (1991):
AS = A cos? @ —Bcosg + C. With A =1.35,B=025,C =
—0.80 ¢ = ¢ — 60.0]. 3sc and (3ipeor) are the experimentally-
measured values of the a-proton chemical shifts for statistical coil
peptides by NMR, as given by Wiithrich (1986) and the theoret-
ical Boltzmann-averaged values for the a-proton chemical shifts,
respectively. The latter were computed as described in Methods.
bValues in this row were obtained from the Boltzmann-averaged
value of (A3) by using all the accepted conformation computed at
pH 7, as described in Methods.

“The experimental values are those reported by Bundi and
Wiithrich (1979a) except that the more precise data (Wiithrich,
1986) obtained for Phe, Arg, Lys and Leu are shown.
dTheoretical values of | A3 that are lower than the absolute values
of the observed difference between the average value of the ex-
perimental a-proton chemical shift in a-helix or B-strand and the
experimental statistical-coil value, i.e., [3sc— (8¢} | and [3sc —(3g) 1,
where (3q) and (3g) for each residue were taken from Table 6 of
Wishart et al., (1991) are shown in bolface type. The values of
[8sc — (3a)| and |3sc — (8g )| for each residue are shown in paren-
theses.

®The corresponding experimental values reported by Wiithrich
(1986) were reduced by 0.18 ppm to account for a previously
observed conformational bias (Wishart et al., 1991).

the experimentally-determined values that are smaller
than the differences between both the experimental o-
proton chemical shift and the average a-proton chem-
ical shifts for (a) residues in an a-helix, and (b) for
residues in p-strands, respectively. This is denoted in
parenthesis in Table 3.

Wishart et al. (1991) indicated that a-proton chem-
ical shifts determined by using an empirical Karplus-
type relationship do not provide the same accurate

geometrical details as those given by the coupling
constants. Regardless of this observation, the close
agreement found between the theoretical Boltzmann-
averaged and NMR experimentally-determined values
for the a-proton chemical shifts, shown in Table 3,
seems to indicate that the relationship of Wishart et al.
(1991) (Equation 4) is able to distinguish statistical-
coil a-proton chemical shifts from those that belong
to structured states, such as a-helix and B-strand. As
noted by Serrano (1995), the dependence of the dihe-
dral angle ¢ on the secondary structure preference, as
determined by both the a-proton chemical shifts and
the vicinal coupling constant, 3JNHa, could provide a
basis for recognizing the difference in conformational
propensities of the amino acids for unstructured states,
i.e., the statistical-coil.

Table 4 provides a comparison between the the-
oretical Boltzmann-averaged values for the vicinal
coupling constant, 3JH0LHB, and the experimentally-
determined values from NMR by Bundi and Wiithrich
(1979a). The values of 3J HaHp Teflect the Boltzmann-
averaged population of the side-chain dihedral angle
¥ !. Since NMR resonances of residues with two B
protons are not stereo-specifically assigned, it can be
assumed (following West and Smith, 1998) that the
largest 3 Ha Hp coupling constant belongs to HPZ; this
situation occurs when the population of the least ster-
ically restricted x! = —60° rotamer is greater than
that of the x! = —180° rotamer. Analysis of the
vicinal coupling constants from the experimental data
leads to the relative populations of the three stag-
gered ! rotamers; if the vicinal coupling constants
3JHuH52, 3JHaH53 are different, this indicates that the
side chain is not populating the three staggered !
rotamers equally.

Table 4 shows that the Boltzmann-averaged values
of 3JHaH5 for Phe in both the tetrapetide studied by
Bundi and Wiithrich (1979a) at pH 7 and the pentapep-
tide studied by Merutka et al. (1995) at pH 5, follow
the trend of the experimentally-determined values, i.e.,
3Tanp? > 3Tuanp® in GGFA, and *Tugup? > 3Tnang®
in GGFGG for both calculated and experimental val-
ues. The agreement between experiments and the
Boltzmann-averaged populations of the x ' rotamers
for residues such as phenylalanine and glutamic acid
is consistent with a preference of the side chains to
be folded against the backbone, making other rotamer
states unreachable, as shown below.

The computed Boltzmann-averaged values of
3y HaHp for leucine (12.8 Hz and 4.2 Hz) differ from the
experimental values (7.2 Hz and 7.2 Hz) determined



Table 4. Computed Boltzmann-averaged?® vicinal cou-
pling constant 3JHuHB for residue X in the peptides
H-Gly-Gly-X-Ala-OH and H-Gly-Gly-X-Gly-Gly-OH

Sequence Theoretical® Experimental
(Hz) (£ 0.5 Hz)
Suanp? SToanp® STHanp® STnanp®

GGFA® 127 42 1034 5.6
GGFGG® 6.5 5.0 775 66f
GGRA® 127 2.8 764 554
GGHA®  12.6 46 699  6.0d
GGHGG®¢ 4.0 2.8 n/a n/a
GGEA®  12.8 2.8 95 464
GGIA® - 5.4 - 7.64
GGKA®  10.2 2.8 789 56d
GGQA® 5.2 2.1 g.8d  50d
GGYA® 125 49 9.0 564
GGLA® 128 42 724 70d
GGTA® 3.7 - 500 -
GGAA® - 12.9 - 7.04
GGVA® - 12.9 - 6.94

4The theoretical values of the couplings constants were
computed from the calculated values of the dihedral
angle ¢ by using the Karplus relation (Karplus, 1959,
1963): 3JHaHB = Acos? ¢ — Bcos ¢ + C, with ¢ re-
placed by x 1 for 3JHaHB2 or by (x1—120 for 3JHaHB3~

bThese values were computed with the following set of
parameters: A = 9.5, B = 1.6 and C = 1.8 as given by
De Marco et al. (1978).

“Values in this row were computed at pH 7 and t =
35°C with the solvent free energy and free energy
of ionization computed by using the solution of the
Poisson-Boltzmann equation as described in Methods
(Ripoll et al., 1996).

dExperimental values from Bundi and Wiithrich
(1979a) at pH 7 and t = 35 °C.

€Same as (c), but for pH 5.

fExperimental values from Merutka et al. (1995) at
pH 5 and t =35°C.

by Bundi and Wiithrich (1979a). The experimental
data of Bundi and Wiithrich (1979a) indicate that the
side chain of this residue populates the three staggered
x! rotamers equally. However, recent experimental
results on side-chain conformations in unfolded hen
egg-white lysozyme (Hennig et al., 1999) revealed that
leucine displays a strong preference for torsion angles
that are clustered around the x | = —60° rotamer (79%
population). The agreement between our computed
values for 3J HuHp and the experimentally observed x!
preference from denatured lysozyme provides an inde-
pendent test, and shows that the side chain of leucine
can preferentially populate one the three staggered
rotamers.
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Table 5. Average® degree of charge for the unblocked peptides
GGXA and GGXGG

Sequence  Fraction in the Fraction of the Fraction in the

NH;L form charged form  COO~ form
of Residue X
GGFA® 0.0 n/a 1.00
GGFGG®  0.00 n/a 0.36
GGRA®  1.00 1.00 0.95
GGHAP 0.8 0.10 0.99
GGHAY  0.99 1.00 0.83
GGHGG® 0.89 1.00 1.00
GGEAP 0.2 0.99 1.00
GGIA® 0.1 n/a 1.00
GGKAP  0.00 1.00 1.00
GGQAP  0.00 n/a 1.00
GGYA®  0.12 0.00 1.00
GGLAP  0.04 n/a 1.00
GGTA®  0.01 n/a 0.98
GGAA® 0.1 n/a 1.00
GGGAP  0.00 n/a 1.00
GGVAP  0.01 n/a 1.00

4Values of 7.80 and 3.75 were used for the pK§ of the ionizable
N- and C-terminal a-amino and a-carboxyl groups, respectively
(Edsall and Wyman, 1958). The N- and C- terminal groups are
indicated as NH;L and COO™, respectively. The values of 12.50,
6.0, 4.30, 10.50, and 10.10 were adopted as the ng for the
ionizable groups of the residues Arg, His, Glu, Lys, and Tyr,
respectively, as an average from the data of Perrin (1972).
YRuns in this row were computed at pH 7, with the solvent free
energy and free energy of ionization computed by using the solu-
tion of the Poisson—Boltzmann equation as described in Methods
(Ripoll et al., 1996).

¢Same as (b), but for pH 5.

dSame as (b), but for pH 3.

In those cases for which there are stereo-
specifically assigned hydrogens, two cases can be
distinguished (see Table 4): (a) Amino acids Phe, Arg,
Glu, GIn and Tyr for which the relative theoretical val-
ues follow the trend of the experimental data, and (b)
amino acids His, Lys and Leu for which the theoreti-
cal values do not follow the trend of the experimental
data (the results in point (b) may be a consequence
of poor sampling of the side-chain conformations of
these residues or improper force field parameters).

Conformational analysis of the tetrapeptide
H-Gly-Gly-Glu-Ala-OH in aqueous solution

The simulations show that the Boltzmann-averaged
values for 3Ixpy of GGEA are in good agreement with
the experiments, as seen from Table 2.
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Figure 1. Stereo view of one conformation (the lowest-energy one from family 3) of our statistical-coil ensemble found during the simulation
carried out for the tetrapeptide H-Gly-Gly-Glu-Ala-OH, at pH 7. This conformation is the most populated in the ensemble, and shows that one
of the oxygens of the carboxylate side chain of Glu is in close proximity to the amide proton at positions 2 and 3.

Statistical analysis based on clustering of all the ac-
cepted conformations for GGEA with a cutoff RMSD
of 1 A, between all heavy atoms in the tetrapeptide,
leads to the partition of the statistical-coil ensemble in
44 different families. The lowest-energy conformation
for each family is designated as the leading member.
Moreover, the families are ranked in increasing order
of total free energy of their leading member, e.g., the
leading member of family 1 belongs to the lowest- en-
ergy conformation found for the tetrapeptide GGHA
(listed in Table 1). Among all the families of GGEA,
the most populated one belongs to the family number 3
in the ranking, and contains ~ 70% of the total number
of conformations in the ensemble. The lowest-energy
conformation of family 3 is displayed in Figure 1 (but
it is 17.2 Kcal mol~! above the global minimum of
Figure 2). The leading member of family 3 displayed
in Figure 1 shows that one of the oxygens of the car-
boxylate side chain of Glu is in close proximity to the
amide protons at position 2 and 3. According to Bundi
and Wiithrich (1979b), the ensemble of the deproto-
nated (charged) form of Glu at neutral pH includes
species with hydrogen bonds between the Glu side
chain and the backbone amide proton of residues at
positions 2 or 3, respectively, with which our confor-
mation in Figure 1 is in close agreement. However, it
is not clear how such a (computed) high-energy form
could have been observed in the experiments of Bundi

and Wiithrich(1979b). Besides, the vicinal coupling
constant 3Jnp, of the conformation shown in Figure 1,
is 5.5 Hz, and this value is far from both the ex-
perimental value (7.0 Hz) determined by Bundi and
Wiithrich (1979a) at pH 7 and from the Boltzmann-
averaged computed value of 6.6 Hz, listed in Table 2.
Conceivably, this discrepancy may arise from a con-
sideration of only a limited number of conformations
instead of the whole ensemble.

The lowest-energy conformation found in our sim-
ulations and displayed in Figure 2, on the other hand,
shows that the glutamic acid side chain is oriented
toward the N-terminus but is not close to the amide
protons at positions 2 and 3, the conformation that was
seen in Figure 1. Interestingly, this predominant orien-
tation of the glutamic acid side chain in the ensemble
is in agreement with predictions made by Bundi and
Wiithrich (1979b) that bulky side chains are oriented
toward the N-terminus.

Conformational analysis of the tetrapeptide
H-Gly-Gly His-Ala-OH in aqueous solution

The above suggestion, that bulky side chains are pref-
erently oriented toward the N-terminus in general, was
not found in our simulation for the lowest-energy con-
formation of histidine where the calculated side-chain
position is oriented toward the C-terminus at pH 7
(Figures 3 and 4), in agreement with the experimental
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Figure 2. Stereo view of the lowest-energy conformation found during the simulation carried out for the tetrapeptide H-Gly-Gly-Glu-Ala-OH

atpH 7.

observation of Jiménez et al. (1986). These authors
found signs of non-statistical-coil structure near the
C-terminus of the GGHA tetrapeptide. According to
Jiménez et al. (1986) the presence of a salt bridge
between the His side chain and the C-terminal group
has been suggested to explain the anomalous titra-
tion of the His amide signal found in other peptides
having His in the penultimate position. Moreover, his-
tidine is also the residue for which Merutka et al.
(1995) found the most significant differences for the
side-chain proton chemical shifts when compared with
those obtained by Bundi and Wiithrich (1979a).

To investigate the influence of pH and the amino
acid sequence on the behavior of histidine, we carried
out simulations for the GGHA peptide at pH 7 and
3, and for the GGHGG peptide at pH 5. We found
quite a different degree of protonation (average charge
distribution) at each pH for the histidine residue in the
tetrapeptide and pentapeptide, as shown in Table 5.
The average degree of protonation (charge) appears to
be similar for both GGHA at pH 3 and GGHGG at
pH 5, but quite different for that of GGHA at pH 7
where the histidine is almost fully deprotonated (un-
charged). This preferential degree of protonation could
explain the differences observed by Merutka et al.
(1995) for the chemical shift of the histidine side chain
between both GGHA at pH 7 and GGHGG at pH 5,
i.e., due essentially to the difference in pH in these
two experiments. In addition, the 3JHaH5 values for
the side chain of histidine in the GGHGG peptide
(Table 4) seem to be in better agreement with the ex-

pected value of a statistical coil than the calculated
one found for the GGHA peptide. The histidine side
chain of the GGHGG peptide populates all three ro-
tamers equally, while the residue seems to have some
preferred interaction with the backbone in the GGHA
peptide.

There is no structural difference among the lowest-
energy conformations found for the GGHA peptide at
both pH 7 and pH 3 (the same value of 3JNHo in Ta-
ble 2), even though the protonation distributions differ
at these two pH’s (Table 5). However, it is impor-
tant to note that, at pH 7, there are two low-energy
conformations with similar energies, i.e., with a total
energy difference of less than 0.7 Kcal mol~!, display-
ing a preference for the side-chain position of histidine
close to the C-terminus, as shown in Figures 3 and
4. One of these conformations, however, brings the
uncharged histidine side chain very close to the de-
protonated COO™ terminal group, as can be seen in
Figure 4. Jiménez et al. (1986) reported that the non-
labile H2 proton of uncharged histidine is able to sense
the deprotonation of the COO™ group, suggesting that
the histidine side chain and the C-terminus are in close
proximity, with which our conformation in Figure 4 is
in agreement.

Conformational analysis of the oligopeptides
H-Gly-Gly-Phe-Ala-OH and
H-Gly-Gly-Phe-Gly-Gly-OH in aqueous solution

The value of the 3Jnpq coupling constant determined
experimentally for phenylalanine in the tetrapeptide



256

Figure 3. Stereo view of the lowest-energy conformation found during the simulation carried out for the tetrapeptide H-Gly-Gly-His-Ala-OH

atpH 7.

GGFA (9.4 Hz) is strange since it is quite different
from the values measured for any other amino acids in
a statistical-coil conformation (Bundi and Wiithrich,
1979a). This behavior has been interpreted by Ser-
rano (1995) as arising from a possible interaction
of the phenylalanine side chain with the backbone
of the oligopeptide or as a result of an error in the
measurement.

Our Boltzmann-averaged value for the 3Jxmq cou-
pling constant, computed at pH 7 (9.5 Hz), with the
solvent free energy and free energy of ionization prop-
erly taken into account by using the solution of the
Poisson—Boltzmann equation (Ripoll et al., 1996) as
described in Methods, suggests that this anomalous
behavior is due to a specific stacking of the phenylala-
nine side chain with the backbone. This preferential
interaction is seen clearly in the lowest-energy con-
formation found in our simulation (see Figure 5). It
can also be seen from this figure that the phenylalanine
side chain is orientated towards the N-terminus of the
linear tetrapeptide, in agreement with the suggestion
made by Bundi and Wiithrich (1979b).

However, some observations have been mentioned
by Merutka et al. (1995) regarding both the exper-
imental environmental conditions (pH and tempera-
ture) and the existence of sequence dependence effects
in the experiments of Bundi and Wiithrich (1979a).
The sequence dependence, in particular, refers to the
last residue at the C-terminus, i.e., the alanine residue
that can influence the conformational preference of the
‘X’ residue at position 3 of the tetrapeptide, and hence,
according to Merutka et al. (1995) induce some kind of

systematic error because the alanine residue has a pref-
erence (Merutka et al., 1995) ‘“for backbone’ dihedral
angles in the a-region of the conformational space. In
order to avoid these effects, Merutka et al. (1995) se-
lected the pentapeptide H-Gly-Gly-X-Gly-Gly-OH to
minimize the influence of end effects by inserting two
glycine residues on each side of the central residue X.

To determine whether the proximity of the pheny-
lalanine side chain to the backbone is sequence depen-
dent, or is the result of an error in the measurement
(Serrano, 1995), we carried out a series of simulations
on the pentapeptide H-Gly-Gly-Phe-Gly-Gly-OH, at
pH 5. The Boltzmann-averaged value for the vicinal
coupling constant, 3 INHa, Obtained for the phenylala-
nine residue (6.9 Hz) in our simulations is far from
both the theoretical and experimentally-determined
values for phenylalanine in the tetrapeptide H-Gly-
Gly-Phe-Ala-OH, i.e., ~9.5 Hz. The lowest-energy
conformation found in our simulation for the peptide
H-Gly-Gly-Phe-Gly-Gly-OH at pH 5 is shown in Fig-
ure 6. It can be seen that, in this conformation, there is
a preferential orientation of the aromatic side chain of
Phe toward the C-terminus, at variance with the obser-
vation found for the lowest-energy conformation of the
peptide H-Gly-Gly-Phe-Ala-OH, at pH 7 (Figure 5).
This preferential ordering is in agreement with the
proposal of Merutka et al. (1995) who suggested the
existence of some specific orientation of the aromatic
side chain toward the C-terminus, or some interac-
tion with the C-terminal glycine. As Merutka et al.
(1995) also indicated, this effect has been observed
for sequences Ar-Aa-Gly, where Ar is an aromatic
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Figure 4. Stereo view of the conformation closest to the lowest-energy one (but 0.65 Kcal mol~! above the one in Figure 3) found during the
simulation carried out for the tetrapeptide H-Gly-Gly-His-Ala-OH at pH 7.

residue and Aa is any amino acid (Dyson et al., 1992;
Kemmink et al., 1993)

Moderate agreement between the theoretical pre-
dictions and the experimental data for 3J HeHp in both
the tetrapeptide and pentapeptide containing pheny-
lalanine is shown in Table 4. The values obtained for
3JHqu for the pentapeptide indicate an unrestricted
side chain, at variance with the values found for
the tetrapeptide which seem to indicate some kind
of stacking of the side chain against the backbone.
This effect can also be inferred from inspection of the
lowest-energy conformations shown in Figures 5 and
6.

The largest difference between these Phe-con-
taining tetra- and penta-peptides, beyond the orien-
tation of the Phe side chain, is in the Boltzmann-
averaged degree of protonation (charge) at the C-
terminus. This end of the chain appears to be fully
deprotonated (charged) for GGFA at pH 7 and only
partially deprotonated (~ 36%) for GGFGG at pH 5,
as can be seen from Table 5. This could also explain
the preferential orientation of the phenylalanine side
chain toward the N-terminus in the tetrapeptide. In
principle, the phenylalanine side chain in the GGFA
tetrapeptide could be oriented to either the N-terminus
or C-terminus. However, if it were oriented toward
the C-terminus, it would lead to a high energetic cost
because the hydrophobic side chain would interfere

with the solvation of the fully deprotonated (charged)
C-terminus. On the other hand, if the phenylalanine
side chain were oriented toward the N-terminus (as
in Figure 5), it would not pay an additional energetic
cost because the N-terminus is full deprotonated (un-
charged). It is worth noting that the phenylalanine side
chain of the GGFGG pentapeptide does not have such
a restriction because (a) at pH 5 the C-terminus is only
partially deprotonated (36%), and (b) the inclusion
of one additional glycine in the sequence positions
the phenylalanine side chain further away from the
C-terminus in the sequence.

It is clear that the hydrophobic side chain of pheny-
lalanine can be partially shielded from solvent by
interacting with the backbone. However, the prefer-
ential orientation of the side chain will be dominated
by both the pH at which the experiments are con-
ducted and the type and amount of residues flanking
the phenylalanine. The conformational preference of
the aromatic side-chain of phenylalanine is certainly
coupled with the degree of ionization (Ripoll et al.,
1996; Vila et al., 1998) and vice versa; the state of ion-
ization and the conformation are coupled (Laskowski
and Scheraga, 1954).

A cluster analysis for the tetrapeptide GGFA, sim-
ilar to the one already described for the tetrapeptide
GGEA, reveals that family 1, out of 42 families, i.e.
the one for which the leading member of the fam-
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Figure 5. Stereo view of the lowest-energy conformation found during the simulation carried out for the peptide H-Gly-Gly-Phe-Ala-OH at

pH7.

ily is the lowest-energy conformation of the statistical
coil ensemble, is the most populated family containing
more than 49% of the total members of the confor-
mation ensemble. Thus, it seems to be appropriate
to compare some experimentally-derived magnitudes,
such us the '3C® chemical shifts, with the theoretical
values derived from the lowest-energy conformation.

Quantum chemical calculation of the 3C* chemical
shift

It is known that '>C% and '*CP chemical shifts are
highly sensitive to backbone (¢, ) dihedral angles
and, hence, it is believed that variations in the back-
bone dihedral angles (¢, V) account for half or more of
the observed variations in the 13C% and '3CP chemical
shifts (Wishart and Case, 2001). Calculations of the
13C® chemical shifts for the lowest-energy conforma-
tion found for the tetrapeptide GGFA provides an in-
dependent assessment of the agreement obtained with
the vicinal coupling constant which depends only on
the dihedral angle ¢ through the Karplus relationship
(Equation 3).

Comparison of theoretically-determined values for
the H* and '3C* chemical shifts with the correspond-
ing experimentally determined value for these nuclei
are ideally suited for estimation of secondary structure
in proteins based on chemical shifts, with the larger
chemical shift dispersion of 13C® usually giving bet-

ter results (Schwarzinger et al., 2001). Furthermore,
it is important to note that the statistical-coil chemical
shift of these two nuclei seems to depend mainly on
the attached side chain, with minor corrections based
on the local amino acid sequence (Schwarzinger et al.,
2001). The results of H* chemical shifts have already
been discussed in connection with Table 3.

Table 6 shows the results of Quantum Chemi-
cal calculations for the 13C% chemical shift and the
NMR experimentally determined value by Richarz and
Wiithrich (1978). The calculations were carried out
for both the lowest-energy conformation found for the
tetrapeptide GGFA, displayed in Figure 5, and for
one, out of 8, randomly selected initial conforma-
tions of the EDMC search. For each case, we carried
out calculations of the '3C* chemical shift with and
without geometry optimization of internal coordinates
following the procedure described in Methods.

As seen in Table 6, the agreement of the theoretical
values with the experimental value is significant for
the calculation carried out with the density functional
theory (DFT) approach. On the other hand, the cal-
culations carried out by using the Hartree—Fock (HF)
approach led to results that are far from the experi-
mental value. It is known that HF calculations can be
improved by using the density functional theory-type
calculations (Pearson et al., 1997); i.e., for higher ac-
curacy in chemical shift computations, the inclusion
of electron correlation in the theoretical treatment ap-
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Figure 6. Stereo view of the lowest-energy conformation
H-Gly-Gly-Phe-Gly-Gly-OH at pH 5.

pears to be important. In addition, numerical evidence
indicates that, whenever the HF and DFT results are
significantly different, i.e., when the electron correla-
tion effects are large, the DFT values are more reliable
(Helgaker et al., 1999). In conformity with this obser-
vation, it has been shown (Wang et al., 2001) that the
HF method is less appropriate than B3LYP when the
system exhibits strong electron correlation effects.

Regardless of the quantitative comparison, it is
worth observing that both calculations, i.e., those
with HF and DFT, predict that the chemical shift
for the '3C® corresponding to phenylalanine in the
lowest-energy conformation of the tetrapeptide with or
without geometry optimization (47 ppm and 55 ppm,
respectively) appears upfield in comparison with the
corresponding computed value for one of the random
conformations (52 ppm and 59 ppm, respectively).
Thus, we can infer that, in both calculations, the
13C* atom is predicted to be better shielded in the
lowest-energy conformation than in the random one.

After comparing the experimental value (56 ppm)
of the 13C* chemical shift with those computed for
both the lowest-energy (55 ppm) and the randomly-
generated initial conformations (59 ppm), we can infer
that calculations carried out with DFT by using the
basis set 6-311+G(2d,p) is fairly sensitive to both
backbone and side-chain conformational preference of
phenylalanine.

found during the simulation carried out for the pentapeptide

Table 6. Quantum chemical computation of the 13 chem-
ical shift 3 for the Residue Phe in the tetrapepetide
H-Gly-Gly-Phe-Ala-OH

Theoretical? Experimental?
(ppm) (ppm)
HF/6-311+G(2d,p) B3LYP/6-311+G(2d,p)

47.2¢ (51.79) 54.3¢ (59.79) 56.2

47.2¢ (52.2%) 54.6° (58.60) 56.2

AAp initio and DFT values for 13C® chemical shifts were
calculated as explained in Methods. All the theoretical and
experimental values are in ppm relative to TMS (tetramethyl-
silane).

bExperimentally-determined 13¢% chemical shift from Richarz
and Wiithrich (1978) at pH 7.7 and t = 35 °C.

CAb initio and DFT calculated values of '3C% chemical shifts
for the lowest-energy conformation found for the peptide GGFA
at pH 7, without geometry optimization, as explained in Meth-
ods.

9dAp initio and DFT calculated values of 13C® chemical shifts
for one, out of eight, initial random conformations of the EDMC
search, without geometry optimization, as explained in Meth-
ods.

€Ab initio and DFT calculated values of '3C* chemical shifts
for the lowest-energy conformation found for the peptide GGFA
at pH 7 and t = 35 °C. This value was obtained after geometry
optimization in internal coordinates allowing all bond lengths
and bond angles to relax, but all dihedral angles were frozen at
the original values, as explained in Methods.

fAb initio and DFT calculated value of 13C? chemical shifts for
one, out of eight, initial random conformations of the EDMC
search. This value was obtained after geometry optimization in
internal coordinates allowing all bonds lengths and bonds an-
gles to relax, but all dihedral angles were frozen at the original
values, as explained in Methods.
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Discussion and conclusion

The agreement found between the calculated and the
experimentally-derived parameters for statistically-
coiled amino acids in different sequences and at dif-
ferent pH’s reveals that solvent polarization effects
and electrostatic interactions play a dominant role in
determining the conformational preferences of both
backbone dihedral angles ¢ and side-chain dihedral
angles x ! in statistically-coiled peptides.

Analysis of the populations of conformations for
phenylalanine in both a tetrapeptide at pH 7 and a
pentapeptide at pH 5 reveals that the surprisingly high
value for 3JNpq, when compared with values for other
statistically-coiled amino acids, seems to be due to
a preferential interaction with the backbone, as sug-
gested by Serrano (1995) and Merutka et al. (1995)
and not to an error in the measurement (Serrano,
1995).

The preference of the phenylalanine side chain
to orient towards the C-terminus in the pentapetide
GGFGG at pH 5 (Figure 6), or towards the N-terminus
in the tetrapeptide GGFA at pH 7 (Figure 5), ap-
pears to be related to both (a) the differences in the
sequences of both peptides, which place two glycine
residues between phenylalanine and the C-terminus in
the pentapeptide, in place of a single alanine in the
tetrapeptide; and (b) the difference in the pH condi-
tions under which the experiments were carried out.
This difference seems to lead to different protonation
(charge) distributions that, in turn, play a significant
role in determining the observed conformation. In fact,
the deprotonation (low charge of the amino group)
at the N-terminus and high average protonation (low
charge of the carboxyl group) at the C-terminus for the
pentapeptide at pH 5 allows the side chain to explore
the conformational space more freely, without the high
energetic cost due to the interference of the side chain
with the solvation of the ionized C-terminus. This
effect is also reflected in both the theoretical and ex-
perimental values of 3JHaHs showing sampling of a
completely different set of values of the dihedral angle
xl, as can be seen in Table 4.

The results of our DFT calculations of the '3C®
chemical shift of phenylalanine for the lowest-energy
conformation of the tetrapeptide H-Gly-Gly-Phe-Ala-
OH at pH 7 (55 ppm) show good agreement with
the NMR experimentally-determined value obtained
by Richarz and Wiithrich (1978) (56 ppm). On the
other hand, a comparison with a randomly-generated
conformation, used as one of the eight starting points

of the EDMC searches (59 ppm), reveals that the DFT
calculations for the '3C* chemical shift are sensitive
enough to discriminate between conformations and,
in particular, the positions of the side chain, as was
already noted by Schwarzinger et al. (2001).

Close agreement is found between the Boltzmann-
averaged and the experimentally determined value of
the a-proton chemical shifts, i.e., (8iheor) and dsc
respectively, as shown in Table 3. The Boltzmann-
averaged value of (Stheor) Was determined, as ex-
plained in Methods, by using an empirical relationship
given by Wishart et al. (1991) which relates the A8
valueg i.e. A8 = ({8theor) — dobs), With the dihedral
angle ¢ through a Karplus-type equation. The results,
shown in Table 3, seem to indicate that this relation
is useful for discriminating statistical-coil preferences
from that of a structured state, such as a-helix and
B-strand.

The ability to distinguish structured conformations
from non-structured ones by analysis of the vicinal
coupling constant, 3 INHa, Was already discussed by
Pardi et al. (1984). Here, we were able to show that
the empirical relationship between the dihedral angle
¢ and the H* chemical shift, introduced by Wishar et
al. (1991), is also sensitive enough to reproduce the
Boltzmann-averaged values for the o-proton chemical
shift and hence to discriminate the statistical-coil from
the a-helix and B-strand structured states. In others
words, 3JNHq is frequently used to distinguish between
residues that belong to structured states such as a-helix
(with 3 INHe < 6.0 Hz) from those that are not. This
is not surprising since both NMR spectral parame-
ters, viz., a-proton chemical shifts and 3JNHq, share
a common sinusoidal dependence with the backbone
dihedral angle ¢ (Wishar et al., 1991). The assumption
that the a-proton chemical shift is influenced mainly
by the preceding residue, and hence by the dihedral
angle ¢ has been corroborated by Merutka et al. (1995)
after comparing the proton chemical shifts for the pen-
tapeptide H-Gly-Gly-X-Gly-Gly-OH at pH 5 (with X
being one of the 20 naturally occurring amino acids)
with those obtained by Bundi and Wiithrich (1979a)
for the tetrapeptides H-Gly-Gly-X-Ala-OH at pH 7.
The most notable exception to the observation that
the preceding residue influences ¢, was histidine, for
which Merutka et al. (1995) observed a significant
departure from the expected value. From our simula-
tions, however, we have been able to rationalize this
difference. We showed that the pattern of the average
protonation (charge) distribution for both the tetrapep-
tide and the pentapeptide differs significantly, and that



this may be the main source of the observed incon-
sistencies between both experiments. In that sense, we
agree with the suggestion of Merutka et al. (1995) who
proposed that the difference in chemical shift may be
caused by the difference in pH between both studies.
The conformation, in turn, is sensitive to the state of
ionization of the amino acid residues (Neurath et al.,
1944) and, vice versa, the state of ionization and the
conformation are coupled (Laskowski and Scheraga,
1954). It should be noted that the computed values of
the fraction of the a-amino NH;r form (column 2 of
Table 5) differ from those that would be expected from
the Null or Zero Interaction model (Yang and Honig,
1993), i.e., a model in which all ionizable residues are
assumed to titrate independent of any interactions with
their neighbors; the reported computed values reflect
the interactions between the ionizable groups and its
neighbors.

The importance of the protonation (charge) dis-
tribution and the specific amino acid sequence for
the conformational preferences of some amino acids,
shown in this study, indicates that (i) hydrophobic,
charged or highly polar neutral residues in position X
of the tetra- or pentapeptide will compete for solva-
tion with the main-chain backbone CO and NH groups
of nearest-neighbor residues, as well as with the un-
blocked ends groups; therefore, a predisposition to
adopt a specific set of conformations, could be de-
termined largely by sequence-dependent effects, as in
the analysis of specific-sequence copolymers made by
Scheraga et al. (2002) showing that bulky side chains,
from both charged or highly polar residues, may se-
quester water away from the backbone and hence
influence the conformational preferences of nearest-
neighbor residues; (ii) the tetrapeptides H-Gly-Gly-
X-Ala-OH seem to adopt favored conformations for
several amino acids, such as histidine, glutamic acid
and phenylalanine, and hence, such interactions are
reflected in the measured statistical-coil state; and
(iii) The bias introduced by specific interactions be-
tween a given residue and its neighbors means that,
in such cases, these ensembles do not represent a
truly statistical coil, i.e., they correspond to a bi-
ased energy-weighted sampling of the conformational
space of the residue under consideration.
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