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Abstract. 1-Aminocyclopropanecarboxylic acid (Acsc)
is a constrained o amino acid residue that exhibits
peculiar conformational characteristics. The aim of the
present study is to provide a deeper understanding of
these features to be used as guidance to decide when to
choose Acsc as a building block for the design of peptide
and protein surrogates. The whole Ramachandran plot
of the Ace-Acsc-NCH; dipeptide was investigated at the
Hartree—Fock level using a 6-31G(d) basis set and the
most favorable structures were assessed on this surface
by energy minimization. These results were subsequently
used as a reference to generate specific molecular
mechanics parameters for Acsc compatible with the
parm94 set of the AMBER force field. The effect of
water as a solvent on the conformational profile of the
dipeptide was also assessed using the Miertus—Scrocco—
Tomasi self-consistent reaction-field model at the Har-
tree—Fock level using a 6-31G(d) basis set and using the
AM1 semiempirical method. The conformational profile
of the Acsc dipeptide can be characterized by two
symmetric low-energy regions for values of ¢ around
+80° with a wide range of values for y ranging from
—40 to 180°, with the lower areas located at low values
of . Solvent effects do not alter the features of the
conformational map, but a shift of the two absolute
minima to (¢, Y) values near (£ 90°, 0°) can be observed.
These results are in accord with all experimental
evidence and with the known tendency of Acsc to
induce f-turn conformations in peptides.
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1 Introduction

Knowledge of the conformation that a peptide exhibits
when bound to its receptor represents key information
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for the design of peptide surrogates and peptidomimetics
[1, 2]. An indirect approach widely used in the past to
assess the features of the bioactive form of a peptide was
the synthesis of peptide analogs with restricted confor-
mational freedom. There is extensive literature covering
successful achievements obtained in the past using
this approach [3-5]. Constraints imposed on the analogs
can be global by cyclization of the peptide, or local by
incorporating conformationally constrained amino acid
residues into the peptide sequence; however, for efficient
use of the latter approach a profound knowledge of the
conformational features of the building blocks incorpo-
rated into the sequence is necessary. Computational
methods can provide useful insights in this field.

The accessible conformational space of an amino acid
residue can essentially be characterized by its potential-
energy map, generated from systematic rotation of the
backbone dihedral angles ¢ and  defined by the N—C*
and C*—C bonds, respectively. Most of the natural
amino acid residues can access about 30% of the (¢, )
space. Glycine is the most flexible amino acid residue,
accessing more than 60% of the conformational space
[6]. In contrast, proline is the only natural amino acid
residue with its accessible conformational space consid-
erably reduced [7], a feature adequately exploited to
generate inverse turns in peptide sequences [8]. Unnat-
ural, conformationally restricted amino acid residues
expand the repertoire of available building blocks to
control peptide secondary structure [9, 10]. There are
several strategies to constrain amino acid residues to
reduce their energy-accessible conformational space.
Among them, substitution of the a-carbon hydrogen to
restrict both backbone and side-chain conformational
freedom has been widely investigated [11, 12].

I-Aminocyclopropanecarboxylic acid (Acsc) belongs
to the family of l-aminocycloalkanecarboxylic acids,
exhibiting a restricted conformational space. Crystallo-
graphic studies carried out on different di- or tripeptide
analogs containing this o,a-dialkylated residue have re-
vealed well-defined conformational preferences [13—15].
Specifically, values of +80 and —80° with similar pro-
pensity have been found for the angle ¢, whereas
adopts values of either 0 or 180°, with the former



ocurring more often. Similar behavior has also been
observed in cyclopropane derivatives with a carbonyl
group, where the plane defined by the carbonyl bond
and its adjacent bond in all the structures bisects the ring
[16]. This peculiar conformational behavior provides
this residue with unique structural features that can be
exploited for peptide surrogate design.

Quantum mechanics calculations performed at dif-
ferent theoretical levels have provided some under-
standing of the peculiar conformational behavior of
Acsc. In a comparative study, Barone et al. [17] carried
out ab initio calculations at the Hartree—Fock (HF) level
using a STO-3G basis set to map the conformational
space of the amino acid residue. In a more recent study,
one of us [18] reported the energy minima of the Acsc
dipeptide at the HF level using both 3-21G and 6-31G(d)
basis sets as well as at the MP2 level using the latter basis
set. These studies suggest that calculations carried out
with small basis sets provide a spurious minimum and an
incorrect energy order of the minima.

With regard to molecular mechanics calculations,
Barone et al. [17] and Taylor et al. [19] pointed out that
standard force-field parameters cannot properly account
for the conformational preferences of Acsc. Specifically,
standard force fields display three important deficiencies:

1. Stretching and bending parameters do not reflect
the strained nature of the three-membered ring, leading
to erroneous equilibrium geometries.

2. The preferred conformations in the neighborhood
of Yy = 0° cannot be reproduced.

3. The stability of the conformations with yy = 180°is
underestimated. In order to solve these difficulties an
ad hocincorporation of a twofold torsional potential with
a barrier of 4.4 kcal/mol for yy was proposed to describe
the conformational features of cyclopropane derivatives
[17]. This barrier incorporated into the MM?2 force field,
provides conformations in agreement with experimental
observations [17, 19]. With regard to the force constants
and equilibrium parameters, we reported in a recent work
a parametrization for the stretching and bending pa-
rameters of cyclopropane [20]. Such parameters provide
molecular geometries in good agreement with experi-
mental determinations and are also able to reproduce the
frequencies of vibration of the cyclopropane ring; how-
ever as shown later, introduction of new torsional
parameters is required in order to fit the specific charac-
teristics of the ab initio Acsc dipeptide conformational
map.

In this work we have investigated the whole potential-
energy surface of this amino acid residue using quantum
mechanical calculations. The goal of the present study is

1. To extend the conformational studies previously
reported, providing a whole description of (¢, ) space
in vacuo, in order to know its features as well as the
extension of the low-energy areas that constitute the
accessible conformational space.

2. To investigate the effects induced by the aqueous
solvent on such potential-energy surfaces using a self-
consistent reaction-field (SCRF) method.

3. To provide a set of torsional parameters compati-
ble with the AMBER force field to study the confor-
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mational profiles of peptides containing these residues in
their sequence using molecular mechanics simulations.

Assessment of the quality of the new parameters de-
veloped was carried out by comparison of the Ramac-
handran plots obtained from empirical and quantum
mechanical calculations.

2 Methods

2.1 Gas-phase calculations

Ab initio calculations at the HF level using medium-size of basis
sets have proven in the past to be very useful to describe the con-
formation features of amino acid residues [21-23]. Accordingly,
calculations to map the Ramachandran plot of the Ac;c dipeptide
were carried out at the HF/6-31G(d) level [24]. Calculations were
performed on a grid of points on the (¢, {) space at 30° intervals.
Due to the achiral nature of the molecule, only a half of the map
was computed, since E(¢p, ) = E(—¢p, —). At each point of the
grid the geometry was optimized by keeping the dihedral angles ¢
and y constrained during the minimization process. Possible energy
minima on the surface were investigated on every low-energy region
of the map by full geometry optimizations. In order to evaluate the
effect of electronic correlation, single-point MP2/6-31G(d) calcu-
lations without geometry optimization were carried for all the
minima characterized and for two cross sections of the potential-
energy surface.

2.2 Aqueous-phase calculations

Solvent effects were computed within the Miertus—Scrocco—Tomasi
(MST) SCRF model [25, 26]. Briefly, this method uses a quantum
mechanical description of the solute and a “‘quasi” continuum
representation of the solvent that is considered as a dielectric which
reacts against the solute charge distribution, generating a reaction
field. The effect of this reaction field is introduced by means of a
perturbation operator (V'z) in the solute Hamiltonian (Eq. 1)

(H +R)Y =EY . (1)

The MST method defines the perturbation operator in terms of the
charge density induced by the solute charge distribution (derived
from the fitting of the molecular electrostatic potential) in the
solvent cavity surface. Imaginary charges are determined by solving
the Laplace equation at the solute/solvent interface [27, 28]. The
solvent cavity is built to fit the molecular geometry of the solute by
applying a scaling factor of 1.25 to the van der Waals radii [28].
Solution of Eq. (1) leads to a new charge distribution, which in turn
induces a new solvent charge distribution and the process is
repeated until convergence.

The free energy of solvation (AG,,) is determined from the
addition of an electrostatic (polarization) and a steric term, the
latter being the sum of the cavitation and van der Waals contri-
butions (Eq. 2)

AGsol = AGpol + AGcav + AGvdW . (2)

The electrostatic free energy is computed according to Eq. (3),
where the zero superscript stands for the gas phase, and the third
term accounts for the work involved in the polarization of the
solvent [25-27]

AGpol = (WIH W) — (°|H|Y°)
“12{ @i+ [ ptiiois} ()
The cavitation term was determined using Pierotti’s particle theory

[29], while the van der Waals term was evaluated by means of a
linear relation with the molecular surface area [27, 28] (Eq. 4).
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AGyaw = Zi&iS; (4)

where S; is the portion of the molecular surface area belonging to
atom 7 and ¢&; is the van der Waals parameter of atom i.

The MST method accounts well for the solvent effects, its major
limitation being the size of the system under consideration. For
large systems, the MST model may be used satisfactorily within
the semiempirical AM1 Hamiltonian framework [28]. In order to
evaluate the differences between the two levels of computation for
Ac;e, solvent effects for the energy minima of the dipeptide were
computed both at the ab initio level [restricted HF level with a 6-
31(d) basis set] and with an AM1 framework. The good agreement
observed between the results provided by two levels of approxi-
mation, permitted us to investigate the effect of the aqueous solvent
on the whole potential-energy surface using the less demanding
MST/AM1 method.

2.3 Force-field parameterization

Force-field parameters consistent with the Cornell (parm94) pa-
rameterization of the AMBER force field [29] were developed for
the Ac;c amino acid residue. A new carbon atom type (C4) was
defined for the cyclopropane carbons. Since cyclopropane bond-
stretching and angle-bending force constants are not very sensitive
to the level of the theory employed for their derivation [20], the
AMI semiempirical method [30] was chosen in the present work for
their derivation. Bond-stretching and angle-bending parameters
involving C4 atom types were directly derived on the Ac;c dipep-
tide using the program for approximate parametrization from
quantum mechanical data (PAPQMD) strategy [31]. Restrained
Electrostatic Potential fit change model (RESP) atomic electric
charges of the Ac;c dipeptide were computed at the HF/6-31G(d)
level [32]. Finally, parameters for the ¢ and ¥ torsions were derived
by fitting the Ramachandran map of the residue computed at the
HF/6-31G(d) level. Starting values of the parameters for angle
were derived by fitting the HF/6-31G(d) torsional energy potential
of the model molecule cyclopropanecarboxylamide, computed a
15° increments with a truncated Fourier series.

Using the set parameters developed, the adiabatic map of the
energy versus both the ¢ and y angles for Ac;c was computed with

Fig. 1. Ramachandran map of 150

a grid of points at 10° intervals with a dielectric constant of 1.
Calculations were carried out by imposing an artificial barrier of
50 kcal on each of the torsions ¢ and y to force them to keep their
corresponding values on the grid. Minimum-energy conformations
were subsequently located by complete geometry optimizations of
the low-energy structures.

Ab initio computations in the gas phase and aqueous solution
were performed using the Gaussian 94 [33] and MonsterGauss [34]
computer programs, respectively. MST/AMI1 calculations were
performed with an adapted version of MOPAC93 revision 2 [35]
and force-field calculations were carried out using the AMBER 4.1
program [36].

3 Results and discussion
3.1 Gas-phase calculations

The Ramachandran plot for the Acsc dipeptide computed
at the HF/6-31G(d) level is shown in Fig. 1. The energy is
expressed in kilocalorie per mole relative to the lowest
energy minimum and contours are plotted every kiloca-
lorie per mole. Due to the symmetry of the molecule, the
map has a center of symmetry at the point ¢ = 0°,
Y = 0°. This is a well-known feature that differentiates
symmetric a,o-disubstituted amino acid residues from 1 or
D amino acids. The HF/6-31G(d) and MP2/6-31G(d)
energies for the minima identified are listed in Table 1.
Inclusion of correlation corrections to the energy at the
MP2 level only introduces minimal quantitative differen-
ces in the relative energies of the minima. Similar results
are also observed with regard to the overall shape of the
map. The energy profiles of two cross sections of the
energy surface at ¢ = £90° and y = 0°, computed at
MP2/6-31G(d) and HF/6-31G(d) levels, are shown in
Fig. 2. The largest relative difference corresponds to the
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very compact structure of the (0, 0) point: correlation
corrections reduce the height of the central barrier of the
Ramachandran plot by almost 2 kcal/mol.

The most striking feature of the Acsc dipeptide map is
the two symmetric low-energy regions at ¢ around
+80°, which are separated by a high-energy barrier for a
value of ¢ = 0°. These narrow valleys extend over a
wide range of Y values, ranging from —40 to 180°, with
the lower areas located at low values of . Specifically,
the region with ¢ around —80° and  between 0 and 40°
(as well as its respective symmetric region) exhibits en-
ergies of 1 kcal/mol above the global minimum that is
located on this basin at ¢ = —78.9° and y = 31.7°.
This geometry corresponds to a strained C,; conforma-
tion that exhibits a hydrogen bond characterized by a
O--H bond length of 2.162 A and a (N—H--O angle of
146.2°.

Two other local minima were characterized: the all-
trans Cs conformation (¢ = 180.0°, y = 179.9°) and
a polyproline II (Py) conformation at ¢ = —71.2°,
Y = 145.6° that has a symmetrical counterpart. The Cs

Table 1. Minimum energy conformations and relative energies for
the 1-aminocyclopropanecarboxylic acid (A4csc) dipeptide. The
dihedral angles are in degrees. Minimum energy conformations
were characterized at the HF/6-31G(d) level. The relative energies
are in units of kilocalorie/mole. Calculations were perfomed on the
HF/6-31G(d) minimum energy conformations. Zero-point energies
and thermal corrections computed at the HF/6-31G(d) level are
included

No. ¢ v HF/6-31G(d) MP2/6-31G(d)
C, -78.9 31.7 0.0 0.0

P -71.2 145.6 2.6 3.7

Cs 180.0 179.9 32 4.6

Fig. 2. Energies of two cross 16
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conformer exhibits an intramolecular interaction be-
tween the carbonyl oxygen and the amide hydrogen of
the Acsc residue, forming a five-membered ring with a

H --- O length of 2.065 A and a (N—H --- O angle of
110.4°. It is 3.2 kcal/mol less favored than the global
minimum. Both electrostatic and van der Waals inter-
actions contribute to the stability of this conformation,
whereas the steric repulsion between the amide groups
and the ff methylene atoms [18] have the opposite effect.
Thus, the distances between the f methylene hydrogen
atoms and the oxygen and hydrogen atoms of the amide
groups are 2.50 and 2.20 A, respectively. The Py con-
formation corresponds to a shallow minimum. Its rela-
tive energy is 2.6 kcal/mol and can be described as an
inflexion in the soft slope that goes from y = 90 to 180°
and gets the map from the 3 to 4 kcal/mol level in the
bottom of the main valley.

Due to the coarse nature of the grid used to explore
the energy surface, other local minima cannot be ex-
cluded, but if they exist they must be shallow and would
not alter the global shape of the Ramachandran plot.
The present results agree with those reported in our
previous work [18], where the same three minima were
characterized at the HF/6-31G(d) level by geometry
optimization of the nine minima that may be anticipated
for the potential-energy surface £ = E(¢, ). Barone
et al. [17] found a minimum 1.8 kcal/mol above the
global minimum at ¢ = —88°,y = —1°at the HF/STO-
3G level. Similarly, calculations at the HF/3-21G level
[18] characterized a minimum 0.3 kcal/mol above the
global minimum at ¢ = -95°, y = 2°. The present
results together with those previously reported [18]
confirm that these are spurious minima. However, the
Ramachandran plot reveals an ample region at low
values of y where the molecule can adopt diverse con-
formations without a large expenditure of energy. In-

sections of the Ramachandran
map computed at the HF/6-
31G(d) (stars) and MP2/6- 14
31G(d) (open squares) levels,

with the AMBER force field

using the standard parm94 set 12
of parameters (open triangles)
and with the AMBER force
field using the set of parameters

3
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deed, the map reveals that a structure with ¢ = —90°,
Y = 0° is only 0.52 kcal/mol above the minimum ex-
hibiting a poor hydrogen-bonding interaction: O---H
distance of 3.05 A and a (N—H --- O angle of 116.8°.

Conformational studies of dipeptide amino acid resi-
dues have pointed out the great stability of the C; con-
formation in the gas phase. Such stabilization is due to
the strong electrostatic effects due to the formation of a
hydrogen bond between the carbonyl oxygen in position i
and the amide proton of the residuei + 3[20, 21]. Gould
et al. [38] studied the alanine and the glycine dipeptides
at the HF/6-31G(d,p) level. For the alanine dipeptide the
authors found two different C; minima: Cyq (¢
= —85.8, ¥ = 79.0) and C;,x (¢ = 76.0, y = —=55.4)
and for the glycine dipeptide a minimum at ¢p = —85.5,
Y = 72.0 and its symmetric counterpart. Similar results
were reported for the alanine dipeptide at the MP2/6-
31G(d) level [38]. The equilibrium geometry of the C,
conformer of the Acsc dipeptide exhibits lower values of
y than those of glycine or alanine as a consequence of the
larger N—C”—C angle (119° in comparison to the 115.6°
of a standard geometry [39]). This strained geometry
provides a weaker hydrogen bond than those found
in the alanine and glycine dipeptides. Thus, in order
to achieve an effective hydrogen-bonding geometry
together with a small value of W, the Acsc dipeptide
requires the distortion of the planarity of the NHCH;
amide nitrogen (an improper torsion angle of 153°).

Extended conformation (Cs) studies on the alanine
and the glycine dipeptides at the HF/6-31G(d,p) level [37,
38] also found a Cs minimum. In the case of the glycine
dipeptide, the Cs structure is the global minimum,
0.27 kcal/mol lower than the C; conformation. For the
alanine dipeptide, the Cs conformation is 0.40 kcal/mol
above the C;. structure, but clearly exhibiting lower
energy than the Cy,, at 2.42 kcal/mol above the global
minimum. Again a remarkable difference with the Acsc
dipeptide appears. Due to the disubstituted character of
Acsc the comparison uses alanine C,, as a reference: for
the Acsc dipeptide the C; conformer is almost 4 kcal/mol
more stable than Cs, whereas for the alanine dipeptide
the relation is the reverse, Cs being 2.4 kcal/mol more
stable than C;,,. The MP2 correction of correlation en-
ergy changes these figures slightly because of the major
corrections in the more compact conformations, but does
not affect the general traits.

Table 2. Miertus—Scrocco-Tomasi (MST)/6-31G(d) free energies
of solvation in water (AG,) for the three minima of the Acsc
dipeptide. Relative values are also displayed. The self-consistent
reaction-field (SCRF) energy is decomposed into electrostatic
(AGpo)) and steric (AGy,) terms. Conformational energies were
estimated by adding AAG,, to the gas-phase relative energies
computed at the MP2/6-31G(d) level. All values are in kilocalorie
per mole

No. AGSO] AGpol AGster AAGsol AAGconf
C; -9.2 -12.9 3.7 0.5 0.0
Py 97 ~13.4 3.7 0.0 3.2
Cs -8.3 -11.8 3.5 1.4 5.5

Table 3. MST/AMI free energies of solvation in water (AG,,) for
the three minima of the Acsc dipeptide. Relative values are also
displayed. The SCRF energy is decomposed into electrostatic
(AGpo1) and steric (AGge,) terms. Conformational energies were
estimated by adding AAG,, to the gas-phase relative energies
computed at the MP2/6-31G(d) level. All values are in kilocalorie
per mole

No. AGsol AGpol AGsler AAGsol AAGconf
(&7 -9.8 -13.3 3.5 0.6 0.0
Py -10.4 -13.8 3.4 0.0 3.1
Cs -9.8 -13.1 33 0.6 4.6

3.2 Aqueous-phase calculations

Values of AG,, in aqueous solution for the three
minimum-energy conformations of the Acs;c dipeptide
at the MST/6-31G(d) and MST/AMI1 levels are listed in
Tables 2 and 3, respectively. The conformational free-
energy difference (AAG..n¢) In solution was estimated by
adding AAG, to the gas-phase relative energy (Eq. 4).

AAGeonr = AE + AAG,y (5)

These results clearly indicate that solute—solvent interac-
tions stabilize the P;; conformation with respect to Cs and
C5; thus, Py exhibits the most favorable AG,,, in aqueous
solution at both MST/6-31G(d) and MST/AM1 levels.
On the other hand, at the MST/6-31G(d) level the C,
conformation is less stable than the Py one by 0.5 kcal/
mol. This result is in good agreement with those provided
by the MST/AM1 method, which predicts a destabiliza-
tion of 0.6 kcal/mol for the C; conformation. Finally,
AG,, of the Cs conformation is 1.4 and 0.6 kcal/mol less
favorable than that of Py at the MST/6-31G(d) and
MST/AMI levels, respectively. Thus, comparison of the
values displayed in Tables 2 and 3 suggests that solute—
solvent electrostatic interactions are slightly overestimat-
ed at the MST/AM1 level for the Cs conformation.

An insight into the role of the aqueous solvent on the
Acsc conformational profile is provided by the AAG.our
values reported in Tables 2 and 3. Note that the relative
energy order of the low-energy conformations in the gas
phase is preserved in aqueous solution, the C; confor-
mation being the lowest energy conformation in both
gas phase and aqueous solution environments. Interest-
ingly, the relative energy of the Py; conformation is 0.4—
0.5 kcal/mol lower in solution than in the gas phase due
to favorable interactions with the solvent. Finally, a
AAG o value of 5.5 and 4.6 kcal/mol is predicted for the
Cs conformation at the MST/6-31G(d) and MST/AM1
levels, respectively. Thus, the instability of this confor-
mation in aqueous solution is similar to that predicted in
the gas phase calculations.

The different contributions to AG,, are included in
Tables 2 and 3. Results indicate that the main difference
between the three conformations correspond to the
electrostatic contribution, which is larger for Py than
for C; and Cs. The differences in the electrostatic
contribution for the different conformations are mainly
induced by the solvent-exposed surface area of the hy-
drogen and oxygen atoms of the amide groups, which



are lower in the conformations with intramolecular in-
teractions. Thus, the greater solvent-accessibility of such
hydrophilic atoms in the Py; conformation increases the
favorable electrostatic contribution of AG, with respect
to those of the Cs and C; conformations.

Due to the good agreement observed between the
results provided by the MST/6-31G(d) and MST/AMI1
methods, we decided to use the latter to investigate the
effect of the aqueous solvent on the whole potential-
energy surface of the Acsc dipeptide. The AG;, surface
obtained at the MST/AMI level is displayed in Fig. 3.
Contour lines are drawn every 0.5 kcal/mol. Compari-
son of the energy (Fig. 1) and AG,, maps reveals that
the solvent tends to stabilize those conformations which
are less favorable in the gas phase. The lowest AG,y
regions occur for values of ¢ around #90° and extend
over a range of y values from +80 to +40°. Further-
more, there is another low-energy region located at
around ¢ = 0° and = 180° however, it should be
noted that AG,, increases rapidly, indicating that this is
a very narrow region.

Solute—solvent interactions in the low-energy regions
found on the gas-phase map at values of ¢ around =+ 80°
and ¥ extending from +£40 to 180° are now less favored
than the lowest energy region by at least 4 kcal/mol
(Fig. 3). The large differences found between the sur-
faces displayed in Figs. 1 and 3 can be explained in terms
of electrostatic interactions. As first pointed out by
Flory [40] in the late 1960s, the alignment of amide bond
dipoles is less favored in the gas phase due to repulsive
interactions between pairs of atoms with charges of
equal sign; however, the large molecular dipole moment
obtained from the alignment of the bond dipoles pro-

Fig. 3. Ramachandran map of
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vides more favorable electrostatic interactions with the
solvent. Similar trends have also been found in confor-
mational studies of other dipeptides [23, 41, 42].

The AAG.,,r map for the Acsc dipeptide has been
computed by adding the gas-phase energies (Fig. 1) and
the AAG,, values (Fig. 3) and it is shown in Fig. 4. In-
terestingly, the map shows only small changes with re-
spect to the gas-phase map. In fact, the only difference
between the two maps is a small shift of the lowest energy
minimum towards the neighborhood of the point
¢ = £90° y = 0°. These results contrast with the be-
havior exhibited by other dipeptides. Shang and Head-
Gordon [42] studied the effect of introducing the solvent
on the ab initio Ramachandran map of the glycine and
alanine dipeptides. HF/3-21G surfaces were calculated in
vacuo and in a reaction-field representation of water.
In those cases the inclusion of the solvent had two major
consequences: first, a well-appreciated flattening of the
surface, with the subsequent enlargement of the available
conformational space; second, the appearance or the
deepening of the right- and the left-handed helix minima.

The negligible effect of the aqueous solvent on the
conformational preferences of the Acsc dipeptide can be
understood in terms of the energy map obtained for this
residue in the gas phase. Thus, gas-phase energies out of
the low-energy regions are very large, i.e. even more than
20 kcal/mol, whereas AAG,, values are much more re-
duced, i.e. lower than 7 kcal/mol; therefore, the addition
of the favorable solute—solvent interactions cannot
compensate such unfavorable gas-phase energies. Ac-
cordingly, it can be concluded that the intrinsic confor-
mational preferences of this restricted amino acid do not
change by introducing environmental factors.
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Fig. 4. Ramachandran map of '
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cyclopropanecarboxylamide
(filled squares) and isopropyl-
carboxylamide (open squares)
computed at the HF/6-31G(d)
level

E (kcal/mol)

3.3 Force-field parameterization

The derivation of bond-stretching and angle-bending
parameters was discussed in a previous report [20].
Suffice it to say that these parameters reproduce well the
experimentally determined geometries of cyclopropane
derivatives with small deviations of 0.007 A for bond
lengths and 1.7° for bond angles. However, it was
necessary to introduce new special torsional parameters

to reproduce the characteristics of the ab initio potential-
energy surface of the Acsc dipeptide.

As mentioned in the Methods section, starting values
for the torsion of the i angle were carried out on the
model molecule cyclopropylcarboxamide. The energy
profile for the torsion around the C—C*—0O—N bond for
cyclopropylcarboxamide computed at the HF/6-31G(d)
level compared with that of isopropylcarboxamide
computed at the same level is shown in Fig. 5. For the



former, the transition barrier between the syn and the
anti conformations is 5.0 kcal/mol, in good agreement
with the experimentally determined value for cyclop-
ropylcarboxaldehyde [16]. In contrast, the barrier for
isopropylamide is only 1.7 kcal/mol. However, in both
cases the torsional energy profile is asymmetric, with the
trans conformer (y = 180°) being less stable.

The torsional barrier of cyclopropylcarboxamide can
be thought to be due to two different contributions:

o

1. A twofold torsional potential with minima at y = 0
and 180°.

2. A stabilization of the former conformer due to steric
reasons.

The high energy barrier associated with the twofold
torsional potential found in the cyclopropyl model
compound can be explained in terms of a hyperconju-
gative effect [44], due to charge transfer from the oxygen
to the carbon for conformations around 90°. In contrast,
the lower energy exhibited at v = 180° by the isopropyl
model compound is of steric origin. Differences between
the energy of this conformer for the two model com-
pounds can be explained in terms of a larger steric strain
between the amide group and the cyclopropyl hydrogen
atoms when compared to the methyl hydrogen atoms of
the isopropylcarboxamide. This larger strain originates
from the small cyclopropane angle (about 60°) and the
very open angle between cyclopropane substituents
(about 117°). In contrast, for isopropylcarboxamide the
profile is very irregular, suggesting that several factors
contribute with a similar weight. The profile in this case
can be basically explained by the steric hindrances of the
amide group with the two methyl groups, interactions
which are absent in the most stable conformation.

Fig. 6. Ramachandran map of
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The factors discussed for the torsional barrier of
cyclopropylcarboxamide account for the special char-
acteristics of the Ramachandran plot of the Acsc
dipeptide, although there could be masked by the
presence of other interactions, and could induce special
conformational preferences in peptides containing
cyclopropyl-type residues. Torsional barriers have been
parameterized using a set of three parameters each
associated with a one- two- or threefold rotational
barrier. This parameterization fits well the shape of the
ab initio energy barrier and provides reasonable barrier
heights and angles for the minima located on the force-
field surface. Both ¢ and i torsions were modeled by
a combination of three terms: a first-order term of
3.6 kcal/mol, a second-order term 0.50 kcal/mol and a
third-order term 0.5 kcal/mol were applied to ¢ torsion.
Similarly, the torsion around iy was modeled with a
first-order term of 0.4 kcal/mol, a second-order term of
2.5 kcal/mol and a third-order one of 0.90 kcal/mol.
The results of this parameterization further support the

Table 4. Values of the parameters V" and y for the ¢ and y torsions
defined according to the AMBER force field (Ref. 30) developed in
the present work

Torsion Order V/kcal mol™! Y

¢ 1 0.4 180
2 2.5 180
3 0.9 180

v 1 0.5 0.0
2 3.6 0.0
3 0.5 180

120 150 180
180

the Acsc dipeptide computed
with the AMBER force field
including the new parameters 18
derived in the present work.

Low-energy conformations are
depicted explicitly on the map
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nature of the barrier around s, since in the Fourier
expansion of the torsional potential, first-order terms
are associated with dipole-dipole interactions, whereas
second-order terms are associated with hyperconjuga-
tion [44].

The torsional parameters derived in the present work
for the ¢ and s torsions are listed in Table 4. The rest of
the parameters together with the atomic charges for the
residue in AMBER format are included in the Appen-
dix. The energy surface obtained with AMBER, after
introducing a new set of parameters for the cyclopro-
pane carbons, is shown in Fig. 6. The surface reproduces
adequately the features described in the HF/6-31G(d)
map. Three energy minima (plus the corresponding ones
by symmetry) were located on this surface. The lowest
energy minimum is a C; structure with ¢ = —76° and
Y = 26°. The second-lowest energy minimum at
3.4 kcal/mol is the Py structure with ¢ = —105° and
Yy = 121°. Finally, the extended conformation, ¢
= —180°and = 180°, appears at 3.6 kcal/mol. As can
be seen, the force-field calculations reproduce with ac-
ceptable accuracy the major traits of the HF/6-31G(d)
surface, i.e. the location of the absolute minimum and
the whole low-energy region, location and relative
energy of the other two minima, Cs and Pyy, as well as
barrier heights. A quantitative comparison is made in
Fig. 2, where the energy profiles of two cross sections of
the Ramachandran map are computed at the HF/
6-31G(d) and MP2/6-31G(d) levels as well as with the
AMBER force field using the parameters developed in
the present work.

Appendix
1-Cyclopropyl AA
ACC INT 1
CORR OMIT DU BEG
0.00000
1 DUMM DU M 0 -1
2 DUMM DU M 1 0
3 DUMM DU M 2 1
4 N N M 3 2
5 HN H E 4 3
6 CA C4 M 4 3
7 CB C4 3 6 4
8 H1 HC E 7 6
9 H2 HC E 7 6
10 CC C4 B 7 6
11 H3 HC E 10 7
12 H4 HC E 10 7
13 CO C M 6 4
14 oC (0] E 13 6
Improper
-M CA N HN
CA +M CO oC
Loop
CA CC

DONE

4 Conclusions

The present work reports the results of a conformational
study performed on the constrained amino acid residue
Acsc. Ab initio results at the HF/6-31G(d) level indicate
the tendency of the residue to adopt conformations with
values of ¢ around +80° with a wide range of values for
Y from —40 to 180°, with the lower areas located at low
values of . Three energy minima (and those corre-
sponding by symmetry) were located on the conforma-
tional surface. The most stable is the C; conformation,
which is somehow distorted (¢ = =78, y = 32) with
regard to the standard conformation (¢ = —86,
Yy = 179), followed by a Py conformation and the
extended conformation (Cs). MP2 calculations on these
structures do not modify the differences in energy
between conformations. Solvent effects were also studied
using the MST method both at the HF/6-31G(d) level
and with the AM1 semiempirical method. The results
obtained using these two different levels of calculation are
very similar. The free energy of solvation does not modify
the conformational features obtained in vacuo, indicat-
ing that the tendencies observed are valid in different
environments. The most noteworthy effect of the aqueous
solvent is a shift of the two absolute minima towards the
neighborhood of ¢ = £90°, y = 0° in accord with
experimental data and with the known capacity of
cyclopropyl amino acids to induce f-turn conformations
in peptides. Finally, ab initio calculations were used to
derive new parameters to be able to carry out molecular
mechanics calculations with this amino acid residue.

-2 0.000 0.000 0.000 0.00000

-1 1.449 0.000 0.000 0.00000
0 1.522 111.100 0.000 0.00000
1 1.335 116.600 180.000 —-0.55700
2 1.010 119.800 0.000 0.32400
2 1.427 121.900 180.00 —-0.11600
3 L.515 118.600 300.00 -0.27300
4 0.996 116.400 —144.500 0.09900
4 0.996 115.300 -6.300 0.20400
4 1.478 61.030 106.200 -0.27300
6 0.996 117.900 105.600 0.09900
6 0.996 117.500 —-106.600 0.2040
3 1.500 111.100 180.000 0.88900
4 1.229 120.500 0.000 —-0.60000



New parameters for cyclopropyl carbon

Mass

C4 12.01

Bond

C—C4 317 1.522

C4—C4 342 1.501

C4—HC 324 1.104

C4—N 337 1.435

Angle

C4—C—N 70 116.6

C4—C—0 80 120.4
C—C4—N 63.0 116.0
C4—C4—C4 232 60.0
C4—C4—HC 50 119.1
C4—C4—N 80.0 118.7
HC—C4—HC 24 111.7

C—N—C4 50 121.9
C4—N—H 30 118.4
C—C4—C4 63.0 117.0

Dihedral

X—C—C4—X 6 0.0 0 2
X—C4—C4—X 9 1.3 0 3
X—C4—N—X 6 0.0 0 3
C4—C4—C—0 1 0.067 180 3
N—C4—C—0 1 0.067 180 3
N—C4—C—N 1 0.4 180 -1
N—C4—C—N 1 2.5 180 -2
N—C4—C—N 1 0.90 180 3
C—N—C4—C 1 0.50 0.0 -2
C—N—C4—C 1 3.6 0.0 -1
C—N—C4—C 1 0.5 180.0 3
HC—C4—C—0 1 0.067 180 3
Nonbond

C4 1.908 0.1094

END
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