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Quantum mechanical calculations at the B3LYP/6-&Kd,p) level have been used to investigate the
intrinsic conformational preferences @fa-diphenylglycine, a simple,a-dialkylated amino acid bearing

two phenyl substituents on the-carbon, in both the gas phase and aqueous solution. Nine minimum
energy conformations have been characterized foNtaeetylIN'-methylamide derivative within a relative
energy range of about 9 kcal/mol. The relative stability of these structures is largely influenced by specific
backbone -side chain and side chatnside chain interactions that can be attractive-i¢-z and C-H-

«77) or repulsive (G=O~x). On the other hand, comparison with the minimum energy conformations
calculated forx-aminoisobutyric acid, in which the two phenyl substituents are replaced by methyl groups,
revealed that the bulky aromatic rings @jo.-diphenylglycine induce strain in the internal geometry of

the peptide. Finally, a set of force-field parameters for classical Molecular Mechanics calculations was
developed for the investigated amino acid. Molecular Dynamics simulations in agqueous solutions have
been carried out to validate the parameters obtained.

Introduction restricted backbone conformational mobility has been extended

to the de novo approaches used in nanobiology. For instance,

The deVeIOpment of SynthetiC amino acids with restricted it was recent|y proposed to re_engineer protein modules via

conformational properties represents an important goal of manytargeted replacements with conformationally constrained amino
researchers working in the field of peptide and protein rational zcids for the generation of nanodeviéadore specifically, to

design'~’ Now the interest in nonproteogenic amino acids with - enhance the thermodynamic stability of the nanotubular struc-

tures constructed by self-assembling protein fragments with a

T Universitat de Lleida. [-helical conformation, the insertion of chemically constrained

I Universitat Politenica de Catalunya. residues with suitable backbone conformational tendencies was
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In recent studies, we investigated the intrinsic conformational ascertain the effects of the phenyl groups in the conformational
properties of 1-aminocycloalkane-1-carboxylic acids fAc  preferences of linean,a-dialkylated amino acids. The results
wheren indicates the size of the ringy.14 These synthetic ~ provided in this paper are organized as follows. First, the
amino acids are the result of*€&C* cyclization whereby potential energy surface of tiacetylN'-methylamide deriva-
dialkylated glycine residues with cyclic side chains are formed. tive of Dpg (Ac-Dpg-NHMe) has been systematically explored
Specifically, the structural and electronic characteristics gEAc  using density functional theory (DFT) calculations. After this,
with n = 310712 413 and 34 were fully characterized using the influence of the polarity of the environment on the
guantum mechanical methods. Results indicated that the back-conformational preferences of this dipeptide has been examined
bone flexibility of Ac.c is very low due not only to the € using a self-consistent reaction-field (SCRF) method. Next, the
disubstitution but also to the strain imposed by the cyclic side influence of the phenyl side groups in the conformational
chain, even though such flexibility increases with the size of properties of g has been examined by comparing the
the ring1®-14 On the other hand, the conformational preferences minimum energy conformations of this amino acid with those
produced by the incorporation of one or more selectively of both Aib and cyclopropane Phe analogues. Finally, a set of

oriented phenyl groups to the cyclopropane ring ofdAwere
investigated using the same theoretical procedifr&sls
with the results being fully consistent with experimental
observationd’~1? Interestingly, these compounds, which should

force-field parameters has been developed feg Do allow
molecular dynamics simulations (MD). The conformational
preferences predicted by MD simulations for A¢g@PNHMe
have been compared with those obtained using DFT calculations

be considered as cyclopropane phenylalanine (Phe) analogueso prove the suitability of such parameters.
showed new stereochemical constraints that were produced by
the interactions between the rigidly held aromatic side chains pmethods

and the peptide backbone.

On the other hand, the intrinsic conformational preferences

of a-aminoisobutyric acid (Aib), which is the simplesto.-

dialkylated amino acid, has been extensively investigated due

to its strong helix-inducing propertié$2%-21Quantum mechan-
ical calculations indicated that Aib, which is the linear homo-
logue of Agc, tends to adopt folded conformatiolfdndeed,

comparison of the results obtained at a similar computational

level for Aib and alanine (Ala) dipeptides indicated that the
incorporation of the second methyl group reduces the flexibility
of the backbone, the conformational freedom of the former
amino acid being more restricted than that of the |a®&%Thus,

the helix propensity of Aib was found to be several times larger
than of Ala.

In this work, we investigate the conformational preferences

of a,a-diphenylglycine residue (§g) using quantum mechan-

ical calculations. Thus, although this residue has been crystal-
lized in both folded and extended conformations depending on

the peptide sequenée, 2 its intrinsic conformational tendencies
have not been established yet. Accordingly, our aim is to

(10) Aleman, C.J. Phys. Chem. BL997 101, 5046.
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103 380.
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2005 127, 2036.
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(24) Crisma, M.; Valle, G.; Bonora, G. M.; Toniolo, C.; Lelj, F.; Barone,
V.; Fraternali, F.; Hardy, P. M.; Maia, H. L. 8iopolymersl991, 31, 637.

All calculations were carried out using the Gaussian 03 computer
progran?’ DFT calculations were performed using the following
combination: the Becke's three-parameter hybrid functional¥B3)
with the Lee, Yang, and Parr (LYP)expression for the nonlocal
correlation (B3LYP). Thus, all of the calculations presented in this
work were performed using the B3LYP method combined with the
6-31+G(d,p) basis se¥

Torsion angles for the backbone and side chains of &g-D
NHMe are defined in Figure 1. Because each flexible backbone
dihedral angle is expected to have three minima, i.e., gau@e),
trans (180), and gauche (—60°), the number of minima that may
be anticipated for the potential energy hypersurfece E(p,y,

%3, %1) of Ac-Dpg-NHMe is 3 = 81. However, due to the absence

of stereochemistry, the number of theoretical minima can be reduced
to 41, since{g,y, x5, ¥} = {—¢.—w,— x%—xi}. Accordingly,

the 41 structures were considered as starting points for complete
geometry optimizations at the B3LYP/6-8G(d,p) level. This
systematic conformational analysis strategy has allowed us satisfac-
tory exploration of the potential energy hypersurfaces not only of
small dipeptide®¥-16 but also of flexible organic moleculé3?

(25) Toniolo, C.; Crisma, M.; Fabiano, N.; Melchiorri, P.; Negri, L.;
Krause, J. A.; Eggleston, D. $t. J. Pept. Prot. Resl994 44, 85.

(26) Pavone, V.; Lombardi, A.; Saviano, M.; Nastri, E.; Zaccaro, L.;
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Sci. 1998 4, 21.
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H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery,
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S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega,
N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.;
Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B,;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski,
V. G.; Dapprich, S.; Daniels, A. D.; C. Strain, M.; Farkas, O.; Malick, D.
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Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith,
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FIGURE 3. Relative arrangements of phenyl substituents found in
the minimum energy conformations of Acgd-NHMe.

(Ac-Aib-NHMe) was computed at the B3LYP/6-315(d,p) level.
In Aib, which is the simplesty,a-dialkylated amino acid, small
methyl groups replace the bulky phenyl rings (Figure 1). The

FIGURE 1. Chemical structure of the peptides examined in the present theoretical methods used to investigate the conformational prefer-

work. The minimum energy conformations of AepB-NHMe and Ac-
Aib-NHMe have been characterized in this study at the B3LYP/6-
31+G(d,p) level, while the potential energy hypersurfaces of Ac-
(2S39csdiPhe-NHMe and Ac$)csDip-NHMe were reported in refs
15 and 16, respectively.

o’-11

Pl -1

FIGURE 2. Minimum energy conformations of Ac¢y-NHMe at
the B3LYP/6-31%G(d,p) level. The labels used to identify the different

ences of Ac-Aib-NHMe were identical to those described above
for Ac-D¢g-NHMe. However, in this case, only five conformations
were used as starting points for geometry optimizations since the
number of minima that may be anticipated for the potential energy
hypersurfac& = E(¢,y) of Ac-Aib-NHMe is 3 = 9 with four of
them being 2-fold degenerated due to the achiral nature of Aib.
To obtain estimation of the solvation effects on the relative
stability of the different minima characterized for AegsB-NHMe
and Ac-Aib-NHMe, single-point calculations were also conducted
on the B3LYP/6-3%+G(d,p) optimized structures using a self-
consistent reaction field (SCRF) model. The SCRF methods treat
the solute at the quantum mechanical level, while the solvent is
represented as a dielectric continuum. Specifically, we chose the
polarizable continuum model (PCM) developed by Tomasi and co-
workers to describe the bulk solvefit3® The PCM method
involves the generation of a solvent cavity from spheres centered
at each atom in the molecule and the calculation of virtual point
charges on the cavity surface representing the polarization of the
solvent. The magnitude of these charges is proportional to the
derivative of the solute electrostatic potential at each point calculated
from the molecular wavefunction. The point charges may, then, be
included in the one-electron Hamiltonian, thus inducing polarization
of the solute. An iterative calculation is carried out until the
wavefunction and the surface charges are self-consistent. PCM
calculations were also performed in the framework of the DFT
B3LYP/6-31+G(d,p) level using the standard protocol and con-
sidering the dielectric constant of water € 78.4). The confor-
mational free energies in aqueous solutioh&\'AT) were computed
using the classical thermodynamics scheme: the free energy of
solvation AGswat) provided by the PCM model was added to
the AGHP,

AGYAT = AG a7 + AGF @)

MD simulations in water solutions were performed using the
NAMD program?® The model peptide Ac-By-NHMe was placed

minima are described in the text. Intramolecular hydrogen bonds in the center of a cubic simulation boa & 22.0 A) filled with

(dashed lines) and both NH~m and C-H-x interactions (dashed

336 explicit water molecules, which were represented using the

arrows) are indicated. The geometric parameters associated with theTIP3P modeB” Atom pair distance cutoffs were applied at 12 A

intramolecular interactions are given in the text.

to compute van der Waals interactions. The electrostatic interactions
were computed using the nontruncated electrostatic potential by

Frequency analyses were carried out to verify the nature of the means of Ewald summations. The real space term was determined
minimum state of all the stationary points obtained and to calculate by the van der Waals cutoff (12 A), while the reciprocal term was
the zero-point vibrational energies (ZPVE) and both thermal and
entropic corrections. These statistical terms were used to compute (33) Miertus, M.; Scrocco, E.; Tomasi, Them. Phys1981, 55, 117.
the conformational Gibbs free energies in the gas pha&sj at (34) Miertus, S.; Tomasi, Lhem. Phys1982 65, 239.
the B3LYP/6-31-G(d,p) level. (35) Tomasi, J.; Mennucci, B.; Cammi, Rhem. Re. 2005 105 2999.

In order to ascertain how the aromatic phenyl groups affect both ,,_(36) Kale, L. Skeel, R.; Bhandarkar, M.; Brunner, R.; Gursoy, A
h ible backb f - f ENHM dth Krawetz, N.; Phillips, J.; Shinozaki, A.; Varadarajan, K.; SchultenJK.
the accessible backbone conformations of Apg eandthe  comp. Phys1999 151 283.
relative energy order of its minimum energy structures, the potential

/ Ires : (37) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
energy surface of thdl-acetylN'-methylamide derivative of Aib Klein, M. L. J. Chem. Phys1982 79, 926.
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TABLE 1. Backbone and Side Chain Torsion Anglesand Relative Energy for the Minimum Energy Conformations of Ac —D¢g-NHMe at

the B3LYP/6-31+G(d,p) Level of Theory

conformer wo @ " w % ’ AE
Cs-l 174.0 172.2 —-162.2 —-179.0 77.5+98.5 34.5+151.5 0.0
Co-1ll —174.1 —68.7 48.5 175.3 26.4/157.4 —115.4/62.4 1.1
Py-ll 163.2 —42.0 132.6 —173.9 165.3+14.3 —65.3/114.2 2.4
C+Il —175.0 70.9 —75.8 1725 31.84153.9 —30.9/155.4 3.7
o-lll —160.2 —64.4 —27.3 179.4 74.6t99.7 21.14163.1 4.0
o-ll —173.9 —55.7 —32.8 175.5 176.2/0.4 116.7+63.4 5.7
Py-l 175.8 —52.2 151.2 —-179.7 —84.5/87.9 26.2+160.1 6.2
o'l 161.2 178.9 —-31.5 —-169.0 —80.6/93.1 —172.8/13.0 6.5
o'~ 174.4 160.5 —15.7 —174.4 3.4/176.0 111.3/68.1 9.8

a|n degrees. See Figure 1In kcal/mol.

estimated by interpolation of the effective charge into a charges and thes-cloud of the other, i.e., €H=x interaction. No

mesh with a grid thickness of 5 points per volume unit, i.e., the
particle-mesh Ewald (PME) meth@8.All bond lengths were
constrained along the MD using tI8HAKEalgorithm2° and the
numerical integration step was 2 fs.

Before starting the MD run series, 5000 steps of energy
minimization were performed to relax conformational and structural
tensions. Different consecutive rounds of short MD runs were

interaction appears in arrangement Il, in which the two rings
are relatively far forming an angle ef90°. Finally, although

in arrangement Il the angle between the two rings is also of
~90°, a C—H=x interaction is clearly identified since one phenyl
is rotated with respect to the other providing a suitable
orientation for the formation of such intramolecular interaction,

performed in order to equilibrate the density, temperature, and @nd in addition, the distance between them is small enough.

pressure: 0.4 ns MVT-MD at 298 K (thermal relaxation) followed
by 0.4 ns of isobaric relaxatiomNPT-MD). Both temperature and

The lowest energy conformation in the gas-phase corresponds
to the G—1 (Figure 2a), in which the backbone dihedral angles

pressure were controlled by the weak coupling method, the ¢,y define an intramolecular hydrogen bond with parameters

Berendsen thermobarostatising a time constant for heat bath

d(H---0) = 2.024 A andIN—H-:-O = 113.7 and the phenyl

coupling, and a pressure relaxation time of 1 ps. The coordinatesgroups form the €H=x interaction typically found in arrange-

of theNPT-MD production runs, which were 25 ns long, were saved
every 500 steps (1 ps intervals) for subsequent analysis.

Results and Discussion

Conformational Properties. Geometry optimizations in the
gas phase at the B3LYP/6-3G(d,p) level of the 41 structures

ments of type |. Additionally, an NH=- interaction involving
the N—H of the N-methylamide blocking group and one side
phenyl group is detected in this conformation. The geometric
parameters used to characterize theHswr and N-Hw-x
interactions are as follows: (i) the distance between the
hydrogen atom of the XH moiety with X=C or N and the

considered as starting geometries led to nine different minimum center of the ringdu-er) and (i) the angle defined by the-xH

energy structures for Ac-&-NHMe, which are 2-fold degener-
ated, i.e., the structures withy, 1,307} and {—¢,—y,—x,

bond and the plane of the ring)( These parameters are
[dy-pn= 3.462 A,0 = 28.6"] and [dy--pn= 3.265 A,0 = 31.7]

—%3} are equivalent and isoenergetic. Table 1 lists the back- for the C-H-z and N-H-z interactions, respectively, the two
bone and side chain torsion angles of such minima, which areSéts of parameters being consistent with a partially tilted

represented in Figure 2.
As is common in the conformational studies of nonchiral

arrangement between the-¥ bond and the phenyl ring.
In the next minimum, named as-@I (Figure 2b), the amide

dipeptides, the backbone conformations were classified asmoieties define an intramolecular hydrogen bond with

follows: GCs (five-membered intramolecular hydrogen-bonded
ring; ¢,y ~ 180°,180C°), C; (seven-membered intramolecular
hydrogen-bonded ringp,y ~ 60°,-60° andg,y ~ —60°,60°),

Pi (¢,y ~ —60°,180° andg,y ~ 60°,18C°), o (¢, ~ 60°,60°
andg,p ~ —60°,—60°), anda’ (¢, ~ 18C°,60° and g,y ~
180°,—60°).10-16.22410n the other hand, three relative arrange-
ments were detected for side phenyl groups in AlgENHMe
minima, which were labeled as |, Il, and Ill (Figure 3). In

d(H:+-0)=1.825 A andIN—H---O = 153.2, while the phenyl
groups adopt an arrangement of type Ill forming a K~z
interaction with parametergy.p, = 3.462 A andg = 3.9
Additionally, the second NH moiety forms an N-He-x
interaction with parameterdy-pn = 3.431 A and6 = 10.4.
The third minimum corresponds to a-R conformation (Figure
2c). This structure presents two—¥=s interactions with
parametersdy-pn = 3.174 A,0 = 8.9°] and [dy-pn = 3.501 A,

arrangement |, the rings are tilted, an intramolecular interaction 6 = 11.1°], with no intramolecular hydrogen bond oG~z

being clearly detected between the & bond of the one phenyl

(38) Darden, T.; York, D.; Pedersen, L.Chem. Physl993 98, 10089.

(39) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola,

A.; Haak, J. RJ. Chem. Phys1984 81, 3684.

(40) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. J.Gomput. Phys.
1990 94, 1683.

(41) (a) Beachy, M. D.; Chasman, D.; Murphy, R. B.; Halgren, T. A.;
Friesner, R. AJ. Am. Chem. Sod997 119, 5908. (b) Cornell, W. D.;
Gould, I. R.; Kollman, P. ATHEOCHEM1997 392 101. (c) Head-Gordon,
T.; Head-Gordon, M.; Frisch, M. J.; Brooks, C. L., Ill; Pople, J.JAAm.
Chem. Soc1991 113 5859. (d) Shang, H. S.; Head-Gordon, JI.Am.
Chem. Soc1994 116 1528. (e) Sulzbach, H. M.; Vacek, G.; Schreiner,
P. R.; Morrison-Galbraith, J.; Schleyer, P. v. R.; Schaffer, H. §.Gomput.
Chem.1997 18, 126. (f) Aleman, C.; PuiggdliJ.J. Phys. Chem. BL997,
101, 3441.

interaction being detected. The,-@1 and By-1l minima are
unfavored by 1.1 and 2.4 kcal/mol, respectively, with respect
to the global minimum. The next minimum is the-T (Figure
2d), which is destabilized by 3.7 kcal/mol with respect to the
Cs-l. The only intramolecular interaction in this conformation
is the hydrogen bond with parametei$i---O) = 1.998 A and
ON—H---O = 138.7, no X—H-x interaction with X= C or
N being detected. This feature explains the unfavorable relative
energy of G-ll, which is 2.6 kcal/mol higher than that of
C-lIL.

The relative energies of the remaining five minima range from
4.0 to 9.8 kcal/mol. This set of high energy structures contains
(i) the o-11l (Figure 2e) anda-1l (Figure 2f) helical conforma-

J. Org. ChemVol. 72, No. 6, 2007 2177
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TABLE 2. Relative Conformational Free Energied at 298 K for TABLE 3. Torsion Anglest and Relative Energy for the Minimum
the Minimum Energy Conformations of Ac-D¢g-NHMe in the Energy Conformations of Ac-Aib-NHMe at the B3LYP/6-31+G(d,p)
Gas-Phase and Aqueous SolutionAG% and AGWAT, Respectively) Level of Theory
(The Relative Solvation Free Energiesin Aqueous Solutions f AE
(AAGsomwat) Are Also Displayed) conformer @o v Y @
Cy —174.1 —72.9 55.4 179.1 0.0
WAT
conformer AGP AAGsoimwar AG Cs 1800  180.0  180.0 1800 0.4
Cs-| 0.0 0.0 0.0 Pu 170.4 —57.6 126.2 —175.3 2.6
Co-ll 15 —0.5 1.0 a —167.2 —69.3 —21.6 177.5 2.6
Py-ll 2.8 —0.8 2.0 o 169.7 1731 —34.4 —172.3 4.5
§_7|-IIII 22 _8? 23 a|n degrees. See Figure In kcal/mol.
a-ll 4.8 —-1.2 3.6
P',"I' ?é :(1)2 gg TABLE 4. Relative Conformational Free Energie$ at 298 K for
a’-lll 9'4 _1'5 7'9 the Minimum Energy Conformations of Ac-Aib-NHMe in the Gas
o- : : : Phase and Aqueous SolutionAG% and AGWAT, Respectively) (The
a|n kcal/mol. Relative Solvation Free Energie3in Aqueous Solutions AAGsewart)
Are Also Displayed)
. . . . . conformer AGOP AAG AGWAT
tions, which differ in the arrangement of the phenyl groups (i.e., SOWAT
a-lll presents a €& H-x interaction while none intramolecular g7 8'(7) 8-8 3-8
interactions were found foe-Il); (ii) the Py-l1 conformation P.? 3.0 01 31
(Figure 2g), in which the two NH- interactions described a 29 0.6 3.6
above for R-II are replaced by a single -€H=-x interaction; o 4.6 0.6 5.2
and (iii) theo!-I (Figure 2h) andx'-1l (Figure 2i) conformations, a|n keal/mol.

which are stabilized by a single-@H- interaction (i.e., no
N—H-= interaction was detected). On the other hand, it is worth TABLE 5. Energy Contribution Associated with the Phenyl

. - . P . y ibuti i wi \%
potlng that the r.elatlve energy difference Qf mel”. minimum - Substituentst (EPMPN) for the Minimum Energy Conformations of
is 3.3 kcal/mol higher than that of the previous minimum, which  Ac_pgg-NHMe in the Gas-Phase and Aqueous Solution
is thea'-1 one. Inspection of Figure 2i indicates that such large

destabilization arises from the unfavorable interaction between conformer E""(gas phase) E"P(aqueous solution)
the lone pairs of the backbone=® groups and ther-clouds 83::” Iiig iig-i
of the side phenyl groups. Thus, the change in the arrangement P”7_” 1133 1179
of the phenyl groups from | to Ill induces small variations in Crli +16.8 +21.8
the backbone dihedral angles of iteconformation originating a-lll +14.6 +20.8
such repulsive interactions. o-ll +15.3 +20.2
Table 2 shows the conformational free energie¥ at 298 z','_'ll Iig'g iggi
K in the gas phase. As can be seen, the stability order provided . +183 1907

by the relative energies listed in Table 1 was not altered by the
addition of the ZPE, thermal, and entropic corrections. Thus,
the value of such thermodynamical corrections was relatively

small. The largest difference betweay®%® and AES, which Ac-Aib-NHMe led to five minimum energy conformations, four
was detected for the.-Il minimum, was 0.9 kcal/mol, such ot them peing 2-fold degenerate. Table 3 lists the dihedral angles
difference being smaller than 0.5 kcal/mol for the other eight 5 (e|ative energies of such minima, while the conformational

minimum energy conformations. On the other hand, Table 2 o0 onergies in both the gas phase and aqueous solution are
also includes both the relative solvation energy and the relative displayed in Table 4

f ional f =298 Ki luti
conformational free energy dt= 298 K in aqueous solution, The results obtained in this work for Ac-Aib-NHMe are in

which was estimated according to eq 1. In general, the solvent ; ; ]
good agreement with those reported in an earlier study at the

plays a stabilizing role, which is reflected by the increase of g
the relative stabilities. The larger changes corresponglio MP2/6-31G(d)//HF/6-31G(d) level of theoi).Thus, the Gis
the lowest energy conformation, the Being destabilized by

Py-1 and o'-lll, which become 1.2, 1.8, and 1.5 kcal/mol, ) ’ '
respectively, more stable in solution than in the gas phase.0-4 kcal/mol. However, this relative energy order is exchanged

Regarding the order of the stabilities, té! is the only affected ~ When the ZPE, thermal, and entropic corrections are added, as
conformation becoming more stable than todl. well as when solvent effects are included. Thus, AP and

It is worth noting that the €I and G-Il are the only AGWAT values of the @are 0.7 and 1.0 kcal/mol, respectively,

significant minima in both the gas phase and aqueous solution.higher than those of thesCThe hydrogen-bonding parameters
The expected population of the remaining seven minima is calculated for the intramolecular hydrogen bonds of theu@
negligible in these two environments sind&9 > 2.8 kcal/ C; conformations ared(H---O) = 2.032 A, ON—H---O =
mol and AGWAT > 2.0 kcal/mol. Indeed, inclusion of solvent 112.5] and [d(H---O) = 1.897 A, ON—H---O = 151.7],
effects considerably enhances the population sflIC Thus, respectively. On the other hand, the relative energy of the other
according to the Boltzmann distribution used to describe the three minimum energy conformations, which are unfavored by
conformational preferences of small peptides, the population more than 2.5 kcal/mol, i~ Py < o' and R < o < o' in
of CsIll increases from 7.2% in the gas phase to 15.5% in the gas phase and aqueous solution, respectively. Indeed,
aqueous solution. inspection of Table 4 reveals that the solvent increases the range
Influence of the Phenyl Side Chains in the Conformational of relative energies destabilizing the four local minima with
Properties. Calculations at the B3LYP/6-31G(d,p) level on respect to the £

aln kcal/mol. EPMPhwas computed using eq 2 (see text).
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TABLE 6. ON—C®—C and OCf—C*—CF Bond Angles? for the Minimum Energy Conformations of Ac-D ¢g-NHMe and Ac-Aib-NHMe

Ac-D¢g-NHMe Ac-Aib-NHMe
conformer ON-Ce—C gcf—Cce—-cf conformer ON-Ce—C gcf—Cco—-Ccf
Cs-l 102.9 114.2 G 111.7 109.7
C-lll 1121 111.9 G 104.4 1111
Pyl 106.2 108.7 [ 107.6 109.6
Ce-ll 105.4 106.3 o 112.5 110.1
a-lll 1115 112.0 o 107.9 110.7
o-ll 109.7 108.4
Pi-l 107.7 1135
o'-l 107.2 114.2
ol 106.6 112.7

aIn degrees.

Figure 4 represents the position of all the minima character- estimated according to eq 2
ized for Ac-Dpg-NHMe and Ac-Aib-NHMe in the¢,-
Ramachandran map. As can be seen, with the exception of thegP/Ph—= pAc-D¢g-NHMe _
Cs (p,y = 180°,18C), every minimum of Ac-Aib-NHMe [(EAC—/-\ib—NHMe_ 2EH3C—CH3) +2EPh—CH3] (2)
spreads out in two minima when the methyl groups are replaced
by phenyl rings. Such two minima present similar backbone \yherefAc-Dég-NHMe i the electronic energy of the conformation
conformations but different arrangements of the aromatic side ynder study andeAc-Aib-NHMe s the electronic energy of the
chains. This result suggests that the substitution of the side ac-Aib-NHMe minimum with similar backbone conformation.
groups does not produce significant changes in the backbonerhe results are displayed in Table 5.
conformation. However, inspection to the relative energies of  As can be seen, the values &Ph reveal significant
the different minima (Tables 2 and 4) reveals that the bulky ynfavorable effects for all of the minimum energy conformations
phenyl groups introduce, in some cases, strong destabilizingof Ac-Dgg-NHMe in both the gas phase and agueous solution.
effects due to unfavorable interactions. In order to evaluate theseThese should be mainly attributed to both the strain energy
interactions from a quantitative point of VieW, the isodesmic induced by the pheny| side groups and the unfavorable interac-
reaction displayed in the following scheme has been consifred. tions between the aromatic rings and the backboreOC
SCHEME 1 moieties. More spe.cifi.cally, 'ghe phenyl ring is a bulky group
o He " CH, able to induce strain in the internal geometry of the peptide.
I )] This strain is clearly evidenced in Table 6, which compares the
/C\N/C\C/N\CH 42 ON—C*—C and OCf—C*—C# bond angles of the minimum
| [ 8 energy conformations of Ac-gg-NHMe and Ac-Aib-NHMe.
H o As can be seen, the deviation with respect to the value ideally
expected for these angles (109.5 higher for Ac-Dpg-NHMe
ﬁ P fa ']' than for Ac-Aib-NHMe. On the other hand, the phenyl groups
o} c N present a large amount of electron density able to interact
HyC T ﬁ CHy + 2 HC—CH, unfavorably with the lone pairs of the oxygen atoms contained
o] in to the backbone carbonyl groups. Furthermore, it is worth
noting thatEP"Phis about 5 kcal/mol more repulsive in aqueous
solution than in the gas phase (Table 5), indicating that the
interaction of the side phenyl groups with the bulk solvent is

For each conformation of AeD¢g-NHMe, the energy
contribution associated with the phenyl substitue&t&"" was

Lt = also unfavored.
D|:| On the other hand, cyclopropane analogues of Phe bearing
120 two phenyl groups can be directly compared withpdd
Recently, conformationally restricted amino acids constituted
60 - by stereoisomers of 1-amino-2,3-diphenylcyclopropanecarboxy-
. & = lic acid with phenyl substituents in a trans relative disposition
B“ . (csdiPhe; Figure 1) showed a tendency to promote folded
o structures in both the solid state and solufidf? A systematic
- 2 & quantum mechanical study on Acg2ScsdiPhe-NHMe re-
-60 - vealed that the & with hydrogen-bonding parameters
d(H----0) = 1.967 A andON—H---O = 150.6, is the only
-120 7 minimum energy conformation accessible at 298 curther-
o more, an attractive interaction between thdiehe N-H and
o - the cloud of thecis-phenyl group @-pn = 3.485 A andd =
180 120 -60 0 60 120 180 4.1°) was detected for this conformation. All of the other minima

were destabilized with respect to this conformation by more

i . (42) Viviani, W.; Rivail, J.-L. Perczel, A.; Csizmadia, |. G.Am. Chem.
FIGURE 4. Comparison between the conformational preferences soc.1993 115 8321.

predicted for Ac-Ipg-NHMe (squares) and Ac-Aib-NHMe (triangles) (43) Jimimez, A. I.; Cativiela, C.; Marroud, MTetrahedron Lett200Q
at the B3LYP/6-3%+G(d,p) level. 41, 5353.
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L= . DEG 0.1508 H H 0.1429
o A (S)c3Dip
120 A 4 (R)c3Dip C—C .0.1365
® (25,3S)c3diPhe -0.1714
&0 i
« R iR SRsEne 0.1603 H——C “0.2081
S~ o = \ 0.3862
A Ph, C°
0 oy \ s
. c P
JAY Seo d ’¢’
i O 04280 N7 03173 2C7 5408
o
-180
-180 -120 60 O 60, | 120 180 0.2602 H O -0.5673
q) FIGURE 6. Electrostatic parameters determined for thiggDesidue.

FIGURE 5. Comparison between the conformational preferences . . . .
predicted for Ac-yg-NHMe (squares; this work), AcsgiPhe-NHMe field to describe the phenylalanine residue were directly

(triangles; ref 15), and AcsBip-NHMe (circles; ref 16). As gliPhe transferred to @g,* the only exception being the bending
and eDip are chiral amino acids, the minima associated to the two Parameters associated with the-8*—C# and @—C*—C(=
enantiomers have been differentiated. O) bond angles (Figure 6). The equilibrium values used to

describe these angles were 12@Ad 108.5, respectively, while
the bending force constant was 63.6 kcal/maxf in the two
than 3 kcal/mol independently of the environment, i.e., gas cases.
phase, organic solution (C£ind CHC}), and aqueous solution. Atomic charges for the minimum energy conformations listed
Very recently, quantum mechanical methods have been alsoin Table 1 were calculated by fitting the HF/6-31G(d) quantum
used to investigate the intrinsic conformational preferences of mechanical and the Coulombic molecular electrostatic potentials

1-amino-2,2-diphenylcyclopropanecarboxylic acidlip), a (MEPs) to a large set of points placed outside the nuclear region.
cyclopropane analogue of phenylalanine bearing two phenyl it should be noted that the electrostatic parameters derived at
substituents on the sanfecarbont® Interestingly, Ac-§)csDip- this level of theory are fully compatible with the current Amber

NHMe showed three minima with relative energies below a force field44 Electrostatic potential (ESP) fitting atomic centered
threshold of 3 kcal/mol in both the gas-phase and organic charges for the By residue were derived by weighting the
solution. These correspond to the @ith d(H-:+-O) = 1.987 charges calculated for the nine minimum energy conformations,
A and ON—H---O = 148.4, the R and thea. conformations,  using normalized Boltzmann populations as weight factors for
the latter two structures being destabilized with respect to the each minimunt546The weights were calculated by the standard
former one by 1.9 and 2.4 kcal/mol, respectively, at the B3LYP/ Boltzmann formula using thAG% values listed in Table 2.

6-31+G(d,p) level. Theo minimum presents a favorable This strategy based on weighted multiple conformation was

interaction between the NH moiety of gDip and thes- previously used to determine the electrostatic parameters of
system of thecis-phenyl ring, no stabilizing interaction being  severala,a-dialkylated amino acids¥1447 successful results
formed by the aromatic substituents of the; @nd R being obtained in all cases. However, it is worth noting that in
conformations. this study the main contribution to the electrostatic parameters

Figure 5 compares the position in thgy-Ramachandran  of Dgg, which are displayed in Figure 6, arises from thel C
map of all the minima with a relative energy lower than 3 kcal/  minimum, the contributions of all the other minima being
mol characterized for Ac-Pg-NHMe, Ac-(2S39csdiPhe- negligible.

NHMe, and Ac-§csDip-NHMe, the minima associated with In order to ascertain how the force-field parameters describe
the enantiomers of the two latter dipeptides being also repre-the conformational flexibility of Ac-pg-NHMe in aqueous
sented. It is worth noting that the most remarkable difference splution, MD simulations were performed at 298 K. The lowest
between [pg and the two cyclopropane analogues of Phe energy conformation was used as starting point of a trajectory
corresponds to thegZonformation, which was only detected that was 25 ns long. Figure 7 represents the accumulated
for the former amino acid. Indeed, this conformation is strongly Ramachandran plot for thedy dipeptide. The most populated
unfavored for both giPhe and gDip because of the repulsive  conformation corresponds to thes,Owhich is visited ap-
interaction between the electron density of the phenyl side  proximately five times more than all the other conformations
chains and the lone pairs of the carbonyl groups. On the otherduring the trajectory. This fact is in excellent agreement with
hand, the remaining minima suggest a degree of similarity the results displayed in Table 2, which indicate that this
among the three residues, especially around theo@formation, conformation is the lowest energy minimum. Moreover, all the
indicating that the interactions between the backbone and the
phenyl side groups are able to modulate the conformational (44) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz,

i ; i ; K. M.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.;
preferences of the dipeptides. Thus, the incorporation of Kollman, P- A.J. Am. Chem. Soa.995 117, 6179,

selectively oriented phenyl groups produces steric and electronic (45) Reynolds, C. A.; Essex, J. W.: Richards, W.JGAm. Chem. Soc.
interactions between these rigidly aromatic groups and the 1992 114 9075.

i (46) Cieplak, P.; Cornell, W. D.; Bayly, C. I.; Kollman, P. A. Comput.
peptide backbone. . . Chem.1995 16, 1357.
Force-Field Parametrization. The stretching, bending, tor- (47) Aleman, C.; Casanovas, J. Chem. Soc., Perkin Trans. 1994

sional, and van der Waals parameters used in the Amber forces63.
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FIGURE 7. Accumulated Ramachandran plot for A¢@NHMe
derived from a MD trajectory 25 ns long in aqueous solution.

other minimal energy conformations that had previously been
predicted by DFT calculations are seldom visited during this
simulation. R is the region that was less visited during the
simulation, followed by the & conformation and thea
conformation. Considering the large number of minima char-
acterized for Ac-[pg-NHMe, which reflect the complex con-
formational equilibrium of the Bg residue, we feel that the
map displayed in Figure 7 is a good result.

Conclusions

DFT calculations have allowed detect a large number of
minimum energy conformations for Acéy-NHMe, many of
them involving specific backborebackbone (intramolecular
hydrogen bonds) and backboenside chain (N-H=x and C-H-
<) interactions. In spite of this, the only conformations that

are expected to present significant populations at room tem-

perature in both gas-phase and aqueous solution aresthe C

and G-lll, the AG% and AGWAT with the remaining minima

JOC Article

being higher than 1.5 kcal/mol. Furthermore, it has been found
that the phenyl substituents induce strain effects in the internal
geometry of the peptide. Thus, a significant destabilizing energy
contribution was obtained when the phenyl groups of Aggb
NHMe replace the methyl groups of Ac-Aib-NHMe. On the
other hand, comparison of the intrinsic conformational prefer-
ences predicted for gy with those found for gliPhe and &

Dip reveals a degree of similarity indicating that the interactions
between the phenyl and the backbone play a crucial role in the
conformational preferences of the peptide. Finally, classical MD
simulations in aqueous solution indicate that the set of force-
field used in this work to describe theg residue are able to
reproduce satisfactorily the conformational preferences of Ac-
D¢g-NHMe. These parameters were obtained by combining
explicitly developed ESP charges with stretching, bending,
torsional, and van der Waals parameters directly transferred from
the Amber force field.
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