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Conformational dynamics of an alanine dipeptide analog: Anab initio molecular dynamics study
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An ab initio molecular dynamicéMD) simulation technique employing the Born-Oppenheimer approach in
the framework of a Gaussian implementation of Kohn-Sham density functional theory is used to study the
gas-phase conformational dynamics of an alanine dipeptide analog. It is found that conformational transfor-
mation betweelt5 andC7,, occurs on the picosecond time scale. Classical MD simulations using most of the
popular force fields do not yield a transition even after nanoseconds. An analysis is given of the difference, for
this small gas-phase system, betwedninitio MD and traditional MD simulation using force fields.
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Classical molecular dynamic€€MD) simulations have lar dynamics simulation, the forces on the nuclei are given
played an increasingly important role in our understanding oby the energy gradients and the molecular orbitals are up-
the structures and functions of biological systdths6]. The  dated by solving a Schdinger-type equation within the BO
accuracy and reliability of such MD simulations depend cru-approximation. To reduce the computational demand, we use
cially on the empirical potential energy functions that are(S)-a-(formylamingpropanamidean analog of the alanine
parametrized to fit to experimental data as well as the resuldipeptidg [14]. The analog is formed by replacing the ter-
from ab initio calculations. Recent advancesa initio mo- ~ minal methyl groups of the alanine dipeptide by hydrogen
lecular dynamicgAIMD ) methodologie$7,8] make it pos- atoms; a previous study suggests that the effects of such
sible to study a variety of molecular systems directly, whergeplacements on the¢( ) energy map(see below are
the forces at each configuration are computed from quanturfather smal[14]. A schematic diagram of the alanine dipep-
mechanical calculations. This allows us to make importantide analog is shown in Fig. 1. The simulations start with the
comparisons of the performances of CMD and AIMD for B-like structure. The velocity is picked from a Maxwell-
systems of biological interest. In this article, we report theBoltzmann distribution[15]. The initial velocity norm is
results of AIMD and CMD simulations on(S)-  given so that the kinetic temperature is about 298 K. The
a-(formylamingpropanamidgan alanine dipeptide analpg Verlet integratof16] was used to propagate the equations of
which reveal significant differences in the dynamic behaviormotion for the nuclei. The time step is taken to be 50 a.u.
of this system obtained from these two approaches. The corti-e., 1.21 f$ and the simulation is run for about 70 000 time
formational transitions between the two lowest energy consteps. A smaller time step, for example, 20 a.u., was used for
formers (C5 andC7,,) occur on the picosecongs) time  afew testruns. This does not significantly change the results.
scale from the AIMD simulations, while CMD simulations The quantum density functional theory DFT calculations
with some of the widely used force fields do not yield awere carried out using the DZVP basis §&], which is of
transition even after nanoseconds. Although AIMD has beesloubleZ quality and includes field-induced polarization
used previously to study systems of biological interest, to oufunctions. The Becke-Perde®P) approximation was used
knowlege such large differences in the conformational tranfor the exchange and correlation functiorjaB,19. Com-
sitions have not been reported. parison of the BP/DZVP results with those from post-

The AIMD simulation method was pioneered by Car andHartree-Fock calculations for the stable conformatigfrey
Parrinello (CP) [9]. The CP-AIMD simulation involves the et al.[20]) suggests that the density functional method used
solution of coupled dynamical equations of motion for thein this study is of sufficient accuracy for our purpose of
nuclear coordinates and molecular orbital expansion coeffimapping out the general features of the dynamics; the rela-
cients. Our AIMD simulation is carried out at the Born- tive energies for th€7.,andC5 conformers are 0.0 and 1.7
Oppenheimer(BO) level [8,10—13. In this approach, it is kcal/mol, respectively, which are nearly identical to those
assumed that the motion of the nuclei is much slower than
that of electrons and is always in equilibrium with the elec-
tronic structure. Therefore, the classical dynamical equations
of motion can be used to give complete trajectories if the
potential surface is known. At each time step in the molecu-
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"Present address: Department of Chemistry and Chemical Biol- FIG. 1. Schematic diagram of alanine dipeptide analog. The left
ogy, Harvard University, Cambridge, MA 02138. and right figures refer t€7,, andC5 conformations, respectively.
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FIG. 2. The DFT[ ¢ (deg, ¢ (deg] potential energy contours FIG. 4. Time evolution of the dihedral angles. The open circles
(every 0.5 kcal/mgl obtained from a grid with 20° spacing. and crosses are fap (deg and ¢ (deg, respectively.

from MP2/6-311G** calculations with complete geometry C7,, O---H bond vibrates around its equilibrium value,
optimization(the energy difference betwe@v.,andC5 is  i.e.,C7.q4is sampled for a significant duration, then we see a
1.66 kcal/mol[20]). few consecutive transformations betweef,, andC5, and

The conformational space of the alanine dipeptide is coneach transformation takes about 3 ps to complete.dTg,
veniently described by the backbone dihedral anglegomformation is of lower energy tha@5 and the energy
¢ [£(C1-N1-C2-C3) and ¢ [£(N1-C2-C3-N2). Ab difference is about 1.7 kcal/mol. This is consistent with the
initio studies [14,20-23 have shown that the internally fact that the O--H bond length for theC7,4 conformation
hydrogen-bonded conformations, the cyclic hydrogenteaches a lower value than that of 88 conformation be-
bondedC7.q structure[O1---H7] and the extende®5  cause the&C7.,O- --H bond is stronger. Our results indicate
[O2---H2] structure, are of lowest energy. Ti&.q and  that C7.4 is heavily populated in the phase space at room
C5 structures haved, ) angles of about<{80°, 80°) and temperature. In Fig. 4, we show a plot of the dihedral angles
(—160°, 160°), respectively. To have a clear view of the¢ andy as a function of time. Again we see the interchange
energy landscape ne@i7., andC5 conformations we show of C7,,andC5. In addition, we see some population of the
a contour plot of the potential energy surface in Fig. 2, whichg-like conformation ¢ 134°,57°). Thex-like conformation
was obtained with full geometry optimization by fixing the (—60°, —40°) is also visited, but less frequently.
corresponding dihedral angles for each point with a grid This time scale of picosecond conformational transforma-
spacing of 20°. The barrier frol87.,to C5 is 2.5 kcal/mol  tion is an interesting discovery. We have carried out classical
which is much lower than the value of 4.86 kcal/mol ob- simulations using theHARMM [24], MM3 [25], AMBER [26],
tained previously from Hartree-Fock calculations with aand Esrr [27] force fields. We did not see any transition
3-21G basis sdftl4], but reasonably close to the MP2/6-31 betweenC5 and C7,4 conformations at 300 K for simula-
+G**/HF/6-31+G* barrier (1.82 kcal/mo) [20] (without  tions lasting nanoseconds. Two factors might be considered
geometry optimization to explain the different behavior of CMD and AIMD. First,

In Fig. 3, we plot the bond lengths as a function of time.the energy barrier in these force fields may be higher than
The solid and dotted lines correspond to the-QH bond  that of DFT-BP. Second, parameters in the force fields may
lengths for the two internally hydrogen-bonded conformersiot be appropriate for the gas phase. For example, the
C7¢4 and C5, respectively. An O--H bond length of rotational barrier corresponding to the dihedral angle
about 2.0 A or less is taken to mean that a hydrogen bon¢hay be too high, or in some force fieldsis kept constant.
has been formed. By monitoring the forming and breaking ofit has been assumed that the peptide upitith a
the two types of hydrogen-bonds we can follow the confor-peptide(C-N) bond at the centérhas a rigid, planar struc-
mational dynamics in the simulation. We clearly see the conture, i.e, thew angle,[ £ (C2-C3-N2-H8(C))=180° and
version from theC7., to theC5 conformation. From Fig. 3, ' [£(C2-C3-N2-H7)=0°. However, significant distor-
we observe two distinct time scales. For about 15 ps, théion from planarity has been observed by experimé¢ag]
and theoretical studigd.4]. In some region ofp, s space, it
might be as large as 40°.

In Fig. 5, we plot a statistical profile ab andw’. The
population looks similar to the result of a survey using the
Cambridge Structural Database of small molec{®&3. It is
a Gaussian distribution with a standard deviation of 13° and
19°, respectively, which is larger than the value of the sur-
vey, about 6°. The difference could come from the fact our
simulation is for a dipeptide analog in the gas phase, where
the CH; group of the dipeptide is replaced by a hydrogen
atom. In the same figure, we also plot the pyramid arle
which is defined a®= o’ — 0w+ 180.0. The distribution of

FIG. 3. Time evolution of the H-bond lengths. The solid and does not have a Gaussian form. It may deviate from its av-
dotted lines are for O1--H7 and O2 - - H2, respectively. erage value of 0° by as much as 5@fith a fluctuation of
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FIG. 7. Ramanchandran-like plot of tkelARMM trajectories for

FIG. 5. Population profile of the andw’ dihedral angles and the dihedral angles (deg and ¢ (deg.

6 angle(in degrees The solid, dotted, and dashed lines are dor
o [£(C2-C3-N2-H8(C)), and w’ [£(C2-C3-N2-H7), re-
spectively. about 2.4 kcal/mol which is quite close to the DFT value of
2.5 kcal/mol. As we pointed out earlier, other dihedral
28°). We also calculated the statistical profiles of other di_angles, Some O.f W.h.'Ch are defined as IMpropecHARMM,
hedral angles, for example, [Z (01-C1-N1-H2], undergo very significant change during our S|mulat|(_)n and
[/ (H7-N2-C3-02) [/ (H2-N1-C1-H1) and should contribute to the dynamical and thermodynamical be-
o ,, havior of the dipeptide analog. Presumably, less flexibility
[£(01-C1-N1-C3], which are all treated as “improper” in respect to the dihedral angles in thearmm force field
tOI’SIOI’l. angle; in .the CMD S|mulat|ons using tbBARMM revents the system from escaping fr@.q at this tem-
force field. Significant fluctuations have been seen for al erature, i.e., 300 K.
_these a_ngles. The time dependence of these angles is rathenye have obtained a potential map in the area around the
interesting. They all fluctuate at a much faster pace than thgyternal hydrogen-bonded conformatiof$ and C7.q. A
backbone dihedral angles and ¢, i.e., with a period of 0.1 ~ Ramachandran plot derived from gas-phalsénitio molecu-
ps compared with 0.5 ps fap and ¢. lar dynamics simulation shows dipeptide conformational
If we increase the temperature to, say, 375 K, a force fieldhanges on the picosecond time scale. The classical force
such ascHARMM [24] does show conformational transforma- fields do not yield any observable transformation even for
tions betweerC5 andC7,4(with dominant population and  nanosecond simulations. Given that the classical force fields
the time scale is about 20 ps. have reasonably similak/, ¢) energy maps, this observation
Figure 6 presents a Ramachandran-like plot of the trajecnay seem rather surprising. However, one must not forget
tories of the dihedral angle$ and ¢ which may be com- that the real surface has 42 dimensions and the energy fluc-
pared with the result oEHARMM shown in Fig. 7. If the tuation depends in principle on all of these. Instantaneous
simulation is carried out for a long enough time, the map ofduantum electronic effects, for example, polarization, corre-
the trajectory should reflect the landscape of the potentidftion, and charge transfer, have a very significant effect on
energy surface, which does not depend upon the dynamF@e, dynamlcs behavior of biologically interesting systems.
details. The DFT trajectory reaches a much wider range of NS ceértainly creates a challenge to develop new force
angles than doesHARMM. In fact, the potential surfaces of fields. The conformational transformation on the picosecond
DFT andcHARMM in terms of ¢ and ¢ are quite similar in
the region our system explores, as is clear from Fig. 8, which \ \ZIN \ \‘
shows a completes-iy energy map of thecHARMM force 190
field. It was obtained with full geometry optimization by
fixing the corresponding dihedral angles for each point with
a grid spacing of 15°. The barrier betwe€, andCs is
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FIG. 6. Ramachandran-like plot of the DFT trajectories for the  FIG. 8. ThecHARMM [¢ (deg, ¢ (deg] potential energy con-
dihedral anglesp (deg and ¢ (deg. tours (every 0.5 kcal/mgl obtained from a grid with 15° spacing.

011907-3



DONGQING WEI, HONG GUO, AND D. R. SALAHUB

PHYSICAL REVIEW B4 011907

time scale could perhaps be observed by future gas-phasdl for providing the data of thep—¢ map. The financial
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