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Abstract

A molecular dynamics study about the conformational preferences in a chloroform solution of a homo-oligomer
constituted by six residues of dehydroalanine is presented. For this purpose, two sets of force-field parameters and
explicit solvent molecules have been used. Furthermore, ab initio calculations have been performed in order to

estimate![H]-NMR chemical shifts. Results have been compared with experimental €@a2902 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Dehydroalanine(AAla) is an «,3-unsaturated
amino acid commonly found in a number of
naturally occurring peptide antibiotics and in some
proteins [1]. The double bond of the side chain
provides to the residue a very defined conforma-
tional behavior. The potential energy hypersurface
of the AAla-containing dipeptide was investigated
some years ago by the authors using ab initio
guantum mechanical calculatioig]. The results
indicated that the extended, also denotedfve-
membered hydrogen bonded system is the lowest
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energy conformation. More recently, Thormann

and Hofmann reached the same conclusion in a
systematic study about the conformational proper-
ties of diamides containing dehydro amino acids
[3].

On the other hand, a number of theoretical
analyses on AAla homo-oligomers, denoted
(AAla),, have been reported. Both force-fidil 5]
and quantum mechanicfs,7] calculations predict
that the fully extended conformation is the most
stable for homo-oligomers with a small number of
residues, while the ;3 -helix becomes favored for
a large number of residues. The number of residues
required for the conformational transition extend-
ed— 3,,-helix depends on the theoretical method
used for the calculations. Thus, semi-empirical and
ab initio calculations indicated that thg,3 -helix is
the most stable conformation in the gas-phase for
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n>8 andn>6, respectively. Quantum mechanical
calculations onAAla-containing peptides allowed
us to find another interesting resyff]. This is the

significant variation in molecular geometry upon

conformational changes. Thus, in the helical con-

formation, the bond anglecN-C*—-QO) takes a
large value(120°), in agreement with the trigonal
configuration of the € atom, whereas in the
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been compared with the values reported for
BrBz—(AAla),—OMe.

2. Methods
2.1. Force-field calculations

MD simulations were run on a homo-oligomer

extended conformation, such an angle adopts achain of six AAla residues blocked at the N-

tetrahedral valu€109.5). This narrow value was
recently confirmed in peptides containing one, two
and threeAAla residues, which were studied by
X-ray crystallography8].

In a very recent work, Toniolo and coworkers
reported a conformational study in a chloroform
solution of the homo-oligomeric serigsBrBz—
(AAla),—OMe (where pBrBz and OMe arep-
bromobenzoyl and methoxy, respectivelyith
ranging from 1 to 6[8]. FTIR absorption and
1[H]-NMR results indicated that the fully extended
is the conformation preferred hfAla homopep-

tides up to hexamer level. These data point out

that the threshold value predicted by HF31G
calculations for the conformational transition
(n>6) is underestimated6]. This deficiency can

be attributed to several reasons, such as the poo

quality of the molecular geometry employed to

describe the homo-oligomer; the small basis set
for energy calculations; and the absence of both

environmental and dynamical effects. In our opin-
ion, the latter motives are probably the most

terminus with an acetyl group and at the C-
terminus with an N-methylamine group.
Calculations were done using the SANDER mod-
ule of Amber 4.1[9], with a time step of 2 fs.
The Berendsen temperature coupling method was
used to keep the average temperature constant at
300 K using a coupling constant of 0.2 p&0].
The OPLS chloroform modell11l] was used for
all solvent molecules, and the SHAKE algorithm
[12] was used to constrain all bond-lengths to their
equilibrium values. A 12-A cutoff was used for
the non-bonded interactions, i.e. if two residues or
a residue and a chloroform molecule have any
atom within 12 A, the interaction between the
entire pair is evaluated. The non-bonded pair list
was updated every 25 MD steps.

All the force-field parameters, with exception of

the atomic charges and some equilibrium geomet-

rical parameters, were taken from the set of para-
meters explicitly developed for dehydroamino
acids by Alagona and co-workef$3]. The atomic
charges for the\Ala residue were taken from our
previous work, in which these electrostatic para-

important ones, and they can be overcome by meters were fitted to H—31Qd) electrostatic

using molecular
techniques.

In this work, we present a MD study about the
conformational preferences of tlfaAla)s homo-
oligomer in dilute chloroform solution. We have
used a 40-ns MD simulation including explicit
solvent molecules to determine the stability of
both the extended ands3 -helix for this compound.
Two different force-fields have been used in order
to consider the geometry variation observed for
the AAla residue with conformatiori2]. Further-
more, in order to compare with experimental data,
guantum mechanical calculations of the resulting
structures have been performed to estimiid]-
NMR chemical shifts. The resulting values have

dynamics(MD) simulation

potentials computed for the minimum energy con-
formations of theAAla-containing dipeptidd7].
The molecular geometries of theg C amdninima
were also used to extract the equilibrium parame-
ters involving the € atom[2]. Two sets of
parameters were considerdd) those in which the
angle <N-C*-QO) presents a tetrahedral value,
denoted force-field AFF1); and (ii) those asso-
ciated with the trigonal configuration of the*C -
atom in the « minimum, named force-field 2
(FF2). Table 1 shows the equilibrium parameters
for the two force-fields. It can be seen that FF1
and FF2 only differ in the N—€ bond length and
the N-C* —QO) bond angle. This is because the
remaining geometrical parameters are very similar
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Table 1 _ _ are referred to a usual standard as TMS through
Equilibrium geometrical parameters associated to the two the relation:

force-fields(FF1 and FF2 used forAAla
8(1Hi) = (T(lHi)TMS - (T(lHi)AAlas

d(N-C®) <N-C*-C ' ' _
where, in order to have accurate chemical shifts,
FF1 1.397 109.5 : . L
FE2 1425 119.4 the isotropic shielding constant of hydrogen atoms

_ in TMS, o (*H)rms =32.58 ppm, was computed at
Bond lengths and angles are in A and degrees, respectively. the same level of calculation described abi@.

MD simulations were performed on a SGI
for both the extended and helical conformations |ndigo? system with a single R10000 processor.
[2]. The starting conformations for the homo- Quantum mechanical calculations were performed
oligomer were built considering,y =180 14CF° at the Centre de Supercompufacio de Catalunya
(extended and ¢, = —40°, —30° (3,0-helix), in (CESCA).
agreement with our previous studigx6]. _

A solvent box (35.84x35.85x51.20 A%) of 3. Results
490 chloroform moleculegdensity=1.47 g/cc)
was created and equilibrated. Th&Ala)s chain First, we performed MD simulations of the
was centered in the solvent box and the Overlap- extended conformation dﬂAla)G using both FF1
ping chloroform molecules were removed. The and FF2(MD./FF1 and MLQy/FF2, respectively
resulting system contains 467 chloroform mole- Fig. 1 shows the atom-positional root mean square
cules and 1928 explicit atoms. During equilibration  deviation (RMSD) between the starting coordi-
and subsequent MD simulations, periodic bound- nates and the coordinates sequentially stored along
ary conditions were applied. 10-ns trajectories. Only the backbone atofihg

The temperature of the system was slowly c= and O were included when calculating the
brought to 300 K by 24 ps of NVT-MD, i.e.  displayed RMSD. As can be seen, the fluctuations
increasing by 25 K every 2 ps. During this initial of the extended conformation are very small when
equilibration, the solvent molecules were restrained the FF1 is used, the average RMSD along the
to their positions. After this, the energy of the trajectory being 0.620.47 A. Furthermore, fluc-
system was equilibrated by performing 20 ps of tyations disappear almost completely after 5 ns of
NVT-MD, in which both the solvent molecules simulation. Fig. 2a shows the superposition of the
and the (AAla); were allowed to move freely. peptide coordinates from 0.5 ns consecutive inter-
Then, we conducted four simulations, i.e. extended yals. These results point out the high stability of

and 3, -helix conformations with FF1 and FF2, the extended conformation fdi\Ala)s when the
consisting of 10 ns each. Every 1 ps, the coordi- FF1 is used.

nates were saved on disk. The RMSD for the structures resulting from the
MD./FF2 simulation(Fig. 1b) indicates that the
2.2. Quantum mechanical calculations molecule preserves the extended conformation for

approximately 5 ns. However, the partial fraying

Some relevant conformations provided by MD of two residues at the N-terminus induces a larger
simulations have been used to predict NMR prop- RMSD for MD,/FF2 than for MQ/FF1 along
erties of(AAla)s. The electronic structure of these this period. The most remarkable feature of MD

conformations was determined at the M~ FF1 corresponds to the change from the extended
311dd) level [14]. conformation to the 2 -ribbon one at approximately
Proton isotropic shielding constants @Ala)s, 6 ns. This transition can be followed in Fig. 1b,
o(*H;), were computed using perturbation theory which compares the RMSD from the starting
and the Gauge Invariant Atomic Orbital&IAO) extended conformation with that from a standard

method [15,16 implemented in the Gaussian 94 2,-ribbon one(¢, = +68.8, —72.0°). As can be
program packagd17]. Chemical shifts,3(*H;), seen, the RMSD from the last conformation is
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Fig. 1. Positional root-mean square deviatid®MSD; in A
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2.5 A) during the MQ/FF1 and MDQ/FF2 simu-
lations. In the former trajectory, the six initial
hydrogen bonds are retained, indicating that the
extended conformation remains intact. However,
only four hydrogen bonds remain formed in MD
FF2 at 5 ns and this number decreases to one at 6
ns. Fig. 3b also shows the number of intramolec-
ular hydrogen bonds of C typeseven-membered
hydrogen bonded ring which are characteristic of
the 2 -ribbon conformation. It should be noted that
the amide groups at the N-terminus form, C
interactions from the beginning of the MFF2
simulation, and the number of such interactions
suddenly increases after 5 ns.

Fig. 4 displays the Ramachandran plots for the
¢—{ backbone dihedral angle pairs XAla resi-
dues of(AAla)g, extracted every 1 ps from the 10
ns MD./FF1 and MD/FF2 trajectories. Théo—

{ pairs resulting from the MQYFF1 simulation
are strictly confined to the extended region. There
is no indication of strain in theo—{}s angles when
the FF1 is used. Fig. 4b also reflects the extended-
to-2,-ribbon conformational transition detected in
MD./FF2. Thus, the two conformations are notice-
ably populated in Fig. 4b. Moreover, the scattering
of the dihedral angle pairs from the extended to
the 2 -ribbon regions shows the route followed by

between the starting co-ordinates and the co-ordinates storedthe AAla residues during the transition.

along 10 ns MRQ/FF1 (a), MD/FF2 (b), MD ,/FF1 (¢) and
MD,/FF2 (d) trajectories of (AAla)s. Only the backbone
atoms were considered to obtain RMSD. For the J/fF2,
MD,/FF1 and MQ/FF2 trajectorie<b, ¢ and d, the RMSD

of the saved coordinates with respect to the 2 -ribbon confor-

mation is also displaye€dashed lines

MD simulations of the & -helix using the FF1
and FF2(MD./FF1 and MD/FF2, respectively
were performed in order to ascertain the stability
of such conformation. In the former simulation,
the starting @ -helix changes into g 2 -ribbon in
approximately 4.5 ns. Thus, the average RMSD

small and almost constant along the last 3 ns of with respect to the former conformation increases
simulation, the average value during this period to 2.17+0.10 A after this period of time, while

being 1.540.16 A. The extended-to,2 -ribbon
transition is shown in Fig. 2b, which displays

the average RMSD with respect to the latter
decreases to 0.960.48 A (Fig. 10. The reverse

some representative conformations extracted from transition was not detected in the next 6.5 ns. The
MD./FF2 at periods ranging from 4.4 to 6 ns. dynamics of the 3, -helix-to-2 -ribbon transition is
Table 2 compares the final and average end-to-endillustrated in Figs. 5 and 6, which show a sche-
distance for each simulation with the value of the matic picture of the structures extracted from
starting conformation. As can be seen, this distance different intervals and the number of hydrogen
decreases by approximately 9 A for MIOFF2, bonds for both conformations, respectively. Anoth-
while for MD./FF1, it remains at approximately er view of such transition is provided in Fig. 4c,
the same value. in which the distribution of thee—{ dihedral
Fig. 3 shows the number of intramolecular angle pairs points out that the change from the
hydrogen bonds of £ typ€0...H distance below  3,4,-helix to 2,-ribbon occurs without visiting any
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Fig. 2. (a) Superposition ol AAla), coordinates from 0.5 ns consecutive intervals of MEF1. Both backbone atonfdeft) and all atomg(right) are shown(b)
Representative snapshots from MBF2 of the extended-to-2 -ribbon conformational transitior(&Ala)e All the structures are depicted with the N-terminus up,
and the C-terminus down.
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Table 2 .
End-to-end distanc€A) for the four MD simulations per-
formed in this work

Simulation Initial Final Average

MD./FF1 25.06 24.62 24.160.94
MD,/FF2 25.85 16.77 17.883.13
MD,,/FF1 14.93 19.35 16.872.38
MD,,/FF2 14.05 20.09 19.680.89

Initial, final and average values are displayed.

intermediate conformation. The latter simulation
was performed, considering a trigonal configura-
tion for the C atom and a3 -helix as starting
conformation(MD./FF2). In this case, the initial
helical conformation quickly transforms into a 2 -
ribbon, the latter conformation remaining stable
until the end of the simulation. This is reflected in
the evolution of both the RMSDFig. 1d) and the
number of intramolecular hydrogen bondBig.
6b). The average RMSD with respect to thg,3 -
helix and 2 -ribbon conformations is 2.540.14
and 0.73+0.35 A, respectively. On the other hand,
the i,i+3 hydrogen bonds characteristic of the
3.0-helix, are completely broken and converted
into interactions of the € type after 45 ps of
simulation. As can be seen in Table 2, the elon-
gation of the molecular chain involved in thg,3 -
helix-to-2; -ribbon conformational transition is of
approximately 6 A.

Fig. 7a shows the evolution of the total potential
energy for the four simulations: MIPFF1, MD,/
FF2, MD,/FF1 and MQ,/FF2. As can be seen, in

all cases, several nanoseconds are required for a

complete equilibration of the energy. Obviously,
this occurs later for MP/FF2 and MDQ,/FF1 than
for MD./FF1 and MD,/FF2 because the confor-
mational transitions of the formers appear at
approximately half of the trajectories. The four
simulations reach similar total energies after 10 ns
of trajectory, MQL/FF1 and MDQ/FF2 being
slightly favored with respect to the others.

In order to provide a better description of the
stability of the different conformations, we com-
puted the peptide—peptid@—p), peptide—chloro-
form (p—c) and chloroform-chloroform(c—c)
interactions at the total trajectories. Results are
displayed in Fig. 7b—d, respectively. It is worth

D. Zanuy et al. / Biophysical Chemistry 98 (2002) 301-312

noting that the extended conformati@dD./FF1)

is the most favored conformation. Thus, the p—p
intramolecular energy contribution is more favor-
able for such a conformation than for the 2 -
ribbon. On the other hand, the p—c and c-c
intermolecular energy contributions are similar for
the four simulations.

Toniolo and co-worker$8] found that the intra-
molecular interactions between the® C AH and
C=0 groups of residues and i—1, respectively,
provide a significant contribution to the stability
of the extended conformation. Thus, the
HE...0,_; distance found by X-ray crystallography
for pBrBz—(AAla),—OMe with n=1, 2 and 3
ranges from 2.25 to 2.45 A. Furthermore, such
compounds present an extended conformation in
the solid state close to the standard dge |=
18C°, 18C°) [8]. It should be noted that the for-
mation of the (CB=HP)....(0=0),_,
six-membered hydrogen bonded rinG;) rein-
forces the stability provided by the(N-
H)....(O=C), five-membered hydrogen bonded
rings (Cs), the latter being characteristic of the
ideally extended structures. However, the deviation
of the backbone dihedral angles with respect to

(2)
6
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time (ps)

0 2000 8000 10000
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Fig. 3. Number of G type_intramolecular hydrogen bonds
(O...H distance below 2.5 A during MD,/FF1 (a) and
MD./FF2 (b) simulations of(AAla)s The number of G type
hydrogen bonds are also displayed for the latter trajectory
(dashed ling
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Fig. 4. Ramachandran plots showipgndys dihedral angle pairéin degreeyof AAla residues ifAAla)s every 1 ps(a) MD ,/FF1;
(b) MD./FF2; (c) MD,/FF1; and(d) MD ,/FF2.

the ideal values observed in Fig. 6a may induce tion. Thus, these authors attributed the deshielded
an enlargement of such distance in chloroform resonances found for a half of the vinyl protons,
solution. This is a very reasonable result since, i.e. one per residue, to the formation of intramo-
certainly, a small distortion of the solid state lecular C—H..O=C interactions.

structure is expected in solution, where the packing Finally, ab initio quantum mechanical calcula-
effects are not present. Fig. 8 displays the number tions on(AAla)s were used to explore the differ-
of (CP-H?)...(C=0),_, interactions with a ences in'[H]-NMR chemical shifts among the
HE...O,_, distance lower than 2.9 A as a function extended, 3, -helix and -2 -ribbon conformations.
of the simulation time for MR/FF1. As can be For this purpose, three conformers were selected
seen, the number of residues involved in such from the 40-ns MD simulation. The extended
interaction is approximately five. These results are conformation was taken from MDFF1, the 3, -

in excellent agreement with the chemical shifts of helix from the first half of MQ,/FF1 and the 2 -
the HO protons provided by Toniolo and co- ribbon from MD,/FF2. The proton chemical shifts
workers forpBrBz—(AAla)s—OMe in CDC}; solu- evaluated for the three conformations at the/HF
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0.0 ns 4.0 ns 4.3 ns 4.4 ns 4.5 ns

4.6 ns 4.7ns 4.8 ns 5.0 ns 10.0 ns

Fig. 5. Ribbon snapshots representing different consecutive intervals over the 10;AEMBimulation of AAla)s. The molecules
are depicted with the N-terminus up and the C-terminus down.

6-311Qd) level are displayed in Table 3, which good agreement with experimental data, while the

also shows the experimental data obtained for values provided by the,3 -helix are underestimat-

pBrBz—(AAla)s—OMe [8]. ed. The NH chemical shifts are underestimated by
The best agreement between theoretical andapproximately 2 ppm for these two conformations.

experimental chemical shifts correspond to the 2 -

ribbon conformation. Thus, no correlation between 4. Discussion and remarks

experimental and theoretical data was found for

the extended and,g -helix conformations. Con-  Results indicate the crucial role of the force-

versely, the fitting(y=cx) between the experimen- field on MD simulations ofAAla oligopeptides. It

tal data and the values computed for the 2 -ribbon should be noted that the two force-fields used in

conformation provides a Pearson correlation coef- this work, FF1 and FF2, only differ in some

ficient, R, of 0.84 and a scaling coefficient, of equilibrium geometrical parameters. The main dif-

0.93. Both the NH and € M proton resonances ference concerns thee N—C*—C angle, which is

are well reproduced for this conformation. On the lower than the standard trigonal bond angle of

other hand, in general, thePCPH chemical shifts 120° for FF1, and close to such value for FF2.

predicted for the extended conformation are in Indeed, FF1 and FF2 are based on the conforma-
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Fig. 6. Number of botti,i + 3 (solid line) and G (dashed ling
intramolecular hydrogen bonds characteristic of the 3 -helix
and 2 -ribbon conformations, respectively, during the
MD,,/FF1 (a) and MD,/FF2 (b) simulations of(AAla),

tional dependence predicted by quantum mechan-1hs caution must be taken to study,

ical calculations for theAAla dipeptide [2], the
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extended and 3 -helix ones by 4.0 and 2.2 Kcal
mol in the gas-phas6]. The results obtained in
the present work indicate that dynamical and
solvent effects, which were not included in our
previous energy minimization studjg], play a
very important role on the conformational prefer-
ences ofAAla oligopeptides.

On the other hand, the differences found among
the simulations performed with FF1 and FF2 point
out the intrinsic limitations of the techniques based
on molecular mechanics. Thus, the conformational
dependence of both bond lengths and bond angles
are usually neglected in studies based on classical
potentials, in which these equilibrium geometric
parameters remain constant for all the conforma-
tions. This can be an important source of error in
conformational studies of peptides constituted by
non-standard residues, in which theN-C*-C
angle is considered as conformationally indicative
[19]. The results presented in this work clearly
reflect that a bad choice of an equilibrium geo-
metric parameter can lead to erroneous results.
with con-
ventional MD techniques, conformational transi-

parameters of the former and the latter force-fields {55 involving large changes in the geometrical

being those of the extended and helical minimum  parameters, such as, for instance, the extended-to-
energy conformations, respectively. It should be 3,0-helix transition of(AAla), homopeptides.

noted that the<N-C*—-C angle found by X-ray

From a dynamical point of view, two common

crystallography for the extended conformation of features are detected in the extended-to-2 -ribbon
the AAla residue(110°) is greatly narrowed com-  gnq 3, -helix-to-2 -ribbon conformational transi-

pared to that typical of a trigonal $p -hybridized tjons. The first one is that in both cases the
atom. This is in good agreement with our previous transition occurs spontaneously, i.e. no potential
quantum mechanical calculatiof@ and suggests  function to force them was used. The second one
that the results achieved using the FF1 are thejs that the conformational changes are quite fast,

most reliable for this study.

and therefore, no stable intermediate state was

The extended conformation, which was experi- found. However, the paths followed in the extend-

mentally detected fopBrBz—(AAla)s—OMe [§],

only remains stable when the FF1 is used. The tions are clearly displayed

ed-to-2 -ribbon and g -helix-to-2 -ribbon transi-
in Fig. 4b,c,

FF2 induces an extended-tg-2 -ribbon conforma- respectively.

tional transition. On the other hand, thg,3 -helix

Analysis of the intramolecular p—p energy con-

evolves towards a ;2 -ribbon in all cases, the tributions indicates that the extended conformation

transition being extremely fast for FF2. The 2 -
ribbon consists of the repetitive sequence of C
interactions. It should be mentioned that théN—
C*—C angle for the € conformation diAla-
containing dipeptide was 120.8[2]. Quantum
mechanical calculations ofA\Ala), predicted that

obtained with the FF1 is more stable than the 2 -
ribbon achieved with the same force-field, even
though the energy of the two arrangements become
similar when the p—c and c—c contributions are
considered. These results are in good agreement
with those previously obtained using quantum

the 2 -ribbon conformation is less favored than the mechanical calculation$6]. Thus, the extended
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Fig. 7. Evolution of the total energfa), the peptide—peptidéb), the peptide—chlorofornic) and the chloroform—chloroforrtd)

energies through the MIDFF1 (solid black line, MD./FF2 (dashed black ling MD,/FF1 (solid gray line and MD,/FF2 (dashed
gray line) simulations of(AAla)e.

conformation was predicted to be the most favored  *[H]-NMR chemical shifts were computed for
conformation for homopeptides with a small num- the extended, 2 -ribbon and;;3 -helix conforma-
ber of residues. Moreover, they are consistent with tions at the HFf6-311Qd) level using the GIAO
the equilibrium geometric parameters experimen- method. Chemical shifts predicted for the extended
tally observed for the extended conformatit8). conformation are not in complete agreement with
Thus, Toniolo and co-workers evidenced Hyl]- the experimental data reported by Toniolo and co-
NMR and FTIR absorption techniques that the workers[8]. Thus, the € B chemical shifts are
extended conformation predominates for short well reproduced, but the NH proton resonances are
homopeptidesrn>6) in chloroform solution[8]. poorly described. On the other hand, the chemical
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Fig. 8. Evolution of the number dfCfHP),...(C=0),_, inter-
actions through the MDFF1 simulation. An interaction was
considered as formed when the®. HO,_, distance was less
than 2.9 A.

shifts predicted for the 2 -ribbon conformation fit

quite well with experimental data, not only quali-

tatively but also quantitatively. These results sug-
gest that(AAla)g presents an equilibrium between

fully and partially extended conformations. Thus,
some of the € systems of the fully extended
conformation could change to,C by short periods
of time.
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