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Long MD simulations (100 ns) for the important model cyclopentapeptidaop-Pro-Ala2-Ala3-Ala*-

Ala®) were performed in explicit DMSO solution using both OPLS-AA and AMBERO3 force fields.
Simulations revealed conformational transitions between two main conformers, a predominant one (population
93—-99%) and a minor conformer (population 8.8.7%). These results are in excellent agreement with 20
experimental protoaproton distances estimated for this cyclopentapeptide. The previously disguased

like conformation for Al& was present only in a minor conformer.

Introduction different low-energy structures, none of which contained the

Because cyclic pentapeptides (CPPRsresumably possess y-turn-like conformati'on for a.-amino acid residuesMore '
limited flexibility in solution, they may serve as convenient recent structural studies of noveI_CPPs focused on antagonists
conformational templates for studies of ligarméceptor interac- ~ ©f the CXCR4 receptor also did not report these type of
tion in the rational design of pharmaceuticals. For instance, CPPsconformations.
may mimic different types g8- andy-turns, molecular scaffolds Our previous calculations involved, however, some important
of choice in the search for drug candidates inhibiting protein/ limitations, such as employment of the ECEPP/2 force field
protein interactiond. CPPs can be readily synthesized, are featuring rigid valence geometry with planar nonproline peptide
resistant to proteases, and did not provoke immunogenic 9roups (i.e., the corresponding angles were fixed at 18p
responses. Conformational features for many CPPs (mosﬂyand the absence of eXpliCit solvent. AISO, the very recent NMR
Containing one or twob-amino acid residues) have been Study by Heller et af.re-examined the conformational ﬂeXIbIllty
extensively studied by NMR measurements and X-ray spec- Of PAs in DMSO solution using specific labeling of the
troscopy (see, e.qg., ref 2 and references therein). backbone CO and NH groups withC and®*N, respectively’.

General approaches proposed to determine 3D structure(s)lhis study found a minor conformer (330%) of pA
of CPPs in solution included measuring NMR parameters (e.g., containing they-turn in questior. Our present communication
NOEs and vicinal constants) followed by molecular dynamics reports the data from the much more thorough computational
(MD) simulations employing the experimental NMR parameters Studies of p4 in DMSO solution.
as constraint3.For the important model compourayclo(p-

Pro-Ala®-Ala3-Ala®-Ala®), pAs, this approach yielded five Methods

different 3D structures in DMSO solutidntwo of them The molecular dynamics simulations of pwith explicit DMSO
containing a conformation close to theturn for the backbone  solvent molecules were performed using both the OPLS-AA and
of Ala# (The conformation of they-turn has been first ~AMBERO3 force field within the GROMACS 3.3 simulation
determined ag ca 70°, y ca —60°.5) Conformations with the packagé. A cubic box of volume 2.44x 10* A3 containing 198
posi[ive(p and nega’[iv@ Va|ue3, such as th&turn, are usua”y DMSO molecules with periodic boun(_:iary conditions was used. The
considered as forbidden faramino acid residues, as well as OPLS model used for the description of DMSO molecules
conformations with negativep and positivey values for ~ employed the following set of parametergC—S) = 1.80 Ar(s-

. . . . 0)=1.53A,0,=3.56 A,0,=293A,0.=3.81 A =0.395
D-amino aC|d_ re§|dues (such as a_n mve;_rstelrn_, ¢ ca —80°, kcal/mol, e, = 0.280 kcal/molg. = 0.160 kcal/molgs = 0.139 e,
1y ca 80°, WhICh is allowed forL.-amlno acid residues). Indeeql, 4 = —0.459 e, and}. = 0.160 e (parameters used previously by
the extensive review of experimental X-ray and NMR studies zheng and Ornstelf). This model correctly reproduced the density
of 29 model CPPs reported backbone conformations of theseandAHvapfor bulk DMSO at 300K and 1 atm, as follows: density
types for only two chiral amino acid residues out of 110 = 1107 kg/nt andAHy.,= 52.28 kJ/mol, the experimental values
indicating the unfavorable energetics of this conformativvie being 1095 kg/m and 52.88 kJ/mol, respectively.Energies of
have, therefore, previously suggested an alternative approacthe solvated peptides were first minimized by 1000 steepest descent
to study conformational flexibility of CPPsThe approach  Steps, and then simulated at 30 and 1 atm using the constant
estimates statistical weights for low-energy conformations of temperature and pressure algorithAll MD simulations were
CPPs determined by independent energy calculafiéios.pA,, performed with a time step of 1 fs and the atomic coordinates were

: . saved every 10 000 steps. The PME algorithm with cutoffs of 13
we h._ave found that the exper_lmental .NMR parameters Obt?"”edA for nonbgnded intera(E)tions was usedgduring the simulation.
in Mierke et al* were consistent with averaging over five

Results and Discussion
* To whom correspondence should be addressed. Telephone: (314) 362-

1566. Fax: (314) 362-0234. E-mail: gregory@cch.wustl.edu. Initial MD simulations were performed starting from 10

2 Abbreviations: CPP, cyclopentapeptide; NMR, nuclear magnetic qitfaren nformations of pAfoun low-ener r r
resonance; NOE, nuclear Overhauser effect; MD, molecular dynamigs; pA different conformations of pffound as low-energy structures

cyclap-Prai-Alaz-Ala®-Ala‘-Ala%); ECEPP, OPLS-AA, and AMBER03, DY Preliminary energy calculations employing the ECEPP/2
acronyms for force fields. force field, where all combinations of the local minima of the
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Figure 1. MD trajectories in OPLS-AA force field (left panels) and in AMBERO3 force field (right panels) for gifowing root-mean-square

deviation values from the initial structure. Pang|®, andc correspond to runs with different random values for initial velocities. The two different
conformational states observed during MD simulation are labeled as A and B.
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¢ andy angles were considered, and thengles of the amide  short runs. Additionally, three additional 100 ns MD simulations
bonds were allowed to rotate (see Table S1 in Supporting were carried out with the AMBERO3 force field using the same
Information). Initial simulations were run for 20 ns for each of starting structure. The predominant conformer A and minor
the 10 starting structures. For the OPLS-AA force field, conformer B were also sampled during these MD simulations,
simulations converged to the same (or very similar) single which agreed with results obtained using the OPLS-AA force
predominant structure in six cases, and in the other four casesfield (Figure 1, right panels). It should also be noted that MD
simulations showed transitions between two structures, one oftrajectories in Figure 1 occasionally featured some narrow peaks
them being the same conformer as the observed predominantorresponding to conformers different from both A and B;
structure (data not shown). For the AMBERO3 force field, because populations of those conformers were very small, they
similar results were observed. Additional simulations run for were ignored as insignificant.

20 ns for three starting structures obtained by a conformational According to these MD simulations, the conformational
search using the TINKER package available on the Internet equilibrium of pA; in DMSO solution was characterized by
(http://dasher.wustl.edu/tinker/) revealed the same general pattransitions between two main conformers determined by the
tern (see structures 1.3 in Table S1). To analyze conforma- longer MD runs (Figure 1). One of them (conformer A) was a
tional equilibrium in pA further, three long MD runs of 100  predominant conformer and the other (conformer B) was a minor
ns starting from different velocities (randomly generated by conformer. Corresponding populations over all trajectories in
GROMACS) were performed for one of the starting conforma- Figure 1 were about 93% (the OPLS-run trajectories) and about
tions where the short run of 20 ns did not show any confor- 99.3% (the AMBERO3-run trajectories) for conformer A and
mational transitions. The long runs for the OPLS-AA force field about 6.7% (OPLS-AA) and about 0.4% (AMBERO03) for
(Figure 1, left panels) clearly showed conformational transitions conformer B. The average values of the dihedral angles for both
between the same two structures as those found previously inconformers over trajectories in Figure 1 are listed in Table 1.
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Table 1. Dihedral Angles (in Degrees) for Conformers A andl B

Journal of Medicinal Chemistry, 2007, Vol. 50, No. 2823

conformer A conformer B
avg angle value: SD avg angle value: SD
residue OPLS-AA AMBERO3 OPLS-AA AMBERO03
p-Prot o1 67.8+9.6 62.7+ 9.2 69.5+ 8.3 64.5+ 9.5
Y1 —118.9+13.9 —125.3+11.0 —112.7+ 155 —115.2+ 13.3
w12 176.5+ 6.2 175.4+ 6.2 176.4+ 7.1 177.9+ 6.8
Ala? ¢2 —93.2+ 175 —79.1+12.4 —102.4+ 23.8 —83.7+ 194
Y2 8.3+ 19.0 0.6+ 15.3 0.2+ 19.1 —18.5+16.2
w23 177.3+8.8 178.3+ 9.2 —179.9+ 8.8 —177.9+9.1
Alad @3 —126.5+22.1 —124.54+21.0 —1455+ 16.1 —153.8+21.3
Y3 —119.3+31.8 —127.7+22.1 74.5+ 28.2 102.0+ 40.3
w34 173.2+ 7.4 1719+ 7.5 —176.9+ 6.7 —171.9+9.5
Ala* on —85.9+ 32.9 —74.7+23.8 81.2+9.3 75.5+ 30.8
Ya —32.2+ 14.6 —30.0+ 13.2 —48.9+ 155 —47.0+12.3
w45 159.0+ 7.8 155.6+ 8.4 159.3+ 7.8 160.3+ 9.6
Ala® s —114.7+20.3 —117.9+18.8 —111.5+23.3 —128.2+25.5
Ps 1451+ 11.4 149.6+ 9.8 137.1+ 13.7 147.0+ 12.6
ws1 —179.3+ 8.0 —177.3+ 8.6 —176.5+ 7.8 —175.7+ 8.6

aUsing the OPLS-AA and AMBERO3 force fields averaged over long MD trajectories (Figure 1).
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Figure 2. Average structures representing the two conformational states
of pAy, A left) and B (right), which were in equilibrium during 100 ns
MD simulation using the OPLS-AA force field. Conformer A does
not feature g-turn-like conformation for Al4 while conformer B does.

dominant conformer A, no distance was beyond the measured
limits for MD runs with both OPLS-AA and AMBERO3 force
fields. For the minor conformer B (OPLS-AA force field), two
distances significantly differed from the experimental limits,
namely,aHs—NH,4 (2.20+ 0.11 A vs limits from 2.46 A to
2.98 A) and NH—NHs (3.324 0.31 A vs limits from 2.24 A

to 2.72 A). It is noteworthy that the differences in proton
proton distancesxHsz—NHj, aHs—NH4, and NH—NHs are
especially indicative of the differences between conformers A
and B, while distancesN-C's and Cs—Ns are almost the same

in both conformers (4.04 0.16 A and 4.08k 0.17 A for Ns—

C's and 3.44+ 0.28 A and 3.214+ 0.13 A for C3s-Ns in
conformers A and B, respectively). Slightly different from the
conformer obtained with the OPLS-AA force field, minor
conformer B obtained with the AMBEROS3 force field had four

One can see that the predominant conformer A does not gjstances that significantly differed from the experimental limits,

include any y-turn-like conformation for theL-amino acid
residues, whereas the minor conformer B contains this local
conformation for Alat Both conformers feature the distingtl’

turn atp-Prot-Ala? stabilized with the hydrogen bond AldH-
-«OCAl&5, with the average N-O distance of 3.18 A and the
average value of NH-O angle of 151.6 (conformer A; the
corresponding values for conformer B were 3.20 A and 195.5
The y-turn at Alet in conformer B was stabilized with the
hydrogen bond ARNH---OCAl&%, with the average N-O
distance of 3.05 A and the average value of-NB angle of
156.3. At the same time, the average number of the peptide
NH groups involved in hydrogen bonds with the SO groups of
DMSO along the MD trajectory was 2.1 0.72, which agrees
with the notion that the NH groups of AfaAla%, and Al&®
interacted with DMSO most of the time. Geometrically, the
difference between the two conformers is mostly in orientation
of the peptide bond between residues3sad Ald (see Figure

2). Conformational states A and B observed with the AMBERO03

namely,aH,—NH3 (3.46 + 0.15 A vs limits from 2.58 A to
3.12 A), aH3—NH, (2.16 & 0.15 A vs limits from 2.58 A to
3.12 A), aHs—NH,4 (2.23 4 0.07 A vs limits from 2.46 A to
2.98 A), and NH—NHs (3.47+ 0.21 A vs limits from 2.24 A
to 2.72 A).

The predominant conformer A, which featured negative
values for bothp andy for Ala,* was somewhat similar to one
of the conformers suggested for ply our previous calculations
(see conformer 1 in Table®R It was not similar, however, to
the structure previously proposed as the one with the highest
statistical weight in solutiof.The negative values af; and
14 Were also characteristic for one of the conformers of, pA
suggested earlier by introducing the experimental NMR param-
eters as constraints in MD simulations (conformef)lIlThe
minor conformer B was not found by our previous calculations;
at the same time, similar conformers were represented among
structures (conformers | and Il) suggested by Mierke ét al.

force field possessed very similar structures. In this case, the Several conclusions can be derived from the results of this

population of conformer B featuringjaturn-like conformation
was significantly lower than for that obtained with the OPLS-
AA force field.

The longer MD runs in Figure 1 generated average atom

study. First, the model CPP, pAis indeed limited in its
conformational flexibility, because unconstrained MD runs
starting from very different initial structures all converged to
the same two conformers shown in Figure 2. Second, our results

atom distances in excellent agreement with the 20 experimentalclearly showed that averaging over the long unrestricted MD
proton—proton distances estimated for pfh DMSO solution run yielded excellent agreement with available experimental
by measuring NOE$Table 2 lists these data together with the NMR parameters. These results support the general validity of
same calculated distances averaged over the trajectories in Figuraveraging over low-energy conformations independently ob-
1, as well as over fragments of the trajectories corresponding tained by energy calculations for CPPs in solution, proposed in
to conformers A and B separately. Averaging over the entire our previous stud§.Third, the results on the conformational

trajectory exactly fit all 20 experimental distances. For pre- flexibility of pA 4 were quite similar in MD runs using either



2924 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 12 Brief Articles

Table 2. Proton-Proton Distances in A- SD?

exptl limits total trajectories conformer A conformer B
interproton
contac? lower upper OPLS-AA AMBERO03 OPLS-AA AMBERO03 OPLS-AA AMBERO03
ProH—Ala?NH 2.00 2.37 2.19:0.13 2.18+0.12 2.20+0.13 2.18+0.12 2.21+0.14 2.20+0.12
ProH*—Ala®NH 3.28 3.97 3.63: 0.25 3.57+0.23 3.63+0.26 3.57+0.23 3.67+0.25 3.57+0.23
Progy,—Ala®NH 3.61 4.87 4.7% 0.15 4.87+ 0.13 4.81+ 0.15 4.87+ 0.12 475+ 0.14 479+ 0.13
Progd,—Ala®He 2.11 3.05 2.65:0.11 2.67+0.12 2.66+ 0.11 2.67+0.12 2.64+0.11 2.68+ 0.15
Prog—Ala’qBs 2.65 4.60 3.74: 0.22 3.63+:0.18 3.72+0.21 3.62+0.17 3.84+0.24 3.664+ 0.21
Ala?NH—AlaZ2H® 2.71 2.98 2.95: 0.08 2.924+0.08 2.95+ 0.08 2.924+0.08 2.95+ 0.08 2.93+ 0.09
Ala?NH—Ala?q83 2.56 3.12 2.606t 0.17 2.53+0.11 2.594+0.16 2.53+0.11 2.794 0.06 2.56+ 0.15
Ala?NH—Ala’NH 2.30 2.78 2.58t 0.37 2.77+0.29 2.60+ 0.36 2.77+0.29 2.424+0.33 2.58+ 0.30
AlaZH*—Ala’NH 2.58 3.12 3.22-0.24 3.26+0.20 3.20+0.25 3.25+0.20 3.28+0.23 3.46+ 0.15
Ala%gB;—AlasNH 2.76 3.83 3.74: 0.22 3.74+0.18 3.75+0.21 3.74+0.18 3.714+0.25 3.514+0.23
AlatH—Ala3NH 2.44 2.96 2.94+ 0.09 2.96+ 0.07 2.94+ 0.08 2.96+ 0.07 2.924+ 0.09 2.91+ 0.08
AladHe—Ala*NH 2.58 3.12 3.15: 0.38 3.22+0.22 3.29+0.21 3.24+0.18 2.414+0.26 2.16+0.15
Ala3NH—Ala%gs3; 2.66 3.52 2.9Gt 0.21 2.84+0.18 2.88+0.21 2.84+0.18 3.014+0.17 3.0+ 0.17
Ala®NH—Ala°NH 3.46 4.19 3.58t 0.41 3.63+0.38 3.61+ 0.40 3.64+ 0.38 3.33+0.36 3.25+ 0.30
Ala*NH—-Ala*H® 2.46 2.98 2.82-0.28 2.90+ 0.12 2.92+0.12 2.91+ 0.09 2.20+0.11 2.23+0.07
Ala*NH—Ala’NH 2.24 2.72 2.49 0.46 2.53+0.29 2.34+0.30 2.514+0.27 3.32+0.31 3.47+0.21
Ala*H*—Ala’NH 3.02 3.64 3.49:0.12 3.49+0.12 3.49+0.12 3.49+0.11 3.470.11 3.52+0.10
Ala‘gBs—Ala®NH 2.61 3.66 3.170.23 3.25+ 0.22 3.18+0.23 3.25+ 0.22 3.16+ 0.25 3.24+0.22
Ala’NH—Ala’H® 2.64 2.98 2.94+ 0.08 2.95+ 0.07 2.944+ 0.08 2.95+ 0.07 2.944+ 0.09 2.924+0.08
Ala®NH—Ala%g3; 2.65 3.54 2.8Gt 0.19 2.84+0.16 2.80+0.19 2.84+0.15 2.794+0.20 2.94+0.16

a Calculated by averaging over trajectories of the 100 ns MD simulations and over two conformational states separately. Experimental measurements
taken from Mierke et al.Calculated average distances outside experimental range shown ir? atepresents pseudoatoms (i.e., the corresponding C
C% atoms).

the OPLS-AA or AMBERO3 force fields (see Figure 1) showing to a specific conformer (conformer A). This conformer may be
independence of the force field utilized. Some other specifics used as a conformational template mimicking, to some extent,
of calculation protocols utilized may be more important. For different types of3-turns. Specifically, the,; values in Table
instance, elaborated free-energy calculations applied idgA 1 suggest that the peptide chain reversal atoHero-Ala?
others yielded several conformers that violated at least 5 out of residues is somewhat close to el turn (the standare,
the 20 experimental proterproton distance¥® values are 60 —120°; —80°, 0°), and the one at Afap-Prot

Our results showed that theturn-like conformation for Al may be assigned to th&V-like turn (the standare,y values
was present only in the minor conformer B of p&onsistent a6 —g(r, 80°; 80°, —80°; the standard values for thisturns
with the rare occurrence of this specific type of conformation ¢, Rose et at9). On the other hand, the conformation of Ala

for L-amino acid residues in CPPs in available experimental is close to that of the 3/10 helix (the standaig values were
2,7 icfi io ’
dataz’ In fact, conformer A alone fully satisfied the experi suggested as'57° and —30°7),

mental data of NOE measuremefitas shown in Table 2.
Conformers_ A and B deduced in this study were very close to Acknowledgment. This work has been supported in part
the two main conformers suggested very recently by Heller et by the NIH GM 68460 arant

al. that re-examined the conformational flexibility of pAAt y grant.

the same time, this study does not support the assertion that
the population of the/-turn-containing conformer in DMSO
could be estimated as high as-130%?8 The authors reached
that conclusion based primarily on qualitative estimations of
13C'—1HN cross-peak volumes in long-range HNCO experiments
and by MD simulations (40 ns) that employed a protocol
identical to that used in this studyowever, they may have
used the OPLS-AA parameters for DMSO molecules in GRO-
MACS?® that do not reflect correctly the bulk properties of (1) Tyndall, J. D.; Pfeiffer, B.; Abbenante, G.; Fairlie, D. P. Over one

o — hundred peptide-activated G protein-coupled receptors recognize
DMSO (density= 1067 kg/n? andAHVaP = 42.2 kJ/mol, the ligands with turn structureChem. Re. 2005 105 793—-826.

Supporting Information Available: Table S1 lists dihedral
angles of 13 starting structures of pAnd Table S2 lists atomic
coordinates (the PDB format) of the averaged structures A and B
obtained by employing the OPLS-AA force field. This material is
available free of charge via the Internet at http://pubs.acs.org.
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