scdmvne e
ELSEVIER

Solution conformation of phakellistatin
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determined. The three peptides are closely related, the only
differences from phakellistatin 8 being Val5Ala in phakellista-
tin 7, and llelOVal in phakellistatin 9.

It is known that the knowledge of the crystal structure of a

Phakellistatin 8 is a cyclic decapeptide that inhibits cancer cell
growth and has sequence and structure similar to antamanide. In
molecular dynamics simulations of phakellistatin 8 in water, the
decapeptide ring undergoes a conformational change from the . . . S R
saddle-like crystal structure to a more elongated conformation by mo_lecule IS so_metlme_s |nsuff_|C|_ent for understanding its bio-
a transition of the Tyr9 main chain from the to an extended logical propgr_n_es, which are intimately connected to the mo-
structure. This is coupled to the loss of the NHO-B&m Ieculle}r flexibility. Moreover, both average structure and
hydrogen bond and the transient dissociation of the Pro7-Tyrg mobility are affected by the presence of solvent mole-
side-chain packing. Furthermore, the water molecule acting as a cules. Hence, this work is concerned with the molecular dy-
transannular bridge forms an additional hydrogen bond with namics investigation of the solution conformation and dynamic
phakellistatin 8, namely with the NH group of Val5 besides those behavior of phakellistatin 8 (the suffix 8 is dropped henceforth)
already present in the crystal structure, i.e., with the NH of lle10 and the comparison with the cyclic decapeptide antamanide
and the CO of Leu6. Theturn hydrogen bond between the Phe4  (cyclo[Vall-Pro2—Pro3—-Ala4—Phe5-Phe6 —-Pro7—Pro8—Phe9 -
amide hydrogen and the 1le10 carbonyl oxygen is always present.Phe10], name derived from the teramtiamanita peptidg

The solution conformations of the two cyclic decapeptides are which is a component of the poisonous mushroAmanita
similar, in particular in the region involving the NH4—OX0turn phalloides Phakellistatin and antamanide are relatively similar
of phakellistatin 8 and the NH5-Od turn of antamanide. The  in amino acid composition, overall backbone structure, proline
simulation results suggest that in aqueous solution the conforma- ring conformations, and the presence of nearly identidains

tion of phakellistatin 8 is more extended than in the crystalline involving one of the two Pro—Pro paits.

state, and on a nanosecond time scale phakellistatin 8 is more while there are few studies of phakellistatin, antamanide is

flexible than antamanide. © 1999 by Elsevier Science Inc. one of the most extensively examined cyclic peptides. Its
Keywords: phakellistatin 8, antamanide, cyclic peptide, mo- structural characteristics were first investigated by X-ray crys-
lecular dynamics, anticancer agent tallography and the solution conformation and motional free-

dom have been studied by NMR spectrosédmnd molecular
dynamics simulations at room temperafifeand more re-
1. INTRODUCTION cently at a temperature of 400 R All of the aforementioned
simulation studies were performed without explicit solvent
The isolation of three cyclic decapeptides, phakellistatins 7, 8, molecules except for an 800-ps molecular dynamics run of
and 9, from the marine spongehakellia costatahas been  antamanide in chloroforfmand a 1.4-ns simulation of antama-
reportedt Phakellistatins 7-9 are the first cancer cell growth- nide and eight water molecules in chloroform at 250 K (first
inhibitory cyclic decapeptides. For this reason the X-ray crys- 1.0 ns) and 290 K (from 1.0 to 1.4 ns)To the best of our
tallographic structure of phakellistatin 8, cyclo[Prol-Pro2— ynowledge the present study contains the first molecular dy-
lle3—Phe4—-Val5-Leu6—-Pro7-Pro8—Tyr9—lle10], has been namics simulation of antamanide in aqueous solution (explicit
water molecules) and the first computational study of phakel-
Address reprint requets to: Amedeo Caflisch, Department of Biochemistry, listatin. The present S|mulat|ons y_leld Structu.ral information
University of Zirich, Winterthurerstrasse 190, CH-8057ri¢h, Switzerland. that can be compared with the available experimental data and
Tel.: (41 1) 635 55 21; E-mail: caflisch@bioc.unizh.ch provide a model of (one of) the preferred solution conforma-
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tion(s) of phakellistatin and its dynamic behavior on a nano- updated every 10 steps. Coordinate frames were saved every
second time scale. 0.5 ps for a total of 5 000 conformations for each trajectory.

2. METHODS 3. RESULTS

All simulations were carried out with the CHARMM pro-  First, the overall behavior along the trajectories of phakellista-
gram?2 using the polar hydrogen parameter set (param19), i.e., tin is analyzed and compared with the antamanide runs. Par-
aliphatic and aromatic hydrogen atoms are considered as particular attention is given to the deviation from the crystal
of the carbon atoms to which they are covalently bound. The structure, the changes in the backbone conformation and in-
cutoff for the nonbonded interactions was the default value of tramolecular hydrogen bonds, and the motion of the side chains
7.5 A3 and the TIP3P model was employed for the water of the aromatic and proline residues. Finally, a prediction is
moleculest# made for the preferred conformation of phakellistatin in water

The coordinates of the heavy atoms of phakellistatin and and its dynamic behavior on a nanosecond time scale.
antamanide were kindly provided by D.L. Her&l@oordinates
for polar hydrogen atoms were built with the HBUILD algo- 3.1. Global behavior
rithm in CHARMM.*s The structure of phakellistatin was then o
translated as a rigid body into a sphere of preequilibrated water ~ The G, and heavy-atom root mean square deviation (RMSD)
molecules of 21-A radius. Water molecules whose oxygen from the X-ray structure as a function of time are given in
coordinates were within 2.8 A of any heavy atom of the peptide Figure 1 for the PhC1 and AnC trajectories. In the phakellista-
were removed. This was followed by a 1-ps equilibration of the tin simulations a relatively large confo.rmatlonal change takes
water molecules around the rigid solute. The solute and equil- Place after about 1.2 ns (PhC1 run; Figure 1a), 0.2 ns (PhC2,
ibrated solvent were then rotated and reimmersed in the orig- N0t shown), and 0.4 ns (PhA, not shown). Most of the follow-
inal water sphere. Overlapping water molecules were deletedNd analysis focuses on the final 0.5 ns of the trajectories (i.e.,
and the solvent was again equilibrated around the rigid solute. from 2.0 to 2.5 ns) because the conformational change of
Reimmersion and equilibration were performed three times to Phakellistatin takes place earlier. The, ®MSD from the
fill small cavities with solvent molecules. The system after the Crystal structure averaged over the final 0.5 nsis 1.1, 1.2, and
fourth immersion consisted of 89 phakellistatin atoms and 1.6 A for the run PhC1, PhC2, and PhA, respectively. The
1 270 water molecules, for a total of 3 899 atoms. A similar corresponding values for the heavy-atom RMSD are 2.1, 2.2,
protocol was used for antamanide, yielding 90 atoms for the and 2.6 A. The conformatl_on of the phakellistatin macrocycle
solute and 1 261 water molecules for a total of 3 873 atoms. changes from the saddle-like crystal structurea more elon-

The solution behavior of the cyclic decapeptides was inves- 9atéd conformation (Figure 2a). This is coupled to the Tyr9
tigated by calculating three trajectories for phakellistatin and Main-chain dihedral transition from the, to an extended
two for antamanide. All trajectories were started from the final conformation (Section 3.2), the loss of the NH9—-@&urn
frame obtained at the end of the water equilibration around the hydrogen bond (Section 3.3), and the transient dissociation of
rigid solute. Two different restraining potentials were used to the Pro7—Tyr9 side-chain packing (Section 3.4). _ _
prevent the solute from leaving the central region of the sphere. _Smaller deviations are found in the antamanide trajectories
In one simulation (called AnC henceforth) the center of mass of (Figures 1b and 2b). The (RMSD from the X-ray structure
antamanide was constrained at the center of the water sphere by
a harmonic potential with force constant of 50 kcal/(madl) £
In a second simulation (called AnA henceforth) the antamanide 3.0
atom closest to the center of the water sphere was constrained
by a harmonic potential with force constant of 100 kcal/(mol
A?). Each trajectory consisted of a 40-ps equilibration with
rescaling of the velocities every 20 steps at a temperature of
300 K followed by 2.5-ns production dynamics without any
reassignment of the velocities. The same equilibration protocol
and restraining potentials were used for phakellistatin. In ad-
dition, the simulation with constraint on the center of mass was
branched at the beginning of the production run by random
reassignment of the velocities from a Gaussian distribution.
The phakellistatin runs will be referred as PhC1, PhC2, and
PhA. Two different potentials were used to evaluate the effects
of the restraints. These appear to be negligible since the dif-
ferences between the PhC1 and PhA runs are comparable to the
differences between the PhC1 and PhC2 runs.

The atoms in the spherical region of 17-A radius were 0
treated by Newtonian dynamics, whereas the solvent molecules e.0 0.5 1.0 1.5 2.0 25
in the spherical shell from 17 to 21 A were treated by Langevin time (ns)
dynamics with a deformable boundary potentfalBond
lengths to hydrogen atoms were constrained by the SHAKE Figure 1. G, (continuous line) and heavy-atom (dotted line)
algorithmz8 The leap-frog integrator was used in all runs with RMSD from the crystal structure as a function of time for
an integration step of 2 fs and the nonbonding pair list was the (a) PhC1 and (b) AnC simulations.

RMSD (A)
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Figure 2. (a) Stereoplot (relaxed view) of the phakellistatin backbone in the crystal structure (thick line) and the conformatior
at the end of the PhC1 run (thin line). The trace of thea@oms is plotted in gray for snapshots taken every 5 ps from the
PhC1 run. Thex-turn hydrogen bond is drawn with a dashed line. (b) Same as in (a) for the antamanide simulation AnC.

averaged over the final 0.5 ns is 0.8 A (AnC run; Figure 1b) and etc.), the G RMSD (in Angstroms) between the conformations
0.7 A (AnA, not shown), while the heavy-atom RMSD is 1.7 A saved at the end of the dynamics runs are as follows: 0.92
(AnC) and 1.6 A (AnA). As a basis of comparison in a simulation (PhC1-AnC), 0.95 (PhC2-AnC), 1.03 (PhA-ANnC), 1.22 (PhC1-
of antamanide with eight water molecules in chloroform, which AnA), 0.91 (PhC2—-AnA), and 1.26 (PhA—AnA). These values are
used a different force field, the Gall heavy-atom) RMSD from smaller than the CRMSD between the X-ray structure of phakel
the X-ray structure was 0.8 A (1.7 A) after 1.0 ns at 250 K.is listatin and the final conformations of AnC (1.59 A) and AnA
evident from Figure 2b that the antamanide macrocycle does not(1.44 A). Hence, the conformational transition observed during
undergo any major conformational change. There are only minor dynamics yields an aqueous conformation of phakellistatin whose
fluctuations in the backbone of antamanide and the largest motionmain-chain structure is similar to that of antamanide.
involves the Ala4—Phe5 amide bond. This is in agreement with
the measured values of tHéC,, transverse relaxation rate eon
stants R,), which are larger for the Cof Ala4, Phe5, and Phe6
than for the remaining residu&s. In the crystal structure of both cyclic peptides two residues
It is interesting to note that the solution conformations of occupy energetically unfavorable regions of the Ramachandran
phakellistatin and antamanide are similar, in particular in the map: antamanide Phe5 and Phel0 are inntheegion2 while
region forming thex turn (see below). After optimal superposition phakellistatin Tyr9 and Phe4 occupy thge and (70°,—40°)
of the 10 G, atoms, shifted by 1 residue for symmetry reasons region, respectively.Left-handeda helices are not present in
(phakellistatin Prol—Pro2 matched to antamanide Pro2—Pro3,linear peptides for energetic reasons, i.e., close contacts be-

3.2. Backbone dihedral angles
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tween side chain and peptide backbone. On the other hand, resi- Both cyclic peptides have twais peptide bonds in their
dues in theo, conformation appear sporadically in cyclic pep  crystal structure. For phakellistatin these are Prol—Pag2<(
tidest® During the phakellistatin simulations the main-chain 7°) and Pro7—Pro8«(; = 11°)2 and for antamanide Pro2—Pro3
dihedral angles of Tyr9 change abruptly from theregion to an (w, = 2°) and Pro7-Pro8uf; = 4°)3 The cis peptide bonds
extended conformation at 1.2 ns (run PhC1; Figure 3a and b), 0.2were stable during all dynamics simulations. The average val-
ns (PhC2), and 0.4 ns (PhA). This is followed by a change in the ues over the PhC1 trajectory werd°® = 8° and—4° = 8° for
iy angle of Phe4 from about60° to about 50° (Figure 3a and b). ,; and w,, respectively. For the AnC run the average values
Table 1 contains the average values and standard deviations of thevere —5° = 7° and —8° + 8° for w, and w,, respectively.
torsion angles for the final 0.5 ns of the phakellistatin runs. There Similar values were found for the other trajectories.
are only minor differences in the average values of the main-chain
dihedral angles. Moreover, the fluctuations are small, the largest
ones involving thep angle of Leu6 and thes of Pro2 and Phe4. 3.3. Hydrogen bonds
Therefore, the three phakellistatin simulations have converged Two of the three hydrogen bonds present in the crystal
toward a common conformation that is proposed as the preferredstructure of phakellistatin are lost in all simulations (Figure 4a
solution structure. and b). First, the3-turn hydrogen bond between NH9 and CO6
In the molecular dynamics simulations the X-ray conforma- is broken at about 1.2, 0.2, and 0.4 ns in the PhC1, PhC2, and
tion of the antamanide macrocycle is more stable than that of PhA runs, respectively. This is followed by the rupture of the
phakellistatin. In the AnC and AnA trajectories the values of +y-turn hydrogen bond between NH5 and CO3 at about 1.5 ns
the main-chain dihedral angles were almost constant except for(run PhC1), 0.2 ns (PhC2), and 0.8 ns (PhA). The disruption of
one rotation of the Ala4—Phe5 peptide unit frafp = —45° the B-turn hydrogen bond is coupled to the transition of Tyr9
and¢s = 60° toy, = 120° andps = —80° after about 1.0 ns  from theq, to the region of the Ramachandran map while the
of AnC. Such a transition was previously observed at about 0.1 rupture of thevy-turn hydrogen bond is associated with the
ns of a 0.5-ns stochastic dynamics simulation of antamanide inchange in they, dihedral angle (Figure 3b). The loss of
vacu@ and in a 33-ps simulation in vacuo, which used 40 NOE intramolecular hydrogen bonds (from an average 0f3.8.8
constraints obtained from measurements in chloroform at 253 in the first 1.5 ns of PhC1 to an average of 4.6 in the last
K.8 Table 2 contains the average values and standard deviationdl.0 ns) is balanced by an increase in the number of phakel-
of the backbone dihedral angles for the final 0.5 ns of the listatin—~water hydrogen bonds (from an average of12 to
antamanide runs. From the simulation results the main-chain22 = 2). As a consequence, the total count of intramolecular
conformation of antamanide is similar to that derived from plus phakellistatin—solvent hydrogen bonds is almost constant
NMR data in chloroform (Table 2). The main chain in the AnC along the trajectories. In all simulations of phakellistatin there
simulation is close to the one extracted from the aforemen- is a water molecule donating to the main-chain carbonyl group
tioned simulation in vacuo with 40 NOE constraintshile the of Leu6 and accepting from the main-chain amide of 1le10 in
AnA backbone dihedrals are similar to those of an optimally agreement with the crystal structarsee also Section 3.6).
populated structure obtained with a stochastic search protocol For antamanide the two crystal structurgurn hydrogen
that used 23 backbone—backbone distance constraints derivedbonds are preserved in the two simulations except for the
from cross-peak intensities in NOESY and ROESY spe€tra. NH5-01 bond, which comes apart after about 1.0 ns of AnC
The main discrepancies between the simulation results in water(Figure 4c and d). This is coupled to the formation of the
and the data extracted from NMR measurements in chloroform NH6—-04 hydrogen bond in AnC, in agreement with structural
are in the values ofs; (in both AnC and AnA), the values of  data derived from NMR measuremeftand originates from
iy and ¢, (only in AnC), and the values af;, and ¢, (only the rotation of the peptide unit involving the backbone dihe-
in AnA). The preferred conformation(s) of a peptide in chlo- drals ¢, and ¢s (see Section 3.2). There is only a minor
roform is not necessarily similar to the one(s) in water because variation in the number of hydrogen bonds in antamanide
a maximum of intramolecular hydrogen bonds are formed in (1.9 = 0.7 and 2.3= 0.5 in the whole AnC and AnA run,

chloroform but not in water. respectively) and the number of antamanide—solvent hydrogen
A 0 ¢ B
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Figure 3. Backbone conformational changes in the phakellistatin run PhC1. Values are plotted in increments of 0.5 ps. (
Ramachandran plot; (b) time series.
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Table 1. Dihedral angles of phakellistatin

Prol Pro2 lle3 Phe4 Val5 Leu6 Pro7 Pro8 Tyr9 lle10

¢

x-ray® —65 -90 —88 71 -101 -118 -62 -92 75 —88
PhCl —62(9) —95(10) —69(12) 58(9) —98(14) —88(13) —64(9) —69(8) —73(11) —86(14)
PhC2 —62(8) —-97(9) -74(12) 60(9) —101(14) —93(18) —61(10) —71(8) —75(11) —88(16)
PhA —63(9) —84(13) -77(14)  60(10) —95(13) —100(17) —60(10) —69(8) —72(11) —96(17)

¥

x-ray 153 1 —45 —41 -5 146 143 20 31 153
PhC1 136 (7) 13(18) —54(11)  32(24) —75(13) 141(10) 138(7)  142(15) 102(17) 138(14)
PhC2 137 (7) 22 (15) —57 (9) 40 (22) —79(14) 140(21) 137(8)  142(19) 105(21) 132(13)

PhA  148(16) -32(32) -23(19) 75(20) —84(15) 142 (19) 137(7)  141(24) 112(15) 129(12)

x-ray 7 -173 174 -161 175 179 11 167 174 167
PhCl —10(7) -173(8)  176(8) —178(7) —177(6) 171(8) —6(7) —172(7) —176(6)  170(6)
PhC2 —11(8) -172(8)  175(7) -179(7) -176(6) 173(8) —5(8) —172(8) —178(7)  171(6)
PhA  —7(8) —168(8)  177(7) —179(7) —174(6) 174(8) —5(8) —170(8) —178(7)  171(6)

X1

X-ray 176 —64 65 -73 —48 -71
PhC1 0(4) -—-70(14) —178(10) —-66(17) —67(12) —52(18)
PhC2 —54(13) —64(10) —178(10) —66 (67) —66 (11) —19(55)
PhA —160(11) —-57(11) —159(38) —71(32) —68(10) —34(41)
X2

X-ray —-59 89 165 —66 165
PhC1 167 (25) 137 (86) 171 (8) —133(114) 166 (18)
PhC2 —114 (75) 110 (63) 149 (44) —54 (39) 165 (69)
PhA 68 (48) 136 (51) 159 (37) —125 (99) 162 (23)

Angle values averaged over the final 0.5 ns, i.e., last 1000 coordinate frames, are given with standard deviations in parenthesis. All valugeese in de
Dihedral angles of proline side chains are omitted.
@ Coordinates of the x-ray structure [3].

Table 2. Backbone dihedral angles of antamanide

Vall Pro2 Pro3 Ala4 Pheb Phe6 Pro7 Pro8 Phe9 Phel0

¢

X-ray? —-113 —64 —-79 —-103 70 —-78 —62 -92 —-101 56

40 NOES -114 —58 -89 —-90 —87 —-122 —74 -91 -81 —-83
MEDUSA® -7 -92 —-95 —-108 80 —96 —-94 -95 —-110 94
AnC —94 (13) —59(8) —75(9) —-82(12) —81(11) —101(22) —64(8) —90(11) -74(12) 58 (9)
AnA —86 (15) —64(8) —89(11) -—71(12) 59(9) —-93(19) -63(8) —92(11) -71(11) 58 (9)
W

X-ray? 158 161 —-20 —-22 29 161 160 -4 —-22 48

40 NOE$ 118 133 3 88 96 150 129 -1 81 78
MEDUSA® 104 151 55 -51 44 127 153 55 —56 —24
AnC 136 (11) 148(9) —56 (17) 119 (14) 98 (19) 137 (10) 141 (9) —-5(22) —42(14) 48 (17)
AnA 130 (7) 141 (8) —7(17) —42(12) 61 (20) 136 (10) 138(9) —2(20) —43(12) 52 (16)

Angle values averaged over the final 0.5 ns, i.e., last 1000 coordinate frames, are given with standard deviations in parenthesis. All valuggese in de

2 Coordinates of the x-ray structure [3].

P Coordinates from a 33 ps molecular dynamics simulation of antamanide which used 40 negative nuclear Overhauser enhancement (NOE) values
constraints [6]. The NOE values were measured at 500 MHz and 253 K.

¢ Conformation obtained from structure refinement using the multiconformational search protocol MEDUSA [20].
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Figure 4. Evolution of the main-chain hydrogen bonds
along the trajectory: (a) PhC1; (b) PhA; (c) AnC; (d) AnA.
A hydrogen bond was considered formed if the donor-to-

acceptor distance was less than 3.5 A and the donor—

hydrogen—acceptor angle was larger than 120°.

bonds (19+ 2 and 18= 2). In all simulations of antamanide
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Figure 5. Aromatic—proline stacking in phakellistatin and

there is a water molecule accepting from the main-chain amide antamanide. Intercentroid distances in Angstroms between

of Vall and Phe6, in agreement with the crystal struétarel
the NMR relaxation measurements.

3.4. Side—chain packing

In the crystal structure of phakellistatin the side chains of

the rings of (a) Prol and Phe4 in the PhC1 run, (b) Pro7
and Tyr9 in PhC1, (c) Pro2 and Phe5 in AnC, (d) Pro7 and

Phel0 in AnC, (e) and Pro8 and Phe9 in AnC.

Prol and Phe4, and those of Pro7 and Tyr9, are stacked in avhereNs and N, are the number of stacked and dissociated

face-to-face arrangemehtSimilar stacking of aromatic and
pyrrolidine rings was found in the crystal structure of antama-
nide2 Moreover, an NMR solution structure of the linear
peptide SYPFD¥! and of molecular dynamics simulaticags3
have shown that aromatic—proline interactions play an impor-
tant role in the stabilization of secondary structure in short
peptides.

For both cyclic peptides the time evolution of distances

between aromatic and proline residues is plotted in Figure 5.

The aromatic—pyrrolidine stacking is more stable in the anta-

conformationsR is the gas constant, is the temperature, and
Gs — Gy, is the free energy of association of an aromatic—
pyrrolidine side chain pair in water. Such a pair is considered
stacked if the intercentroid distance is smaller than the average
intercentroid distance along the trajectories, and dissociated if

this distance is larger than the average distance augmented by

agap of 0.5 A, which is the average deviation for the five runs.

This yields a free energy of stacking f0.6 and—0.7 kcal/

mol for the phakellistatin Prol-Phe4 and Pro7-Tyr9 pairs,
respectively. The values for antamanide are.8, —1.0, and

manide trajectories than in the phakellistatin runs (see also —0.6 kcal/mol for the pairs Pro2—Phe5, Pro7-Phel0, and

below). Interestingly, the conformational transition from the Pro8—Phe9, respectively. There are no experimental data for a

saddle-like crystal structure of phakellistatin to a more elon- direct comparison. Yet, one can mention a double mutant cycle

gated conformation (see Section 3.1) is coupled to the transientof barnase in which the stacking of the unprotonated imidazole

dissociation of the Pro7—Tyr9 side-chain pair at about 1.2 ns of of His18 and the indole of Trp94 was found to be favored by

PhC1 (Figure 5b), 0.2 ns of PhC2, and 0.4 ns of PhA. Hence, —0.4 kcal/mol relative to solvation by watet.The more

the transient separation of the Pro7—Tyr9 pyrrolidine—aromatic favorable values obtained in this study might be due to the

stacking is concomitant and might even trigger the conforma- different residue types or the smaller entropy penalty because

tional transition. of the macrocyclic rigidity, or they might be a consequence of
The relatively large number of transitions between stacked the approximations inherent to the force field.

(S) and dissociated conformations (D) during the total simula-

tion time of 7.5 ns for phakellistatin and 5 ns for antamanide 3.5. Proline ring puckering

allows an estimation of the free energy of stacking to be made.

According to the Boltzmann statistics one can write

NJND — ef(GstD)/RT (1)

The puckering of the antamanide proline rings has been
analyzed by molecular dynamics simulations with two different
force field$° and compared with NMR dafalt was shown
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3.6. Simulated conformation of phakellistatin in
water

The C, and heavy atom RMSDs from the phakellistatin
conformation at the end of the PhC1 run were calculated for the
1 000 snapshots saved during the final 0.5 ns. The average
values of the ¢ RMSD for the PhC1, PhC2, and PhA trajec
tory are 0.5, 0.6, and 0.7 A, respectively. The corresponding
values for the heavy atom RMSD are 1.0, 1.2, and 1.5 A.
Therefore, the final snapshot of the PhC1 simulation (Figure 7)
is a good representative of the predicted solution structure. It
contains a ring inclusion water molecule that is hydrogen
bonded to the NH groups of Val5 and 1le10, and the carbonyl
oxygen of Leu6. In the crystal structure there is a water
molecule that has a role similar to that of a transannular bridge
but is involved in only two hydrogen bonds with the NH of
llel0 and the CO of LeuB.In all phakellistatin runs the
transition from the saddle-like crystal structure to the more
elongated solution conformation is coupled with the formation
of the additional hydrogen bond between the ring inclusion
water molecule and the NH of Val5 and the concomitant
rupture of the NH5-O3 hydrogen bond. The water molecule

Figure 6. Proliney, dihedral angle time series for the four involved in three hydrogen bonds with phakellistatin has a

proline residues from the PhC1 simulation of phakellistatin, €Sidence time longer than 1 ns.
Samples are plotted in increments of 0.5 ps. Table 1 shows the dihedral angle values averaged over the

final 0.5 ns for the phakellistatin runs. The main differences
from the backbone X-ray structure are localized in ¢hands
angles of Tyr9 and th& angle of Phe4, Val5, and Pro8. The
largest side-chain fluctuations involve thye angles of Phe4
and Tyr9. The motion of the latter is also shown with a trace
rendering in Figure 7. There are conformational fluctuations on
a time scale of less than 10 ps from a structure with the
pyrrolidine—aromatic stacking, i.e., with face-to-face arrange-
ment of the Prol-Phe4 and Pro7-Tyr9 side chains and distant
Phe4 and Tyr9 aromatic rings (thin lines in Figure 7), to a
conformation with up to three edge-to-face interactions with
significant van der Waals contacts between the Phe4 and Tyr9

. . . side chains (thick lines in Figure 7). These side chains often
pforthe AnC and AnA simulations is 73% (Pro2), 62% (Pro7), aggume a face-to-face conformation, with one aromatic ring

43% (Pro3), and 33% (Pro8). This is in qualitative agreement gpigted toward the G atom of the other aromatic side chain.
with the population measured experimentally in solution: 65% g,ch dynamic behavior of the two aromatic rings is common to
(Pro2), 55% (Pro7), 10% (Pro3), and 0% (Pr&8). the three phakellistatin runs.

For the phakellistatin run PhC1 the time series of the dihe-  There is an analogous, although less pronounced, motion
dral angle; of the four proline side chains is plotted in Figure  jnyolving the Phe5 and PhelO side chains of antamanide,
6. Similar behavior is found in the PhC2 and PhA simulations; \yhich fluctuate between the face-to-face arrangement with the
the population of pucker stapefor the three phakellistatin runs  pyyrolidine rings of Pro2 and Pro7 and a conformation with
is 76% (Prol), 35% (Pro2), 76% (Pro7), and 51% (Pro8). The close contacts between the Phe5 and Phel0 side chains and
proline pair 1-2 of phakellistatin and the proline pair 2-3 in  almost edge-to-face interactions between aromatic and pyrro-
antamanide have similar values for the total occupancy of eachiidine rings. The results of the simulations in aqueous solutions
of the two pucker states. This might originate from the simi- indicate that phakellistatin is more flexible than antamanide on
larity in the phakellistatinx turn 1le10—-Pro1-Pro2-lle3—-Phe4 a3 nanosecond time scale.

(NH4-010 hydrogen bond) and the antamarideirn Vall—

|
0.0 0.5 1.0 1.5 2.0 25
time (ns)

that the dihedral angles of the side chains of Pro2, Pro3, and
Pro7 exhibit fluctuations on a time scale of a few tens of

picoseconds, which is much faster than for the backbone tor-
sional mode. In the present work, individual time series for the

dihedral angles were computed from all trajectories. The dihe-
dral angley, varies the most during interconversion, together

with x;. Hence, proline ring conformations are distinguished

by the sign ofy, and will henceforth be referred as state

(x> > 0) and staten (x, < 0). The population of pucker state

Pro2—Pro3-Ala4—-Phe5 (NH5-01 hydrogen bond).
The PhC1 time series of Pro8 shows a mixed behavior; it is 4. DISCUSSION
predominantly in statain the first half of the simulation while Three molecular dynamics simulations of phakellistatin in

there is a significant occupancy of both states (and for large aqueous solution were initiated from the X-ray structure with
period of times up to about 0.25 ns) in the second half, i.e., different initial velocities and restraining conditions to prevent
after the backbone conformational transition described above.the decapeptide from leaving the center of the solvent sphere.
The change in behavior upon transition also takes place in The simulations yielded the same conformation, which is sug-
PhC2 and PhA. This is consistent with the correlation of gested to be a highly populated structure of phakellistatin in
backbone conformation and proline ring mobility that was water. Itis more elongated than the saddle-like crystal structure
found experimentalB? and by computational studiés. mainly because of the transition of the Tyr9 main-chain dihe-
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Figure 7. The phakellistatin structure at the end of the PhC1 run (thick lines for backbone and medium lines for side chains
is shown along with the conformation of the Phe4 and Tyr9 residues after 1.515 ns of PhC1 (thin lines). The trace of the (
atom of Tyr9 is plotted in gray for snapshots taken every 5 ps from the final 1 ns of the PhC1 run. Also shown is the wate
molecule bridging the macrocycle. The water—phakellistatin aridrn hydrogen bonds are drawn with dashed lines.

dral angles from they, to an extended region of the Ram  aqueous solution. Testing of this prediction is a challenge for

achandran plot. This conformational change took place in all experimentalists.

three phakellistatin simulations. It was coupled to the loss of

the B-turn hydrogen bond, the transient dissociation of the

Pro7-Tyr9 side-chain packing, and the formation of a third ACKNOWLEDGMENTS
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