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ABSTRACT. Molecular dynamics simulations were carried out for three 13-residue peptides of the form
AcCNH-A-A-E-X-A-E-A-H-A-A-E-K-A-CONH ; with X = A, F, and W. All three peptides exhibited
unexpected dynamical behavior, undergoing a transition from-halical to ar-helical structure in the

course of 5-ns trajectories in aqueous solution. Analysis of peptide length, accessible surface, interaction
energies, hydrogen bonding, and dihedral angles was consistent withr transitions at 2800, 500, and

800 ps for X= A, F and W, respectively. The transitions occurred sequentially and cooperatively,
propagating from the C- to the N-terminus for=XA and W and from the center toward both termini for

X = F. The time scale of the overall transition ranged from 300 to 500 ps. For all three peptides the
backbone structural transition was accompanied by a concerted rearrangement of the charged side chains,
including a 3 Aincrease in the distance between carboxylate groups of Glu-3 and Glu-6. During the
transition the peptide backbone hydrogen-bonding patterns were disrupted at the interface between the
o-helical and nascent-helical regions, with peptide groups forming water-bridged hydrogen bonds. The
peptide structures exhibited significant fluidity, with individual residues sampling-, and 3¢-helical
conformations, as well as a “coil” state, without any intramolecular hydrogen bonds. The studied peptides
have been designed to formmhelices when incorporated in novel hemoprotein model compounds, peptide-
sandwiched mesohemes, which consist of two identical peptides covalently attached to an Fe(lll)
mesoporphyrin [Liu, D., Williamson, D. A., Kennedy, M. L., Williams, T. D., Morton, M. M., and Benson,

D. R. (1999)J. Am. Chem. Soc. 1211798-11812]. The possibility of adopting-helical structures by

the constituent peptides may influence the properties of the hemoprotein models.

Helices are predominant secondary structure elements ofOn the other hand, occurrencesohelices appear to be
proteins. The helical structures are stabilized by intra- quite rare. Several reasons for the apparent lack of stability
molecular hydrogen bonds between &Q oxygen and an  of the z#-helix have been put forward: backbone dihedral
N—H hydrogen. The helical typesj are defined by the  angles in a less favorable conformational region than the
number of the residues(and the number of atoms per o-helix (12, 13), the existencefaa 1 A hole in the center of
single turn ). o-Helical (3.63) and y-helical (5.17) the helix, which is sufficiently wide to cause loss of van der
structures were first hypothesized by Pauling and Cotey ( Waals interactions but not wide enough to accommodate a
Subsequently, Donohue?)( considered the possibility of  water molecule3), and the large entropic cost of initiating
additional structures: 2:231o, 4.314, and 4.4¢ (1) helices. a m-helix, in which five residues have to be preorganized
Low and Baybutt 8) also postulated the possibility of before the first helical hydrogen bond is formelB,(14).
7-helices. The various helix forms differ in their hydrogen-  There is limited experimental evidence for the existence
bonding patterns. l-helices the peptide €0 of residue  of z-helical structures in peptides and proteihS)( A recent
i forms a hydrogen bond with the peptide-N of residue  review identified about 10 protein structures in which
i + 4 (i-+i + 4 pattern); the patterns aie-i + 3 for 3o m-helical turns occur, including fumarase Q5( 16,
helices and---i + 5 for zz-helices. The existence of tle glycogen phosphorylage (15), lipoxygenase 17, 18), and
and 3chelices is currently well-established. In protein nitrogenaseX(5). Most of thes-helices found in the protein

crystals, ca. 31% of amino acid residues arenhelical  structures are involved in the formation and function of
structures, while 34% are in 3o helices §—6). Also,  specific binding sites1(®). The existence of a left-handed
peptides adopting the-helical (7—9) and 3¢-helical (10, 7-helical structure was inferred from infrared spectra of thin

11) forms are known. @-Helices often occur at C- or  films of poly(3-phenethyL-aspartate)X9). It has also been
N-termini of a-helices in proteins@). They are also the  proposed that peptides in hydrophobic environments, such
preferred structure for shoat-methylated peptides( 10. as lipid vesicles or membranes, might formhelical
structures 20).
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mr-helical conformationZ1). In blocked peptides of the form  under investigation attracted our interest because they are
Amn-(AAXAA) 3-Chx (where Amn is COCkland Cbx is components of novel hemoprotein model compounds, pep-
NHCHs), several residues populated states with wotmd tide-sandwiched mesohemes (PSMgy,(28). The PSMs
mr-helical hydrogen-bonding patterns during the simulation consist of two identical 13-residue peptides covalently
in aqueous solution2Q); the stabilization of th@:-+i + 5 attached to Fe(lll) mesoporphyrin I27) or Fe(lll) meso-
hydrogen bonds was attributed to water-bridged side ehain porphyrin IX (28) via amide linkages between the porphyrin
side chain interactions. Several occurrences-belical and propionate groups and theamine group of lysine side
other nonstandard hydrogen bonds were seen in simulationghains. A histidine (His) residue in each peptide coordinates
of alamethicin 23). For the 29-residue membrane spanning to the iron, inducing helical conformations in the peptides
fragment of the ErbB-2 receptor, transitions from the initial as determined by circular dichroism (CD) spectroscopy and
a-helix to mainlys-helical structures were observed in MD  'H NMR. The helix content in the PSM constructed from
simulations in vacuum and in a solvated lipid bilayer peptide 1 is~ 50% @8). Helicity is increased te~83% in
environment24). In this case the stabilization of tleehelix the PSM constructed from peptide 3, due to favorable
was attributed to a high content of bulky Val side chains. interactions between the tryptophan side chain and the
Our group has undertaken studies of ideal decaalanineporphyrin £8). The monomeric peptides exhibit CD spectra
helices, which have identical conformations at each residueconsistent with random coil conformation®7( Benson et
and can thus be characterized by the two conformational al., unpublished experiments), a conclusion that is supported
parameterse, v) (25, 26). We have found that both the by temperature independence of the CD spectra (Benson et
andz-helices correspond to local minima on the decaalanine al., unpublished experiments). As a preliminary step to
conformational free energy surface. While tiédnelix was understanding the PSM systems, we have undertaken MD
much less stable than tlhehelix in a vacuum 26), the two simulations of the peptides themselves. The goal was to
structures had comparable stabilities in water and DMSO obtain information on the structure and flexibility of the
solution (Mahadevan et al., unpublished results). dtesli- isolated peptides in solution. Comparison with simulation
cal free energy minimum in solution was found at {) = results of the full PSM systems could then be used to assess
(—64°, —42°), close to the {62°, —41°) average geometry  the influence on peptide structure and flexibility of the
found ina-helices for protein crystal$). On the other hand,  constraints due to nonbonded interactions and covalent links
our decaalaning-helical free energy minimum was located with the porphyrin. We describe here the details of the
at (—75°, —56°) in aqueous solution and at{7°, —54°) in simulations of the individual peptides in aqueous solution
vacuum g6), which is significantly different from the in which the a- to z-helix structural transitions were
proposed model values of—67°, —70°) (4, 13). Our serendipitously discovered.
conformational free energy surfaces were quite flat for
anticorrelated variation ap and, which structurally led MATERIALS AND METHODS
to changes in helix radius while leaving the hydrogen-
bonding pattern unchanged. Thus helical structures obtained The CHARMM program (version 25p0) and CHARMM
under different conditions (solvent, substitution gj @nded version 22 all-atom protein topology and paramet&@) (
to fall along antidiagonal straight linesp + v ~ —107 were used in all the calculations. The three 13-residue
for a-helices andp + ¢ ~ —131° for w-helices. The model  peptides were constructed irhelical conformations with
m-helix geometry of ¢, y) = (—57°, —70°) lies close to @ = —57° andy = —47°. Each peptide was acetylated at
this last line. Ourz-helical free energy minimum structure  the N-terminus and amidated at the C-terminus, and the side
at (—75°, —56°), which has not previously been considered, chains were in extended conformations. The peptides were
has a number of advantageous properties. It has a volumammersed in a truncated octahedral water box constructed
that is almost identical to and a surface area that is aboutby cutting off corners from a cube of sides 46.35 A. The
5% smaller than thex-helix, and it has strong favorable TIP3P model of water was use81). After water molecules
interactions with solvent (Mahadevan et al., unpublished overlapping with the peptides were deleted, 1662, 1658, and
results). We have analyzed the conformations of residues 1655 water molecules were left in the solvent box for
involved in thei-++i + 5 hydrogen bonds in the set of protein  simulations of peptides 1, 2 and 3, respectively. Initially the
structures described by Weavet5). After eliminating solvent was equilibrated with fixed positions of the solutes
several cases with positivg or 1, which do not fall into over 50 ps, followed by a 50 ps equilibration of the whole
the left-handed helix region of the Ramachandran plot, we system. Finally, 5-ns MD trajectories were generated for each

found ¢ values ranging from-115" to —62° andy from of the three peptides.

—73° to —21°, with the average falling aig, v) = (—74°, An atom-based 12.0 A nonbonded cutoff distance was
—51°). This average is in quite good agreement with the employed in all energy evaluations. A switching function

calculated {-75°, —56°) free energy minimum in water. between 10 and 12 A and a shift function at 12.0 A were

In this work, we present results of simulations for solvated applied for van der Waals and for electrostatics, respectively,
peptides of the forms [AcNH-A-A-E-X-A-E-A-H-A-A-E- to eliminate discontinuities due to the cuto®9. Equilibra-
K-A-CONH,, with X = A, F, and W], which display tion and trajectory generation were carried out by molecular
unexpected dynamical behavior. During 5-ns MD trajectories dynamics simulations at constant pressure of 1 atm and
in aqueous solution starting from-helical structures, all ~ temperature of 300 K, with periodic boundary conditions,
three peptides undergo transitions#tdelices. The peptides by use of the Leapfrog integrator with a 2-fs time step.
SHAKE constraints were applied to all the bonds involving

L Abbreviations: CD, circular dichroism; MD, molecular dynamics; nydrogen atoms32). The Langevin piston method was used
PSMs, peptide-sandwiched mesohemes; rms, root-mean-square. for constant pressure simulatior®3) and the Hoover method
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Ficure 1: Time series of backbone root-mean-square deviations (in angstroms) from the starting structures of (a) peptide 1
(X = A), (b) peptide 2 (X=F), and (c) peptide 3 (& W).

for constant temperature simulatior@l). Coordinates were  the hydrogens attached to these atoms and all atoms used in

saved every 250 steps to produce trajectory files containingN- and C-terminal capping. The remaining peptide atoms

10000 configurations for each 5-ns peptide simulation. were assigned to the side chains. With this partition, the
Solvent-accessible surface areas of the peptides wergdackbone-backbone energy was defined as the sum of all

calculated for a probe of 1.6 A radius by using the algorithm internal strain (bond stretching, angle bending, Urey

of Lee and Richards36). Time series of all the backbone Bradley, dihedral, and improper deformation) and nonbonded

angles ¢ andy) were calculated. Additional dihedrajs1 (van der Waals and electrostatics) terms involving atoms of

andy-13 were introduced to describe the conformations of the backbone only. Analogously, the side chaside chain

the N-terminal acetyl and the C-terminal amide group, €nergy involved all internal strain and nonbonded terms

respectively. End-to-end distances of the peptides wereinvolving side chain atoms only, while the backberside

calculated as the distances betwegmfAla-1 (first residue) chain energy included all the mixed terms, involving atoms
and G of Ala-13 (last residue). of both backbone and side chains. The solvation energy

Time series ofis(t), ria(t), andris(t) of distances between terms, backbongsolvent and side chairsolvent, involved
the C=0 oxygen of residuéand N-H nitrogen of residues &l nonbonded interactions between the selected subset of

i +3,i + 4, andi + 5 were calculated. The hydrogen bond §o|ute atoms and the solvent (including solvent periodic
(H-bond) type of residué at timet was set to the type of ~ images).
contact with the shortest distance of the thrgg = min- In the time series analysis, averages and standard devia-
[ria(t), ria(t), ris(t)], if rmin was less than 4 A. Otherwise, the tions of the data were calculated. For some of the quantities,
residue was assigned to a “coil” state. Hydrogen-bond typessuch as end-to-end distances, surface area, and interaction
of individual residues (from first to tenth) were assigned in energies, we have also calculated the standard deviation of
this way. The hydrogen-bond types of the last three residuesthe mean to better estimate the uncertainty of the average
were not included in this analysis because they lack ap- values. The standard deviation of the mean was taken to be
propriate H-bond partners. After the H-bond types of all the the standard deviation of the sample formed by subaverages
individual residues were assigned, aggregate populations ofof the data over 20 consecutive blocks of 500 points each.
each state were added up at each time step for the entire The simulations were performed on the 16-processor SGI
peptides. The populations ofghelix, a-helix, 7-helix, and ~ ORIGIN 2000 computer system at the Center for Advanced
coil states at each time step were then plotted. Scientific Computing at the University of Kansas and on a
In energy component analysis the CHARMM BLOCK dual processor SGI OCTANE workstation. A 1-ns simulation
facility was used 6) to divide the system into three parts: of a solvated peptide system took about 390 h of CPU time
solvent, backbone, and side chains. The backbone wason a single 195 MHz R10000 processor on either of these
defined as the N, & C, and O atoms of each peptide plus machines.
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Ficure 2: Time series of distance (in angstroms) betwegno€Ala-1 and G of Ala-13 of (a) peptide 1 (X= A), (b) peptide 2
(X = F), and (c) peptide 3 & W).

Table 1: Root Mean Square Deviations of Peptide Backbone from 2. The peptide 1 case is more complex. However, the time

Starting Structure for First 100 ps and for Last 100 ps of MD period of 2606-2800 ps may be seen as demarcating periods
Trajectories of Peptides 1, 2, and 3 of significantly different behavior of the peptide length, with
peptide 0-100 ps 4906-5000 ps fluctuations over a wide range of distances {29 A) at
1 0.6 24 times up to 2600 ps, and subsequent relatively localized
2 1.5 2.7 fluctuations around 15 A. The trajectory average end-to-end
3 0.9 2.8 distances of the peptides before the transition were 17.0, 17.2,
and 18.1 A for peptides 1, 2, and 3, respectively. The
RESULTS AND DISCUSSION corresponding values after the transition were 15.0, 14.9, and

. ) 15.1 A (data provided in Supporting Information). Thus, the
The analysis of the structure and dynamics of the three o avior of the three peptides is qualitatively simitéteir

peptides examined in MD simulations is presented below. lengths decreased from 17 to 18 A at the beginning to ca.
As described in the Materials and Methods section, a number; " o+ the end of the simulations. The initial end-to-end

of properties were calculated, all consistently indicating that
each peptide undergoes a transition fromoahelical to a
m-helical conformation.

General Description of Conformational Transitiohe

distances are close to the value of 18 A expected for the
length of a 13-residue ideal-helix, corresponding to a rise
of 1.5 A per residuel, 26). The final value of 15 A is close

time evolutions of the backbone rms deviation of peptide to the 14.4 A expected for the length of a 13-residue ideal

trajectory structures from the starting conformation are shown a-helix, which has a rise of ca. 1.2 A per residue 26).

in Figure 1. These data clearly indicate that a structural The solvent-accessible surface areas of the simulated
transition occurs in each of the simulations: in the 2600 Peptides are shown in Figure 3, with statistics provided in
2800 ps interval for peptide 1, 46®00 ps for peptide 2,  the Supporting Information. A decrease in the surface area
and 706-900 ps for peptide 3. In all three cases the rms may be seen to occur at about 26800 ps for peptide 1,
deviation remains closeot3 A in the final part of the 500-700 ps for peptide 2, and 76®@00 ps for peptide 3.
trajectories (Table 1). The peptide end-to-end distances,Comparison of trajectory average values before and after the
measured by the distance between thea®ms of residues  transition shows a decrease of the surface area by 98, 79,
1 and 13, exhibited a similar effect (Figure 2). Definite and 76 & for peptides 1, 2, and 3, respectively. This change
transitions in the end-to-end distance may be seen at 300 is again consistent with am to & transition; ther-helix is

500 ps for peptide 2 and 76®00 ps for peptide 3 in Figure less elongated and is expected to have a smaller accessible
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Ficure 3: Time series of solvent-accessible surface area (in square angstroms) of (a) peptigeA),(¥) peptide 2 (X= F), and (c)
peptide 3 (X=W).

Table 2: Solute-Solute Interaction Energi@8efore and After Table 3: BackboneSolvent and Side ChainSolvent Interaction

Transitions Energied
peptide time (ps) average SD (mean) peptide time (ps)  average SD (mean)
1 backbone-backbone 62800 118.4+11.0(0.7) 1 backbone-solvent 0-2800 162.6+ 20.8 (1.4)
2800-5000 119.0+10.0 (0.7) 2800-5000  164.5+17.7 (1.4)
1 backbone-side chain 6-2800 57.6+ 9.9 (0.7) 1 side chair-solvent 0-2800 693.6+ 34.9 (5.2)
2800-5000 53.9+10.6 (0.7) 2800-5000 630.3t62.5(5.2)
1 side chair-side chain 6-2800 3.6+ 16.7 (2.5) 2 backbone-solvent 0-500 156.9+ 14.2 (0.9)
2800-5000 32.5+ 29.7 (2.5) 500-5000  165.3+ 15.8 (0.9)
2 backbone-backbone 6-500 116.4+ 8.9 (0.5) 2 side chair-solvent 0-500 683.04+ 29.6 (4.3)
500-5000 119.6+ 9.5 (0.5) 500-5000  668.6+ 53.9 (4.3)
2 backbone-side chain 6-500 59.2+7.9(0.4) 3 backbone-solvent 0-800 156.8+ 15.0 (0.8)
500-5000 54.3+ 8.4 (0.4) 800-5000  164.1+ 15.2 (0.8)
2 side chair-side chain 6-500 0.8+ 12.2(2.2) 3 side chair-solvent 0-800 689.14+ 29.9 (5.4)
500-5000 4.6+ 26.3(2.2) 800-5000  665.2+ 63.5 (5.4)
3 backbone-backbone 6-800 117.2+ 8.7 (0.5) - - - P -
800-5000  120.0+ 9.2 (0.5) aInteraction energies are given in kilocalories per mole.
3 backbone-side chain 6-800 56.3 8.5 (0.6) . .
800-5000  50.9+ 9.6 (0.6) Information. However, two systematic trends may be seen
3  side chair-side chain 6-800 5.9+ 13.2 (2.5) in the energy averages over periods before and after the
800-5000  2.9+29.6(2.5) transition time, as determined from rms deviations, peptide

a|nteraction energies are given in kilocalories per mole. length, and surface area. First, the average backbone
backbone energy terms increase (become less favorable) and
surface area than arrhelix of the same length (Mahadevan the average backbonsolvent energy terms decrease (be-
et al., unpublished results). The intramolecular and inter- come more favorable) after the transition. These effects are
molecular interaction energies from the peptide simulations consistent with the fact that the-helix has one less
are shown in Tables 2 and 3; plots of the components areintramolecular hydrogen bond and has more polar groups
given in the Supporting Information. A detailed description available for interactions with the solvent than does the
of the energy terms is given in the Materials and Methods a-helix. The second trend is the observation of less favorable
section. Due to large fluctuations of the energy components, side chair-solvent and more favorable side chalmackbone

it is difficult to see unambiguous indications of a structural and side chaifrside chain energy terms after the transition.
transition in the energy plots included in the Supporting This may be attributed to two effects. On one hand, the side
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Ficure 4: Examples of structures from peptide 1 trajectory. (a)
Initial structure (-helix); (b) at 2800 ps, transition region; (c) final
structure f-helix) Only backbone atoms are shown for clarity.

Lee et al.

central residues-39 in all three peptides, the averages over
respective trajectory fragments before the transition lie in
the first region, withg between—59° and —68° and y
between—39° and—48°. However, averages over respective
trajectory fragments after the transition for residue®3all

into the second region, witlh from —68° to —78° andy
from —51° to —62°. The only exception is Ala-7 in peptide
2, which hasp and values corresponding to the second
region already before the transition. The first region,
populated before the conformational transition in each
peptide, is centered aroung,(y) = (—64°, —42°), which
has been found as the CHARMM free energy minimum for
an ideal decaalanine-helix in water (Mahadevan et al.,
unpublished results) and is close to average valudy,
—41°) found in a-helices of high-resolution protein crystal
structures %). The second region, populated after the
transition, is centered aroung,(y) = (—75°, —56°), which

is the free energy minimum for an ideal CHARMivthelix

Hydrogen bonds are displayed as dashed lines. C and H atoms ar
white; O atoms are stippled light gray; N atoms are stippled dark

gray.

% water and is close to the average geometryrdfelices
in protein crystals, ¢, y) = (—74°, —51°), as discussed in
the introduction. Thus, it is clear that the central cores of
chains are evolving away from the arbitrarily selected, the peptides undergo a transition from arhelical to a
extended starting conformations, which would be expected n-hehcal confo_rmanon. An additional observauoq is that the
to have highly favorable solvation and weak interactions with terminal blocking groupsacetyl at the N-terminus and
the backbone. On the other hand, the lowering of the side @mide at the C-terminustended to form hydrogen bonds
chain-side chain interaction energy appears to reflect a With the peptide groups of the backbone, effectively extend-
reorganization of the side chains into a more stable arrange-Nd the range of helical structure.
ment after the transition. In all three peptides, backbone dihedral angles did not
In conclusion, analysis of various global properties of the exhibit large conformational transitions, as seen in the
simulated systems consistently indicates a structural transitionrelatively low fluctuations (data provided in Supporting
occurring for each of the peptides: at about 2800 ps for Information). For residues-311 of the three peptideg, and
peptide 1, at 500 ps for peptide 2, and at 800 ps for peptidey rms fluctuations of 1614° around the average were
3. Graphical inspection confirmed that peptide structures found. Residues 2 and 12 tended to exhibit somewhat larger
werea-helical before and-helical after the conformational ~ fluctuations, ranging from I0to 20 in the different
transition. Examples of structures from different stages of simulations. The largest backbone dihedral fluctuations, as
the peptide 1 simulation are presented in Figures 4 and 5;expected, were seen in the terminal residues 1 and 13, with
corresponding structures of peptide 2 and 3 are provided invalues of about 60found for-13 in peptide 3 before the
the Supporting Information. transition and forp-1 in peptide 3 after the transition. These
Backbone Dihedral Angle Analysi8nalysis of the time large dihedral fluctuations indicate some fraying of the
series of the peptide dihedral angles (data provided in helices at the termini.
Supporting Information) yielded further insight into the The detailed time evolution of the backbone dihedrals
nature of the transition. The average values of backboneshows several interesting features. First, the terminal residues
dihedrals calculated before and after the conformational 1 and 13 (including the blocking groups), as well as residue
transition tend to cluster in two different regions. For the 12, tended to explore a relatively large range of conforma-

Ficure 5: Examples of structures from peptide 1 trajectory. (a) Initial structurbdlix); (b) at 2800 ps, transition region; (c) final structure
(7r-helix) All atoms are displayed. Atoms are depicted as in Figure 4.
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Ficure 6: Time evolution of backbone hydrogen-bonding patterns for residud$ bf peptide 3. Hydrogen bond classification: 153
helix (i---i + 3); 2, a-helix (i---i + 4); 3, 7-helix (i---i + 5); 4, coil. See Materials and Methods for details.

tions during the whole 5 ns length of the simulations. These porting Information. It should be noted that only residues
conformations included the three helical states considered1—8 may form all three types of helical hydrogen bonds
here—thes-, a-, and 3¢-helices. The adoption ofa-helical considered here, i.e.;g3 o, ands; residue 9 may form only
conformation by the C-terminal residues appears to be thea and 3, hydrogen bonds, and residue 10 forms onjy 3
initiating event for theo to sz transition in peptides 1 and 3, hydrogen bonds. Several conclusions of a general nature may
in which the structural change propagates systematically frombe drawn from the data. First, residues8Lform mainly
the C- to the N-terminus. Thus, in peptide 1 the change from a-helical hydrogen bonds before the structural transition and
o to ot occurred at 2100 ps for residue 12, at 2200 ps for mainly zz-helical hydrogen bonds after the transition. (The
residue 1110, at 2700 ps for residues—%, and at 2800  transition times are taken to be 2800 ps for peptide 1, 500
for residues 53. In peptide 3 the structural transition took ps for peptide 2, and 800 ps for peptide 3.) Second,
place at 500 ps for residues-19, at 706-800 ps for residues  throughout the simulations each of the residueslQ
8—6, at 1100 ps for residue 5, and at 1500 ps for residues 4occasionally forms 3-helical hydrogen bonds; however, this
and 3. For peptide 2 the nature of the transition was is more probable at times when the predominant form is
significantly different. In this case there appeared to be two a-helix. Finally, even though residues-8 mostly participate
regions of initiation of thea to s transition. The central in some forms of helical hydrogen bonding, in all three
residues 58 underwent structural change at 30800 ps, simulations each of these residues occasionally occupies a
while residues 10 and 11 changed structure at 500 ps. Thisstate without any helical hydrogen borethe “coil” state.
was followed by structural transitions of residue 9, at 600 The time evolution of the hydrogen bonding pattern
ps, and residues-34, at 706-800 ps. Thus, from the dihedral  parallels the course of the backbone conformational change
angle standpoint, the whole structural transition took between (see Backbone Dihedral Angle Analysis section). For pep-
500 and 1000 ps to complete. From the point of view of tides 1 and 3 ther-helical hydrogen bonds propagate from
dihedral angles, the transition in the core residue8 Svas the C-terminus toward the N-terminus. Thus, in the peptide
complete in 200 ps (peptide 1), 500 ps (peptide 2), and 8001 simulation, the backbone hydrogen bonds change from
ps (peptide 3), respectively. mainly i=i + 4 to mainlyi=~i + 5 at about 2200 ps for
Analysis of Backbone Hydrogen-Bonding Patterfise residues 7 and 8 (after some minor population-of+ 5 at
detailed time evolution of the backbone hydrogen-bonding 600 and 1500 ps), at 2600 ps for residues 5 and 6, and at
pattern in the peptide 3 simulation is shown in Figure 6. 2700 ps for residues 3 and 4. For peptide 3 the transition is
Analogous data for peptides 1 and 2, as well as time seriesseen at 600 ps for residues 7 and 8, at 700 ps for residues 5
of the hydrogen-bond distances, are provided in the Sup-and 6, at 800 ps for residue 4, and at 900 ps for residue 3.
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Ficure 7: Time evolution of the total number of backbone hydrogen bonds of a given type in residli®s1 (a) peptide 1, (b) peptide
2, and (c) peptide 3. Hydrogen bond classificatior:, () o-helix; (---, 2), w-helix; (-++, 3) random coil; ¢ — —, 4) 3;¢-helix. The data
were smoothed with a 50 ps running average.

In the case of peptide 2, residues@l undergo thex to side chain-side chain contacts shows that for all three
transition at about 300 ps, with residues 7 and 8 following studied peptides a concerted rearrangement of the charged
at about 600 ps. side chains occurs concurrently with the backbone structural
Figure 7 shows the time evolution of the total number of transition. In this rearrangement the carboxylate groups of
hydrogen bonds of a given type found in the three peptide Glu-3 and Glu-6 move further apart, while the carboxylate
simulations. Each of the three peptides changed from aof Glu-6 and the ammonium group of Lys-12 move closer
structure with typically 6-9 a-helical hydrogen bonds atthe to Glu-11. The peptides are designed to be amphiphilic,
start, to one with 67 zz-helical and 12 a-helical hydrogen presenting a hydrophilic side to the solvent and a hydro-
bonds at the end of the respective simulations. The midpointsphobic side to the heme component of the PSM complex
of the transition were 2800, 600, and 800 ps for peptides 1, (27). Our simulation results suggest that in this design the
2, and 3, respectively. The transitions occurred over a period Glu-3 and Glu-6 side chains may be too close together when
of 300—-500 ps. In the case of peptide 3 the hydrogen-bond the peptide backbone adopts théelical conformation. In
reorganization was more than twice as fast as the change irthe isolated peptide there is no advantage of having all
backbone dihedral angles (see previous section). hydrophilic residues concentrated on one side, and the
Side-Chain Dynamics and Interactioria.the three 5-ns  z-helical structure, with the larger Glu~&lu-6 distance,
simulations of the solvated peptides, a number of side-chainbecomes more stable.
dihedral angle transitions were seen. Most of these involved Role of WaterTo investigate the role of the solvent water
changes in the flexible side chain of Lys-12. Other residues in the a to & transitions we extracted numerous structures
exhibiting transitions were Glu-6 and His-8. Most of the side- of the solvated peptides from the MD trajectories and
chain dihedral transitions did not appear to be correlated with performed a graphical inspection with the program QUANTA
the a to o structural change in the backbone. Graphical (37). Especially interesting were the intermediate structures
analysis indicated that the side chains did not tend to form sampled from the transition region. In many cases these
close intramolecular contacts but were mostly exposed to structures involved water-mediated hydrogen bonds at the
solvent. As described in the General Description of Confor- interface of then- andsr-helical regions of the peptides. We
mational Transition section, the side chaside chain and  found structures in which peptide =€ groups were
side chain-backbone energy terms tended to become more hydrogen-bonded to water molecules rather than to neighbor-
favorable, and the side chaisolvent energy terms less ing N—H groups involving residues 1, 2, 6, 7, and 8 for
favorable, after thex to 7 transition (Table 2). Analysis of  peptide 1, residues 3, 6, and 7 in peptide 2, and residues 1,
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initiated by the adoption of a-helical conformation in the
fluctuating C-terminus and propagated from there toward the
N-terminus. In the case of peptide 2 the transition was
initiated in the center of the helix and propagated toward
both termini simultaneously. For all three peptides the
backbone structural transition was accompanied by a con-
certed rearrangement of the charged side chains, which
included a 3 A increase in the distance between the
carboxylate groups of Glu-3 and Glu-6. Also in all three
cases, the peptide backbone hydrogen-bonding patterns were
disrupted at the interface between tihelical and nascent
mt-helical regions, with peptide groups forming water-bridged
hydrogen bonds. The time scale of the transition was between
300 and 500 ps in the three peptides, i.e., thbéelix
propagation occurred at a rate of 1 residue per B0 ps.
Although the peptide conformations were helical for most
of the simulations, the structures exhibited significant fluidity.
Transient unwinding occurred at the termini. Besidesnd
st-helical conformations, individual residues also transiently
populated the 3-helix and in a “coil” state in which peptide
groups were not involved in any intramolecular hydrogen
bonds.

Several of our findings are similar to effects observed in
previous peptide simulations:-Helix propagation at the rate
of about one residue per 100 ps was seen in simulations of
the transmembrane domain of ErbB22( 39. Participation
of backbone amide groups in water-bridged hydrogen bonds
was seen in simulations of peptide unfoldir@) Transient
populations of %, zz-helical, and unfolded conformers were
detected in many helical peptide simulatio28,(39, 40.
In some previous studies the relative stabilization of the
m-helix could be attributed to favorable long-range water-
mediated side chainside chain interactions2@) or to

FiGURE8: Structure at = 500 ps from peptide 2 trajectory showing destabilization of thet-helix due to high density of branched

peptide-water interaction. Only the peptide backbone and closest hydmphObiC side chainQQ). An analogous effect was seen
waters are shown for clarity. At middle right: =€D of residues 6 in our simulations, in which the concerted reorganization of

and 7 interact with a water molecule each but not with B\ of the charged side chains occurred concurrently with the
[J%Sr:%g?jstéoélvaét%rrlzl Attop center=0 of residue 3 is hydrogen-  phackhone structural change. The side-chain rearrangements

) led to a net lowering of the repulsion between the three Glu
carboxylate groups and increased favorable electrostatic
interactions involving Lys-12.

Our results are analogous to the simulations of the
sequential 3 to a-helix transition of decaalanine in water
CONCLUSIONS (8). The main difference is that we report for the first time

an overall transition of a whole peptide from arhelical to

We have described molecular dynamics simulations of a sw-helical structure. Since the-helix has been so rarely
three 13-residue peptides exhibiting unexpected and interestobserved, it is generally believed to be less stable than the
ing behavior. In the course of 5-ns trajectories, each of the prevalento. form. In our simulations we have seen just one
peptides underwent a transition from a startingelix to a o — o transition for each peptide. Since no reverse
m-helical structure. The structural transition was monitored transitions were seen, we can conclude that we are following
by following the time evolutions of the peptide end-to-end an irreversible process leading from a state of higher free
distances, accessible surface areas, rms deviations fronenergy, thex-helix, to one of lower free energy, thehelix.
starting structure, interaction energies, hydrogen-bonding Thus, our simulations suggest that théelix is the more
patterns, and dihedral angles. The results were consistent wittstable state for the three studied peptides. Because the
o — g transitions at 2800, 500, and 800 ps for peptides 1, transition occurs only once in each system, we cannot
2, and 3, respectively. The transitions occurred sequentially estimate the free energy difference between the two forms.
and cooperatively, rather than in a concerted fashion. After the structural transition, the peptides remain in the
Structural and energetic parameters of the system cor-s-helical form for the rest of the 5 ns simulations, a period
responded to a predominantlyhelical structure before the  of ca. 2 ns for peptide 1, and ca. 4 ns for peptides 2 and 3.
transition and a predominantly-helical structure after the  This indicates that tha-helix is at least a metastable state
transition. Two different transition mechanisms were seen for these systems. Due to the finite length of the simulation,
in the simulations. For peptides 1 and 3 the transition was we cannot rule out the possibility that thehelix is just an

2, 3, and 8 in peptide 3. Examples of water molecules
disrupting backbone hydrogen-bonding patterns are given in
Figure 8 and in the Supporting Information.
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intermediate on the way to further structural change, for ACKNOWLEDGMENT
example, toward complete unfolding. Experimentally, the CD
spectra of the three peptides in aqueous solutiorf&tl@ave
been interpreted as indicating a “coil” conformation, i.e.,
without significant secondary structur7j. Our results thus
agree with the experimental observations in that the isolated
peptides are noti-helical, while a positive experimental
confirmation of ther-helical structure remains lacking. The

available CD measurements indicate thattHeelices found Additional tables with statistics of end-to-end distances,

in our simulations should be transient structures and that theaccessible surface areas, and backbone dihedrals and figures

peptides should eventually unfold. presenting the time evolution of interaction energies and
The three peptides that were the object of our study are zg(rjnrolge%nl;bong tli%r;%tg, a?ﬁj \év?: tﬁz t?;fienggfs ?;isStrrTL]J;ttgrriZT

being used to construct novel hemoprotein models, the: P y pep J Y-

peptide-sandwiched mesohem2g 28). The water-soluble is available free of charge via the Internet at http://

We thank the Center for Advanced Scientific Computing
at the University of Kansas for use of the ORIGIN 2000
computer system. The structural figures were prepared with
the program MolScript44).

SUPPORTING INFORMATION AVAILABLE

PSMs built with the three peptides demonstrate that the His
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ligand coordination to the metal complexed by the porphyrin REFERENCES

induces higher helicity of the peptides in the PSN3)(

We are currently working on molecular dynamics simulations
of the whole PSM systems, aimed at describing their
structures and fluctuations in aqueous solution. These results,
as well as a comparison of the dynamics of isolated peptides
with that of peptides incorporated in PSMs, will be presented
in a separate paper. Especially interesting is the question
whether the possibility of adoption of-helical structures

by the constituent peptides influences the properties of the
PSM complexes.

While experimental evidence remains scarce, an increasing
number of simulation studies are detecting the presence of
thes-helical geometry in individual peptides. Using the same
model as in this work, i.e., the CHARMM 22 all-atom
topology and parameters3@, we have found that the
decaalaniner-helix is much less stable than tlehelix in
vacuum R6), while the two forms have comparable stabilities
in water and DMSO solution (Mahadevan et al., unpublished

results). The results of calculations with explicit solvent were 11.

confirmed by approximate solvation treatment through Pois-
son—Boltzmann electrostatics and a cavitation term propor-

experiments). Other authors detectetielical structures by

use of various force fieldsthe CHARMM 19 polar hydro-

gen model 22), GROMOS @1, 24, and XPLOR 24, 38.

The computational evidence thus suggests that some peptides
might adopt ther-helical structure under certain conditions.

proteins, it would be highly valuable to verify these predic-
tions on the basis of unambiguous experimental results, such
as NMR spectra. Simulations with different molecular models
agree on the existence of thehelix. However, it is certain
that detailed predictions such as the relative stabilities of the
various helix types and the time scale and pathway for
conversion between them will depend on the molecular
model chosen, including the force field parameters, non-
bonded cutoffs, and water model. This is clearly illustrated
by the rather wide range of predictions for the relative
stabilities of then- and 3¢-helices in alanine and-methyl-
alanine peptides3( 9, 41. The conditions under which the
z-helix might exist thus require further study, including the
use of approaches such as the Ewald summadighd the

fast multipole method43), which avoid truncating long-
range electrostatic interactions known to play an important
role in the structure and dynamics of biomolecules.
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