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Hydrogen Bonding in Helical Polypeptides from Molecular Dynamics
Simulations and Amide Hydrogen Exchange Analysis: Alamethicin and
Melittin in Methanol

Richard B. Sessions, Nick Gibbs, and Christopher E. Dempsey

Biochemistry Department and Centre for Molecular Recognition, Bristol University, School of Medical Sciences,
Bristol BS8 1TD, United Kingdom

ABSTRACT Molecular dynamics simulations of ion channel peptides alamethicin and melittin, solvated in methanol at 27°C,
were run with either regular a-helical starting structures (alamethicin, 1 ns; melittin 500 ps either with or without chloride
counterions), or with the x-ray crystal coordinates of alamethicin as a starting structure (1 ns). The hydrogen bond patterns
and stabilities were characterized by analysis of the dynamics trajectories with specified hydrogen bond angle and distance
criteria, and were compared with hydrogen bond patterns and stabilities previously determined from high-resolution NMR
structural analysis and amide hydrogen exchange measurements in methanol. The two alamethicin simulations rapidly
converged to a persistent hydrogen bond pattern with a high level of 3,, hydrogen bonding involving the amide NH’s of
residues 3, 4, 9, 15, and 18. The 3,, hydrogen bonds stabilizing amide NH’s of residues C-terminal to P2 and P14 were
previously proposed to explain their high amide exchange stabilities. The absence, or low levels of 3,, hydrogen bonds at the
N-terminus or for A15 NH, respectively, in the melittin simulations, is also consistent with interpretations from amide exchange
analysis. Perturbation of helical hydrogen bonding in the residues before P14 (Aib10-P14, alamethicin; T11-P14, melittin) was
characterized in both peptides by variable hydrogen bond patterns that included 7 and y hydrogen bonds. The general
agreement in hydrogen bond patterns determined in the simulations and from spectroscopic analysis indicates that with
suitable conditions (including solvent composition and counterions where required), local hydrogen-bonded secondary
structure in helical peptides may be predicted from dynamics simulations from a-helical starting structures. Each peptide,
particularly alamethicin, underwent some large amplitude structural fluctuations in which several hydrogen bonds were
cooperatively broken. The recovery of the persistent hydrogen bonding patterns after these fluctuations demonstrates the
stability of intramolecular hydrogen-bonded secondary structure in methanol (consistent with spectroscopic observations),
and is promising for simulations on extended timescales to characterize the nature of the backbone fluctuations that underlie
amide exchange from isolated helical polypeptides.

INTRODUCTION

Alamethicin and melittin (see Fig. 1) are small amphipathicdisordered structure that is manifest in the absence of struc-
helical peptides that bind to and permeabilize membraneture-defining NOE’s. NMR analysis of alamethicin (Es-
either through semi-specific voltage-gated ion channel acposito et al., 1987; Yee and O’Neil, 1992) and melittin
tivity or by nonspecific pore formation associated with (Bazzo et al., 1988) established the overahelical con-
disruption of membrane lipid organization. Despite spectroformations of these peptides in methanol, but detailed local
scopic evidence that the peptides are predominantly helicdydrogen-bonded patterns, and the effects of the proline at
in membranes, membrane-bound high-resolution structurggsidue 14 (Fig. 1) on helical structure and dynamics, have
have not been determined and the most detailed structurgbt peen well defined. These properties are of interest in
information has come from x-ray crystallography and high-re|ation to the contribution of helix bending to ion channel
resolution NMR spectroscopy in methanol. However, eve ating (Fox and Richards, 1982; Sansom, 1993) and channel
under conditions where intramolecular hydrogen-bonde%t‘,ib“itieS (Dempsey et al., 1991; Duclohier et al., 1992) in

sterco?drary ?ttrkl:cture”nls rsﬁb:hze?’ hlgh-;tiaf?iolul;lctm dN:c\iAanembrane—reconstituted forms of the peptides.
Strucires of these finear molecuies are cutt 1o detine - Amide exchange analysis of alamethicin (Dempsey,

due to the absence of long-range distance constraints re- L ) .
quired to establish helix bending, the poor definition of?L995) and melittin (Dempsey, 1988; 1992) in methanol

structural perturbations that result in local3 m-helix, or demonstrated that the hydrogen bonding patterns and the

other nonregular structure, and the presence of dynamicall ffects of the P_1_4 re_:S|due dn‘f_er in the two pept@es. Str_ong
xchange stabilization of amides at the N-terminus (Aib 3
NH) and on the C-terminal side of P14 (V15 NH) indicate
Received for publication 27 May 1997 and in final form 29 Septemberthe presence of stablqo?,hydrogen bonds in alamethicin,
1997. whereas the absence of stablg Bydrogen bonds in melit-
Address reprint requests to Dr. C: .E. Dempsey, Biochemistry Departmenﬁn is apparent from the low exchange protection of the
and Centre for Molecular Recognition, Bristol University, School of Med- . . , "
ical Sciences, University Walk, Bristol BS8 1TD, UK. Tel.: correspondlng amide NH’s of melittin (A4 NH and A15
(0)117 9287569; Fax: (0)117 9288274; E-mail: dempsey@bsa.bristol.ac.uk. NH; Fig. 1). The presence of proline 14 results in consid-
© 1998 by the Biophysical Society erable loss of exchange stabilities for amides in a full turn of
0006-3495/98/01/138/15  $2.00 helix in melittin (residues 12-15 inclusive), whereas the
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corresponding amides of alamethicin are highly exchangegave partial charges used for subsequent molegular mechanics calculations
protected, presumably by intramolecular hydrogen bondsi.”3| (0-?0)'_0(%10%'0('0-35) H (0-25)]~The_O”e”t"ﬂt'onsf of the memaf‘o'f
In contrast to this evidence for stable hydrogen-bonded'©/€cules in the solvent box were randomized by performing 50 ps o
. .. . molecular dynamics with a box size of 34 34 X 34 A (the resulting
Strucwre around Pl‘_‘ n alameth|C|.n,. spin Iabe'_ NMR rela)_('density of methanol of 0.76 g cé is close to the experimental value of
ation enhancement in an alamethicin analog indicates sigy79 g cc® at 20°C). The dipole moment calculated from the partial
nificant helix bending induced by perturbation of helical charges (1.4 D) is somewhat smaller than the experimentally determined
structure around P14 (North et al., 1994). Structural disordeyalue (1.7 D; Weast, 1976).
around G11-L12 is also apparent from analysis of amide
temperature coefficients antH, **N, and **C chemical Peptide construction and refinement
shifts (Yee et al., 1995). ) ) ] ) )
To determine the extent to which the differences in hy-R'gnthandeda-helical polyalanine peptides were constructed using In-
e . T ightll (Biosym/MSI) and “mutated” into the sequence of either alamethi-
droggn F)Ohd structure a'nd stabilities in alamethicin anciin or melittin. Intramolecular van der Waals overlaps of 30% or more
melittin, inferred from amide exchange measurements, catere removed by manual adjustment of the side chain torsion angles.
be understood in terms of their intrinsic conformational andinevitable clashes between the proline residues and the surrounding se-
i ; i guences were ignored at this stage, since these could not be altered without
dynamic properties, we have carried out molecular dynamgtiences werc | | d f his s M'I |h N 'dh be al ¥ ? h' h
ics simulations of the peptides solvated in methanol undef'SruPtinga-helical conformations. Molecule A from the unit cell of the
- o } . . alamethicin x-ray structure (Fox and Richards, 1982; Brookhaven code
p?l’lOdIC boundary gondltlons. Since .NMR_ experiments In'1AMT) was used as a starting structure for one simulation. The structures
dicate that the peptides adopt essentialiyelical structures  were centered in pseudo unit cells (alamethicin>683 x 33 A; melittin:
in this solvent, we have used regulathelical conforma- 60 X 33 x 33 A) with the helix axis oriented parallel to the longest side
tions as starting structures. An alamethicin simulation startof the box. The cell dimensions were chosen to allow for at least 12 A
ing with the x-ray structure of Fox and Richards (1982) Wasbetween any peptide gtom and the peptide ghost of an adjacent cell. Each
. e . . . system was solvated in methanol such that all solvent molecules overlap-
al_so carried 9Ut’ and melittin s'lr.nulatlons' were run ?'therping peptide atoms were removed, resulting in an even distribution of 675
without or with charge-neutralizing chloride counterions. molecules surrounding the alamethicin peptide and 794 around the melittin
Here we present comparisons of the peptide hydrogermolecule. One melittin simulation was carried out at infinite dilution (i.e.,
bonded structures and stabilities determined from the dy2° counterions were added to the melittin solvent box). The second melittin
namics trajectories with similar information from amide simulation contained S|x.chlor|de counterlons,.lntrod_u_ced by replacement
) . - of a solvent molecule adjacent to each of the six positively charged groups
exchange analysis. Two levels of comparison are consids; e peptide.
ered. First, since deviations from regutehelical structure
(for example, the presence of 3hydrogen bonds) arise
largely from localized influences of side chains, these
should be most accurately reproduced in simulations. Theirst, the solvent alone was subjected to 1000 iterations of steepest descents
nature of larger-scale structural perturbations such as thogenimization, keeping the peptide atoms fixed. This was followed by a
responsible for loss of stable hydrogen bonding around p 1 fyrther minimization in which solvent and peptide hydrogen atoms were

. . . - . unconstrained, but the peptide heavy atoms were tethered. This involved
in melittin are difficult to characterize eXpe”menta"y’ but 1000 iterations of steepest descents, comprising 200-step intervals that

S!JCCGSSfU| simulations should give some insight into thgseq 5 consecutively decreasing harmonic restraining potential of 100, 50,
different effects of P14 on local hydrogen-bonded structureo, 10, and 5 kcal/A imposed on the tethered atoms. Finally, the entire
in the two peptides. Secondly, we consider the relationshigssembly of solvent and unconstrained peptide was minimized using 4000
between the hydrogen-bond breaking backbone fluctuatior§rations of conjugate gradient algorithms.

. . . Simulations were carried out at 300 K with a constant temperature bath,
observed in the simulations and those that free hydrOgenu-sing the Verlet integration method with a 1-fs time step. Structures were

Energy minimization and molecular dynamics

bonded amides allowing exchange with solvent. saved every 0.1 ps for analysis.
METHODS Methods of analysis
General simulation conditions The atomic properties, hydrogen bond lengths and angles, backbone tor-

sion angles and their averages and standard deviations, were extracted from
Molecular mechanics calculations were carried using DISCOVER 2.95he complete history files or from selected time periods of the trajectories.
(Biosym/MSI) with the CVFF force field (Dauber-Osguthorpe et al., 1988), The hydrogen bond data was processed as described under Results to yield
and dynamics trajectories were analyzed using FOCUS (Sessions et ahydrogen bond lifetimes. Vicinal coupling constantd(,,..) were cal-
1989; Osguthorpe and Dauber-Osguthorpe, 1992). Minimum image periculated from the simulations by determining the coupling constant from
odic boundary conditions were used at constant volume. Nonbonded elegndividual torsion angles using the Karplus equation (Pardi et al., 1984) at
trostatic and van der Waals forces were truncated to a 12 A radius over @ach time interval in the history file and averaging the value of J over the
smoothing distance of 2 A. selected portion of the trajectory. Apparent J values were determined for

Aib and Pro residues (lacking a @+br NH proton) for comparison with

. apparent J values calculated from the crystal structure of alamethicin.
Solvent generation

The unit cell of the—110° crystal structure of methanol (Tauer and Amide hydrogen exchange data
Lipscomb, 1952) was replicated (6 A, 4 X B, 7 X C) to generate 560

molecules. A semi-empirical orbital calculation on an isolated moleculeExperimental pH-dependent hydrogen-deuterium exchange rates for alam-
(AMPAC using the AM1 Hamiltonian) followed by Mulliken analysis ethicin (Dempsey, 1995) and melittin (Dempsey, 1988; 1992) were con-
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verted to exchange protection factors, apparent hydrogen bond lifetimeBor this reason thé<, values used here are designated

(Pastore et al., 1989; Dempsey et al., 1991), or apparent equilibriumapparent"K values K )

constants for hydrogen bond-breaking backbone fluctuations underlying Analvsis Oc% the rote?éaggt.abase indicates that a hvdrogen

amide exchangel,,,,], according to Scheme 1 (see following section). . y . P . yarog
bond is considered to be present if the bond length-®)

is 2.5 A or less, and the bond angle-NH—O0) is between

120 and 240° (18@= 60°) (Baker and Hubbard, 1984). We

THEORY used a slightly longer hydrogen bond distance criterion of
Comparison of hydrogen bond lifetimes in 2.7 A for comparing simulated and experimental data to
simulated and experimental dynamics accommodate thermal motions of 0.4—0.5 A, which pro-

Th . tal ter obtained f id h duce small transient excursions over the 2.5 A limit that
€ expenmental parameter obtaned from amide exChangg, ., ot pe considered hydrogen-bond-breaking fluctuations

af;]"?"{f'tsh's an ﬁxchanget protect;ontf?ctor (hPI(:j)’ the fegctocrj tE}Sibbs et al., 1997; the effects of these thermal fluctuations
which the exchange rate constant for a nydrogen-bondeg, , pe seen in the hydrogen bond length trajectories of Fig.

Ef exchanghg ?]ata 'i made using th? rr:odel_ oftLlnder_strom{-nany of the small amplitude fluctuations observed in the
hagg n wb|cd exc andge ciccgrsh via ;arﬁu_a;t o%ealqlgl OLimulation might not be sufficient to allow exchange to
féegggn Ionds accc:jr :<ng" 0 bC r?mf%z(l VII ?r? elsel ccur. The distance criterion was dominant in selection of

» Englander and raflenbach, )- In this [no e’hydrogen bonds, very few of which were eliminated through
exchange is §uppre_;se_d ”0”.‘ the hydrogen-bonded CIOS’eqiailure to satisfy the N-H—O bond angle criterion. The
state (NHC) in equilibrium with an -open stgtg(s) (NHo) roportion of the dynamics trajectory in which hydrogen
from which exchange occurs with characteristics of a fre&%

ide. In th ority of din th ¢ exch ond criteria are fulfilled for a given amide NH is denoted
amide. In the majorty of cases, and in the case of exc anggy “hydrogen bond percentage lifetime”; this parameter can
from monomeric alamethicin and melittin in methanol

. I be converted to an apparent equilibrium constant definin
(Dempsey, 1988; 1995), the fluctuations limiting exchangenydrogen bond openiﬁg and C|gSiri@o(app9 using the re- g

are in preequilibrigm.with_ the ghemical exchange evemlationship: % hydrogen bond lifetime 100/(1 + K.) %
(ie. ky = ks). In th_|s situation neither .Of the rate constants, Pastore et al., 1989), allowing comparison with experimen-
ky ortkz, tls agcessm:ti, an/dk tEe exlf e.r||£nen:]al eﬁchart\ﬁ;e rattal Ko@ppyValues calculated from amide exchange measure-
constan Kex is equal tok, . 2.) 3 OF Ko * Kg, WNETER, ISTNE * 1hants. In such comparisons it should be borne in mind that
equlll_bnum constant defining the backbone ﬂUCtuatlonthe apparenk, values from simulations are calculated from

8ingle trajectories obtained over a timescale that may or not
made for sequence (Bai et al.,, 1993) and conformation; 9 J Y

: | he ti le of k fl i limiti
dependent (Dempsey, 1992: 1995) influenceskgnthe be related to the timescale of backbone fluctuations limiting

. tal h tection factor i Valeit amide exchange (which is not known; see above). These
experimental exchange protection factor Is equivaleio points are considered further in the Discussion.

(i.e., PF= 1/K,).
k1 ks
NH, f NH, — ND, @ Starting conditions

The dynamics simulations were run with starting structures
The relationship between experimental PF &pd/alues  corresponding to regulag-helical conformations, and, for

is accurate within the model of Scheme 1 only if all poten-alamethicin, the crystal structure coordinates as a starting
tial influences on amide exchange properties other thastructure. The crystal structure coordinates for melittin were
hydrogen bonding are eliminated. While it is convenient tonot used as a starting structure for dynamics calculation
useK, values in comparing experimental exchange data andince melittin crystals comprise melittin tetramers crystal-
simulated dynamics, there remains some uncertainty in cottized from aqueous solution (Terwilliger and Eisenberg,
recting exchange data for sequence- and conformation-dd-982), and this structure is not representative of the meth-
pendent influences on exchange, particularly in methanolanolic monomeric state. Alamethicin crystals, on the other
For example, the comparison of acid- and base-catalyzeldand, were obtained by crystallization from methanol using
exchange rates for alamethicin and melittin indicates thaacetonitrile (Fox and Richards, 1982). The NMR structures
helix dipole effective charges can have significant effects orof the peptides in methanol are not well enough defined to
exchange kinetics. The protection factors used here havee used as discrete starting structures. Regataelical
been corrected for helix dipole effects by averaging acidstarting structures were used for the following reasons.
and base-catalyzed protection factors that are approximateltydrogen-bonded structure in alcoholic solution results
equally and oppositely affected by electrostatic effects likefrom the preference of intramolecular hydrogen bonding
helix dipole charges. However, this method of determiningover peptide-solvent hydrogen bonds. Maximization of he-
protection factors introduces other uncertainties into theitical hydrogen bonding is expected in methanol, and NMR
interpretation in terms oK, values (see Dempsey, 1995). data indicate that hydrogen-bonded conformations are
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largely a-helical (rather than 3-helical) for each peptide experimental amide exchange data (Fig. 5). The main fea-
(Esposito et al., 1987; Bazzo et al., 1988). Deviations frontures are the destabilization of hydrogen bonds in a full
regular a-helical structure due to the intrinsic conforma- helical turn (amide NH of residues 12-15 inclusive; Fig. 4
tional preferences of the peptides (resulting, for exampleB) and the increased stability of the C-terminal helix relative
from the P14 residue, the high Aib content of alamethicin,to the N-terminal helix. The destabilization of helical hy-
the amino acid sequences and end effects) are expecteddoogen bonding at the C-terminus (helix fraying) observed
be apparent in the simulations. Additionally, convergence irin the exchange data is not so marked in the simulations.
the structural properties starting fromhelical or crystal Although detailed analysis of the counterion trajectories
structure coordinates in the alamethicin simulations is exis not presented here, the counterions remained close to their
pected if the intrinsic conformational properties of the pep-charge partners throughout the simulation and did not ex-
tide are correctly sampled. Melittin simulations were run atchange between the peptide charged groups. This is largely
a nominal pH of 5 so that each of the 6 titratable aminoan effect of the low dielectric medium in which electrostatic
acids (G1; K7, 21, 23; R22, 24) were protonated (overallinteractions are enhanced, since counterions within simula-
charge= +6). The variant of alamethicin used in the amide tions of charged polypeptides in water migrate among fixed
exchange and simulation studies (A6,Q18 alamethicin; Figcharges [as found, for example, in a previous simulation of
1) is uncharged. melittin characterizing peptide solvation (Kitao et al.,
1993)]. The inclusion of explicit counterions in simulations
RESULTS of charged polypeptides has been shown elsewhere to be
important in reproducing experimental properties (e.g., Kit-
Melittin son et al., 1993; Schiffer and VanGunsteren, 1996; Young et
al., 1997), and the requirement for counterions in reproduc-
ing the high stability of the melittin C-terminal helix (Fig. 4)
. indicates their importance in simulations in lower dielectric
. . L o . "edia than water. Although the amide exchange data were
resultslln unfolding of the melittin hell'x', in particular th.e obtained in buffer-free solution (Dempsey, 1988; 1992),
Cr;termmal Isegment where four positively charged S'd.eNMR samples at 2-3 mM peptide concentration contained
chains are located (-K21-R-K-R24-), but also the N-termi-15 ;g (chloride) counterions (i.e., one counterion for

r[1)al .helli<h(twe pols[[tilve t(;]haéng; N—telrhml?al amllnc(;, and K7)'each of the six fixed charges of the peptide). Counterion
i u”rmgg estlk:nu?:lton 1€ L erm(;n?h_ X uan; stszquen'condensation in methanol similar to that observed in the
lafly from the f-lerminus, an IS 1S manitest by an g jations may contribute to the high stability of the highly

upward drift in the root mean square deviation.(RMSD) of ositively charged C-terminal helix observed experimentally.
Ca atoms (Fg. 3), and sequentially decreasing H bon Hydrogen bond lifetimes calculated from amide ex-

lifetimes from residue 18 to the C-terminus when aVer‘f’lgeq:hange protection factors are greater than those calculated

over th_e fuII S'm“"?‘“o” (F|g. . Smee the latter obser— from simulated percentage lifetimes, so that there is a dis-
vation is incompatible with the experimentally determlnedplacement of experimental (amide exchankg), ,values
stability of the helical conformation of melittin in methanol below the simulated values (Fig. 5). This resSIFt)e from dif-
((jBaZZ.% e(; ?I.,t;%& Dempsey, 1988), this simulation is nOK‘erent definitions of hydrogen bonds in the two methods
escribed turther. . . ... (satisfying distance and angle H bond constraints in the
Inclusion of counterions greatly stabilizes the melittin simulations, and the suppression of amide exchange accord-
conformation with the retention of stable N- and C—terminaling to Sche,me 1 in experiment). The simulated values can

helical sections throughout the simulation (Figs. 2 arg}.4 be made to approach the experimental values by relaxing

Sta_ble.hydrogen bpnding in. the region around P14 is no{he hydrogen bond criteria (Fig. 5); the significance of this
maintained, and this results in a profile of l&g,,,,values is described in the Discussion

that is broadly similar to the profile determined from the While the C-terminal helix (residues 16-26) retained

stable a-helical hydrogen bonding throughout the simula-
tion, hydrogen-bonded structure in the N-terminal helix was

The starting and final (500 ps) structures of melittin in the
simulations in methanol fronx-helix with and without

1 5 10 15 20

AcUPUAUAQUVUGLUPVUUQQ Phol less stable. Fluctuations among different hydrogen bond
patterns, as well as sequential loss of helical hydrogen
alamethicin bonding, both contribute to this conformational heterogene-

ity, as shown in Fig. 6, which illustrates residue-specific
1 5 10 15 20 25 percentages of .3, a, andm-helix hydrogen bonds during.
GIGAVLKVLTTGLPALISWIKRKRQQNH; sequential 100-ps intervals of the simulation. Two essential
o similarities with the hydrogen bond patterns and stabilities
melittin determined from the amide exchange data are apparent.
FIGURE 1 Amino acid sequences of melittin and the alamethicin variantFIrSt’ j[he stability of the, C-terminal helix results _from the
used in this study. Phol is phenylalaninol; U dsaminoisobutyric acid ~ retention of stablex-helical hydrogen bonding with little
(Aib) (Sansom, 1993). transition betweew and 3, hydrogen bonds except for the
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FIGURE 2 Startingtop) and final pottomn)
structures of melittin before and after 500 ps
molecular dynamics simulation from ideat
helical structure in methanol run either with
(left) or without (ight) charge-neutralizing
chloride counterions.

C-terminal residues (especially Q25 NH). The levels of As observed for G11 in the alamethicin simulations
w-helix hydrogen bonds was1% for all residues C-termi- (Gibbs et al., 1997), the structure at G12 in melittin is
nal to P14. Secondly, the absence (A4 NH), or low levelscharacterized by a significant proportion of states in which
(A15 NH), of 3,, hydrogen bonds for A4 and A15 NH is the X-G peptide bond partially reverses. This peptide bond
consistent with the low exchange stabilities of these resireversal is often associated with nonregular hydrogen bonds
dues observed in the amide exchange studies from whic{ig12NH-T10 carbonyl; inverse turn, and L13NH-V8 car-
the absence of 3 hydrogen bonding was inferred (Demp- ponyl; 7-helix), as described for alamethicin (Gibbs et al.,
sey, 1988; Fig. 5). . _1997). A representative example of this structure is shown
The hydrogen bonding pattern for the N-terminal helix, ;, Fig. 7.
while dominated bya-helical hydrogen bonding for resi-
dues 7-11, is variable at either end (Fig. 6). Sequential loss
of stable hydrogen bonding for residues V5 and L6 occurs
throughout the simulation. Loss of stable hydrogen bonding
for residues G12 and L13, apparent at the end of the 100 -
simulation, occurs with a high variation in hydrogen bond-
ing of residues 11-13. The structure for these residues,
initially mixed «a- and 3 ghelical, is characterized by tran-
sitions betweern- and m-helical hydrogen bonding from
which stablea-helical hydrogen bonding for T11 NH is
recovered after~300 ps of the simulation from a state in
which the N-terminal helix has a high proportion@fhelix
(Fig. 6). The disordered structure in residues 12—15 and thé
progressive loss of stable hydrogen bonding in the N-ter-" ¢ L
minal residues are largely responsible for the drift af C 2 4 6 8 10 12 14 16 18 20 22 24 26
RMSD to a value of~3 A at the end of the simulation
(Fig. 3). 100

A.

80
60

40

hydrogen bonded

20 H

AQQIH1G

% time hydrogen bonded

(angstroms)

10 12 14 16 18 20 22 24 26

r.m.s.d.

residue

0 1(')0 2(')0 3(‘)0 4(')0 500 FIGURE 4 Residue-specific values for percentage hydrogen bond life-
times during molecular dynamics simulation of melittin withod) @and
time (ps) with (B) counterions. Hydrogen bond lifetimes are the percentage of total
trajectory in which the amide NH formed an intramolecular hydrogen bond
FIGURE 3 Root mean square deviation (RMSD), relativextbelical with distance criteria (NH-OC) of 2.5 to 3.0 A in 0.1-s stefsaer filled
starting structure coordinates, olxGitoms of melittin during molecular  circle to upper circld. Open triangles define the contribution of3
dynamics simulation withslid ling), and without ¢lotted ling counter- hydrogen bonds to the hydrogen bond lifetimes with a 2.5 A distance
ions. criterion. Dotted lines are drawn to guide the eye.
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2 for the C-terminal Phol20 NH in the simulation from

Q helix (Fig. 11).

The evolution of the hydrogen-bonding pattern in the
alamethicin simulation fronw-helical starting structure is
shown in Fig. 13 as percentage hydrogen bond lifetimes
averaged over 100-ps intervals. The high overall stability of
intramolecular (generally helical) hydrogen bonding is ap-
parent in the maintenance of high proportions of hydrogen

log K, (app)
[ ]

B I ST S bonding for all residues except Phol20 NH. Unlike melittin,
123458678 910111213 14151617 18 19 20 21 22 23 24 25 26 in which stable hydrogen-bonded secondary structure is
residue number largely a-helical, the hydrogen bond pattern of alamethicin

FIGURE 5 Comparison of 108, ,pp) values for melittin (see Scheme 1) shows CODSIderaplelg he“?al structure even thoth the
calculated from amide hydrogen exchange protection factors in methancitable helical regions (residues 1-10 and 12-19) have an
(@), with values calculated from percentage hydrogen bond lifetimes fromoverall a-helical structure. Small local deviations (over-
dynamics simulation with counterions using distance criteria ofQ)52.7 tWiSting) of a-helical structure results in a specific set of
(D), or 3.0 A (4). Dotted lines are drawn to guide the eye. amide NH’s forming 3, hydrogen bonds (those of residues
3,4,9, 15, and 18). This hydrogen bond pattern is indepen-
dent of the nature of the starting structure (regutdrelix or
x-ray crystal structure; Figs. 13 and 14). The hydrogen
The Starting and final structures from the alamethicin Sim-bonding pattern is recovered after |arge amp”tude backbone
ulations run with either ideak-helix or the x-ray crystal fluctuations involving breaking of several sequential hydro-
structures are shown in F|g 8. Although the final StrUCtUre%en bonds such as those described in the Discussion. This
in each case are bent due to disruption of regular heli)@:an also be seen, for examp|e, in the recovery of stable (
around residues G11-U13, the bent structures are not regmd 3 ) helical hydrogen bonding at the N-terminus after
resentative of the full trajectories, which are better characreyersible fluctuations involving loss of hydrogen bonds for
terized by fluctuations between straight (helically hydrogen-gmides of residues 3-5 between 400 and 700 ps manifest by
bonded) and bent structures (Gibbs et al., 1997). In eaclyw percentage lifetimes during these periods of the trajec-
simulation a-helical structure was generally maintained tory (Fig. 13).

throughout, and the high levels of 3hydrogen bonding  Asin the melittin simulation, fluctuations in the structure
described below result from local deviations frarhelical  comprising the residues before P14 result in variable hy-
structure that were established during the first few picosecdrogen bond patterns. In each peptide large amounts of
onds of the simulations. Fig. 9 illustrates initial periods of _nelical hydrogen bonding of residues 12 and 13 are
hydrogen bond length trajectories for three of the amideypserved as well as the reversal of the X-Gly peptide bonds
NH's (V9, V15, and Q18), which form3 hydrogen bonds.  \yith the formation of transiently stable inverseurn struc-
These show rapid equilibration to dynamic states in which,e (Gibbs et al., 1997). Unlike melittin, in which hydro-
310 hydrogen bond constraints are satisfied relativexto  gen-ponded structure in these residues is lost as the simu-
helical hydrogen bonds. Since the general hydrogen bongion progresses (Fig. 6), the hydrogen-bonded structure

fluctuations were quite evenly distributed as reflected in th‘?nvolving amide NH’s of residues 11, 12, and 13, although
fluctuations, usually associated with helix bending, around & 5 iaple. is persistent (Fig. 13).

Ca RMSD nea 2 A (Fig. 10), hydrogen bond lifetimes and
other descriptive parameters averaged over the full trajec-

tories were similar to the parameters averaged over discrete

periods. Figs. 11 and 12 illustrate residue-specific percentDISCUSSION

age hydrogen bond Iifetimes from thehelical §imulati0n Hydrogen-bonded structure in alamethicin and
averaged over the full trajectow, and a comparisoKQf o) melittin in methanol

values from experimental amide exchange data (Dempsey,

1995) with corresponding values calculated from the simuSignificant stabilization of an amide to exchange with sol-
lations. Particularly prominent are the high exchange stavent in an isolated helical peptide indicates that the amide
bilities of V15 NH (C-terminal to P14) and of amides at the NH participates in an intramolecular hydrogen bond. Dif-
helix termini (e.g., U3 NH and the NH’s of residues 18-19).ferences in exchange stabilization of backbone NH’s in
The simulation starting fromx-helical geometry shows melittin (Dempsey, 1988; Fig. 5) and alamethicin (Demp-
better agreement with amide exchange stabilities than theey, 1995; Fig. 12) therefore demonstrate differences in the
simulation from the x-ray structure (not shown), althoughhydrogen bond patterns and stabilities in the two peptides.
there is considerable convergence in the simulations ak the first part of the discussion we describe interpretations
described below. Each simulation shows high stability ofof hydrogen-bonded structure from consideration of the
V15 NH hydrogen bonding and stable hydrogen bonding aamide exchange data and the dynamics simulations. In the
the N- and C-termini apart from a loss of hydrogen bondingsecond part we briefly consider the relationship between

Alamethicin
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hydrogen bond-breaking backbone fluctuations observed ibonds, whereas the contribution gf,3ydrogen bonding to
the simulations and those that allow amide exchange.  stabilization of amides at the N-terminus, and of A15 NH
Both alamethicin and melittin adopt largely-helical ~ (C-terminal to P14) is absent or small in melittin (Dempsey,
conformations in methanol as indicated by observation 0fLl988). The simulations are entirely consistent with these
structurally diagnostic NOE'’s, particularly NHCHo;_, interpretations. A persistent; 3hydrogen bond involving
NOE'’s, which definex-helix over 3 helix (Esposito et al., Aib3 NH and the N-terminal acetyl carbonyl group is main-
1987; Bazzo et al., 1988; Yee and O’Neil, 1992; Yee et al.tained throughout both alamethicin simulations, despite
1995). Detailed descriptions of local hydrogen-bonded seclarge amplitude structural fluctuations in which this hydro-
ondary structure and the effects of the P14 residue on heligen bond breaks and reforms, resulting in low percentage
bending has been more difficult to define, especially inhydrogen bond lifetimes during periods of the trajectories
alamethicin, for which NOE structural information is lost by (e.g., 400—600 ps of the simulation fromhelical struc-
the absence of the-carbon proton on Aib residues. Amide ture; Fig. 13). In contrast, ;3 hydrogen bonding never
exchange protection factors (Dempsey, 1995) and amidstabilizes A4 NH at the melittin N-terminus (Figs. B
temperature coefficients (Yee et al., 1995) indicate that thand 6).
amides of residues Aib3 and V15 (on the C-terminal side of The major hydrogen-bonded structure found in both ala-
P2 and P14, respectively) are stabilized hy Bydrogen methicin simulations yields almost maximal elimination of
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FIGURE 7 Stereo figure of structure near
P14 in melittin extracted from dynamics sim-
ulation trajectories in methanol with counte- G
rions. Representative structures show either
largely normal helix geometryupper figure

after 125 ps of simulation), or a partially T11CO T11CO
reversed T11-G12 peptide bond with inverse { 1
y-turn andw-helix hydrogen bonds involving
amide NH’s of G12 and L13, respectively
(lower figure 328 ps).

exposed polar groups at the N-terminus. The acetyl groupquivalent to a single turn of; g helix, with the 3, hydro-
serves both to eliminate the N-terminal positive charge andjen bond corresponding to the transannular hydrogen bond
to provide a 3, carbonyl partner for Aib3 NH. P2 acts as a of the B-turn (Rose et al., 1985). This structure may be
helix capping residue, additionally stabilizing thg,31y-  promoted by the preference for intramolecular hydrogen
drogen-bonded structure. This suppression of exposed polaonds in methanol. Whereas the V15 NH,3wydrogen
groups at the N-terminus contributes to the insertion of théond is highly populated in alamethicin-65% of both
alamethicin helix into membranes, a process which recertrajectories measured with a 2.7 A criterion) it persists
evidence suggests is favorable in the absence of a trangduring <20% of the melittin trajectory (2.7 A distance
membrane potential (Barranger-Mathys and Cafiso, 1996)criterion). This results from the high conformational flexi-
It may be predicted that the N-terminal sequence N-acetylbility around G12 in melittin (see below) whose amide
X-Pro-X-X, where amino acids at positions X are nonpolarcarbonyl is less easily constrained as,g Bydrogen bond
and helix-favoring, will generally promote membrane inser-acceptor than the L12 carbonyl of alamethicin. The much
tion of helical polypeptides. greater stability of this 3, hydrogen bond in alamethicin
Like proline 2 in alamethicin, proline 14 promoteg,3 compared with melittin is consistent with the greater ex-
helical hydrogen bonding (A15 NH-G12 carbonyl in melit- change stability of V15NH of alamethicin (Fig. 12) com-
tin; V15 NH-L12 carbonyl in alamethicin). This property of pared with A15 NH of melittin (Fig. 5).
proline in a-helix, noted previously (Piela et al., 1987; The high proportion of Aib in alamethicin contributes
Fraternali, 1990; Yun et al., 1991) may be associated witlboth to helix stability and to 3 helical hydrogen bonding.
the preference for peptide bonds of prolinedrhelix to  The residue resists deviations from helical geometry, which
adopt conformations close to those of residt@ in a type is apparent in the low variation in phi and psi angles for
Il B-turn (¢ —60°, ¢y —30°, Rose et al., 1985); e.g., the Aib’s during the dynamics trajectories (see Gibbs et al.,
torsion angles (average standard deviation) in the ala- 1997). Local structural relaxation occurred in the early
methicin simulations from x-ray and-helical starting sections of both alamethicin simulations to yield a persistent
structures, respectively, are: Prol#:— 67 = 10°, ¢ — pattern in which the amides of residues 3, 4, 9, 15, and 18
26 = 16°; Pro2:¢p — 58 = 11°,¢y — 35+ 17°; Prold:p — are exclusively, or largely, stabilized inghydrogen bonds
66 = 10°, ¢ — 28 = 14°; Pro2:¢p — 62 = 13°, ¢ — 22 * rather tharmx-helical hydrogen bonds (Figs. 11, 13, and 14).
40°; and in the melittin simulation with counterions: Pro14: Only a small amount of 3 hydrogen bonding is observed
¢ — 55%9° ¢ — 41+ 9°. Atype lll B-turn is essentially in melittin apart from some nonpersisteniy3hydrogen

FIGURE 8 Starting top) and final
(botton) structures of alamethicin after
1-ns simulation in methanol from ideal
a-helix (left) or the x-ray crystal structure
coordinatesr{ght).
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FIGURE 11 Residue-specific values for percentage hydrogen bond life-
times during molecular dynamics simulation of alamethicin fr@nelical
starting structure. Symbols illustrate values for hydrogen bond distance
constraints of 2.5-3.0 A according to the legend to Fig. 4. The open
triangles define the contribution of, 3hydrogen bonds to the total hydro-
gen bond lifetimes with a 2.5 A distance criterion.

melittin (Fig. 6) agrees with NMR measurements in which
a near complete set of NMCH,,;_, NOE’s was observed for
residues 16—-24 (Bazzo et al., 1988).The greater stability of
the melittin C-terminal helix compared to the N-terminal
helix, which shows persistent hydrogen bonding only for
amides of residues K7-T11 (Fig. 6), is similar to the con-
clusions from amide exchange analysis (Dempsey, 1988;

FIGURE 9 |Initial periods of dynamics trajectories for three residues ofFig_ 5)_

alamethicin [V9 NH A); V15 NH (B); Q18 NH (C)] which form 3,

Apart from Aib3 NH, the Aib residues themselves (Aib 5,

hydrogen bonds during dynamics simulations in methanol. Evolution 0f8, 10, 13, 16, and 17) show low levels 0{03hydrogen

NH to carbonyl oxygen distances fogshydrogen bondsbpld lineg and
a-helix hydrogen bondsb¢oken line$ are shown over the first 100 ps and
expanded to show the first 20 ps in detail eTBIA distance is indicated by
a horizontal dotted line.

bonds of V5 NH that occur during unfolding of the N-
terminal residues, and R25 NH, which shows a high pro
portion of 3 5 hydrogen bonding (Fig. 6). The high stability

of a-helical secondary structure in the C-terminal helix of

bonding in alamethicin but induce high levels in the sur-
rounding residues; generally, the Aib residues promgte 3
hydrogen bonds involving the NH of residue- 1 ori + 2
(where Aib is residue). In many structures the hydrogen
bond carbonyl acceptor in g ghydrogen bond is bifur-
cated, participating additionally in aa-helical hydrogen

bond. Previous modeling studies have indicated that steric
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from ana-helical starting structure.

Scheme 1) calculated from amide hydrogen exchange protection factors in
FIGURE 10 RMSD of @& atom coordinates of alamethicin, relative to methanol @), with values calculated from percentage hydrogen bond
starting (regulaw-helix) or to the x-ray crystal structure coordinates (Fox lifetimes from dynamics simulation with-helical starting structure, using
and Richards, 1982), during molecular dynamics simulation in methanoHistance criteria of 2.5F), 2.7 (1), or 3.0 A (2). Dotted lines are drawn

to guide the eye.
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FIGURE 13 Percentage hydrogen bond lifetimes (3 A criterion) for amide NH'’s of alamethicin averaged over 100-ps intervals of dynamics trajectories
for the simulation froma-helical starting structure. Hydrogen bond types are designateg-tym (G11 NH;horizontal hash, 3,, helix (filled bars),

a-helix (open bary, andm-helix (diagonal hash Space is allocated t¢- and -hydrogen bonds only for residues 11-13, since the occurrence of these
hydrogen bond types is negligible in other residues.

interactions between the extsamethyl group on Aibwith conformation. Despite fluctuations that result in high levels
the 8 side chain atoms of residuet+ 3 destabilizex-helical ~ of 3,5 hydrogen bonds for residues 3-6 between 600 and
structure and promote ;3 helix (Marshall et al., 1990; 700 ps, for example (Fig. 13), the dominant Biydrogen
Zhang and Hermans, 1994). Several such side chain intebonding patterns remain strictly local within a largely
actions can be identified in the alamethieirhelical start-  helical structure. These observations are in general agree-
ing structure (not shown), but these do not induce completenent with the crystallographic studies, reviewed by Karle
transition ofa-helical hydrogen bonding to,ghelix. While  and Balaram (1990), on the effect of helix length and Aib
recent studies with spin-labeled peptides has suggested thaintent on the distribution ot and 3, hydrogen bonds in
3,q-helical conformations may make a greater contributionAib-containing helical polypeptides.

to the structures of isolated helical polypeptides than pre-

viously thought (Fiori and Millhauser, 1995), alamethicin
(and melittin) retains a largelyx-helical conformation
throughout the simulations. If the dominant polypeptide
helical structure was ;3 helix, its extent should be maxi- The G11-P14 sequence of alamethicin and the G12-P14
mized in peptides in nonaqueous solution (like methanolsequence in melittin each display conformational diversity
where the extra intramolecular helical hydrogen bond iswith associated variation in local hydrogen bonding. In
favored. Previous simulations have shown that conversioaddition to the effect of Pro (at residi)an helical structure

of polyAib a-helix to 3,4 helix occurs on the 10-200-ps in promoting helix bending and,g hydrogen bonding in-
timescale in 10-14 residue peptides (Tirado-Rives et alyolving the NH of residué + 1 and the carbonyl of residue
1993; Zhang and Hermans, 1994); conversion of alamethi- — 2 (Piela et al., 1987; Fraternali, 1990; Yun et al., 1991,
cin to complete 3, helix would be expected to occur during Sankararamakrishnan and Vishveshwara, 1993), there are
the 1-ns simulations if this was the energetically favorabletwo other similarities in the hydrogen bonding patterns of

Effects of proline 14
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melittin and alamethicin in this region, involving the for- tained throughout the-helical simulation (Fig. 13), so that
mation of y- and m-type hydrogen bonds. As described overall levels of intramolecular hydrogen bonding remains
recently (Gibbs et al., 1997), the loss of hydrogen bondhigh for these residues (Fig. 11). The “nonregular” hydro-
constraints on the carbonyl of Aib10 in alamethicin, to- gen bonds allow the helical segments N- and C-terminal to
gether with the absence ¢#-atoms on Gly, allows the P14 to bend away from each other while intramolecular
Aib10-Gly-11 peptide bond to partially reverse. In this state,hydrogen bonds are maintained (Gibbs et al., 1997), an
the amide carbonyl projects away from the helix axis andobservation which may explain the apparent incompatibility
the Gly NH forms an inverse~turn with good hydrogen between high exchange stabilities of G11, L12, and Aib13
bond geometry. A similar conformational transition involv- NH's in alamethicin (Dempsey, 1995; Fig. 12) and the
ing the T11-G12 peptide bond is observed in the melittinevidence for helix bending from spin-relaxation experi-
simulations with the formation of g-turn stabilized by a ments (North et al., 1995). Spyracopoulos et al. (1996)
G12 NH-T10 carbonyl peptide bond (Fig. 7). Reversibleinterpreted NMR relaxation parameters in terms of in-
“flipping” of the X-Gly peptide bond may have a role in creased structural disorder around residues G11-L13 of ala-
orienting the amide carbonyl for solvating the channel lu-methicin in methanol. This structural disorder, together with
men, or providing additional cation binding sites (Sansomthe overall decreased backbone order parameters in alam-
1992), in ion channel states of these peptides. The motiéthicin compared with interior close-packed regions of pro-
-G-X-X-P- (alamethicin) and -G-X-P- (melittin) is found in teins described by these authors, may result from local
predicted transmembrane helices of several membrane idnterconversion of intramolecular hydrogen bonding pat-
channel proteins (unpublished observation), and similaterns as observed in the simulations.

peptide bond reversals with reorientation of the peptide

carbonyl could have functional consequences.

The presence of glycine 2 or 3 residues before prolin
additionally deconstraing-helical structure so that residues
G12 and L13 (melittin) or G11, L12, and Aib13 (alamethi- It may be questioned whether the dominant hydrogen bond-
cin) undergo transitions between different hydrogen bondng patterns observed in the simulations adequately repre-
patterns in whichr-hydrogen bonds are abundant (Figs. 6,sent the real situation. Several observations suggest that
13, and 14). In melittin, ther-helix may be associated with they do. The 3, hydrogen bonds, highly populated for Aib3
sequential loss of stable hydrogen bonding for residues 1and V15 of alamethicin, but not for A4 and A15 of melittin,
and 13 (Fig. 6) whereas in alamethicin, the interconversiongre consistent with amide exchange stabilities. Secondly,
of y-turn and 34, a-, and m-hydrogen bonding are main- both alamethicin simulations rapidly relax to the same hy-

Ei=ieliability of simulated structures
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drogen bond pattern which is recovered after large amplitions, particularly for amides in stable regions of structure
tude backbone fluctuations in which several hydrogen(residues 7-11 and 19-23 in melittin; residues 4-9 of
bonds are broken (see below). Since much of the deviatioalamethicin; Table 1). The simulated coupling constants for
from regulara-helical structure results from the localized alamethicin are similar to those calculated from the x-ray
influence of side chains (e.g., the promotion @f Belix by  structure (Fox and Richards, 1982), but are generally larger,
Aib through steric effects), it is not surprising that the since backbone fluctuations around a stable helical structure
general structural features can be reproduced by dynamiasill tend to increase the coupling constant. The main lack of
simulations. These results are promising for the design andgreement is in the C-terminal tripeptide sequence where
structure prediction of helical polypeptides, particularly the coupling constants from simulations are much larger
those that interact with membranes and are soluble in northan those calculated from the x-ray structure or measured
aqueous solution where intramolecular hydrogen bonding igh methanol (Table 1). This difference is probably due to the
promoted. Previous experiments have shown that the “inpresence of E18 in the alamethicin variant used in the x-ray
trinsic” structural properties of these peptides, determineénd solution NMR studies, since there is a much closer
in methanol, are relevant for the membrane-reconstitutedgreement between the simulated data and the measured
state (Dempsey et al., 1991; Dempsey and Butler, 199Z0upling constants for Q18 alamethicin in detergent mi-
Dempsey and Handcock, 1996). The present study indicatelles (Table 1; Franklin et al., 1994).
that with correctly chosen initial conditions, including coun-
terions and solvent composition, the intrinsic conforma-
t|qnal prppertles of isolated helical peptldes may .be deteri—lydrogen bond opening and amide
mined with an accuracy comparable with that obtained fron}] drogen exchanae
routine NMR structural analysis. This conclusion is sup- ydrog 9
ported by recent successful comparisons of dynamics sinSince fluctuations involving transient hydrogen bond
ulations of helical peptides with experimental measures ofopenings” are required for hydrogen exchange from hy-
backbone conformations (e.g., Tirado-Rives et al., 1993drogen-bonded amides (Englander and Kallenbach, 1984),
Zhang and Hermans, 1994), solvent effects (e.g., Kovacs atuch fluctuations observed during the dynamics trajectories
al., 1995), and hydrogen bond patterns and stabilities (Hirsiight provide pathways for exchange. Unfortunately, little
and Brooks, 1995; Shirley and Brooks, 1997; see alsés known about the amplitudes and timescales of these
Tobias et al., 1995). fluctuations, which are preequilibrium events preceding
The conformational properties of less-constrained regionshemical exchangekf >=> k; in Scheme 1; EX2 kinetics).
are less easily confirmed since these are difficult to characthe maintenance of EX2 kinetics at high pH for exchange
terize experimentally; this is particularly so for structure from solvent-accessible helical amides in apamin (Demp-
near P14 in each peptide. In general, the experimentaey, 1986) indicates, in that case, that the backbone fluctu-
observation that intramolecular hydrogen bonds are mainations (strictly the closing rate constaky) are faster than
tained for amides of residues G11, L12, Aib13, and V15 0f0.1 ms. Although fluctuations underlying amide exchange
alamethicin (Dempsey, 1995) but not for G12, L13, andfrom isolated helices probably occur on a faster timescale,
A15 of melittin (Dempsey, 1988; 1992) can be understoodhere is no evidence that they occur on the nanosecond
in relation to the persistent interconversion of intramolecu-timescale accessible to simulation. The fluctuations under-
lar hydrogen-bonded structures for NH's of residues aroundiying amide exchange may therefore be inadequately rep-
P14 in alamethicin (Fig. 13) and the loss of stable hydrogemesented in the simulations. However, several conclusions
bonding for the corresponding residues in melittin (Fig. 6).can be made about the nature of the fluctuations that un-
Since the melittin simulation underwent some progres-derlie amide exchange from these peptides in methanol.
sive changes in hydrogen bonding at the N-terminus, and in First, despite indicating stable hydrogen-bonded struc-
the sequence before P14 (Fig. 6), it is not clear whetheture, the simulated percentage hydrogen bond lifetimes,
averaging of properties over the full simulation is a betterexpressed as apparent equilibrium constants for hydrogen
description of the true conformational properties than arbond closing relative to opening, are considerably smaller
average over later periods of the simulation. Amide vicinalthan the experimental lifetimes calculated from amide ex-
coupling constants calculated by averaging over the fulchange protection factors (Figs. 5 and 12). This has two
simulation are closer to experimental values than thoseontributions. First, low exchange protection facters<(2-
calculated from the final 200 ps of the simulation (Table 1).fold) cannot easily be measured, and amides that are not
If this is taken to indicate that the behavior over the full hydrogen-bonded (e.g., amides of residues 2 and 3 in melit-
simulation is a more accurate representation of the confortin; Fig. 5), can have significant exchange protection, pos-
mational properties in solution, then the partial unfolding ofsibly resulting from steric hindrance to the formation of
the N-terminal residues and loss of helical structure neaexchange intermediates. A second contribution results from
P14 should be considered at least partially reversible, athe definition of hydrogen bond criteria in the simulations,
expectation that can be tested in longer simulations. which, in the most relaxed form, requires a hydrogen bond
There is generally a good agreement between measuratistance (NH-0) of <3 A and an angle (N-H—O)
coupling constants and those calculated from the simula>120°. As the hydrogen bond criterion is relaxed, the



150

Biophysical Journal

Volume 74 January 1998

TABLE 1 Simulated and experimental 3Jy,cy. coupling constants for alamethicin and melittin
Espositd
Alamethicin sim* pH 9.1 pH 6.1 Franklir® X-ray" Melittin sim (0.5 ns) sim (>0.3 ns} Bazzo**
Ul 3.3) 2.7 Gl 7.2 6.9 —
P2 (4.6) 34 12 8.1 8.3 4.1
U3 (3.8) 3.4 G3 4.8 4.8 5.2/5.8
A4 57 56 5.5 4.8 43 A4 5.2 6.4 4.3
us (3.4) 3.1 V5 4.3 4.8 55
A6 59 47 4.9 5.0 5.6 L6 4.6 4.4 4.0
Q7 49 52 5.3 4.9 3.9 K7 5.0 51 45
us (3.4) 3.2 V8 5.1 4.8 5.1
V9 6.4 56 5.4 6.7 5.1 L9 4.8 45 4.8
u1o 4.2) 3.2 T10 6.6 6.9 6.6
G1l1 6.0 5.1/6.2 4.6/6.1 4.0/5.2 6.0 T11 6.3 8.2 6.3
L12 6.9 7.7 7.9 8.4 6.3 G12 4.6 2.6 5.5/5.5
u13 (3.0) 3.0 L13 4.4 4.4 3.7
P14 (5.0) 3.4 P14 — — —
V15 6.7 7.3 8.0 6.3 3.4 Al5 7.5 7.5 5.3
ul6 (3.4) 33 L16 4.3 4.4 5.0
u17 3.7) 35 117 4.2 4.0 4.6
Q18 8.0 5.3(E18) 5.7 (E18) 7.5 5.1 S18 4.2 4.2 3.0
Q19 80 7.1 7.3 8.1 6.5 W19 4.6 4.6 45
Phol20 75 92 9.3 9.5 9.6 120 43 4.3 4.4
K21 4.3 4.1 4.1
R22 4.9 5.1 4.7
K23 4.3 43 4.7
R24 5.9 5.7 4.9
Q25 8.6 8.8 6.1
Q26 7.2 7.0 7.4

*Coupling constants®(y,,cn.) calculated from molecular dynamics simulation as described in the text. Values in brackets are apparent coupling constants
for residues lacking am-proton (Aib) or NH (Pro).

#Measured coupling constants for E18-alamethicin in methanol (Esposito et al., 1987).

SMeasured coupling constants for alamethicin in aqueous SDS micelles (Franklin et al., 1994).

TApparent coupling constants calculated from the structure of alamethicin (molecule A) crystallized from methanol (Fox and Richards, 1982).
ICoupling constants®{y,cp.) calculated from molecular dynamics simulation of melittin in methanol with counter ions, averaged over the full trajectory,
and the final 200 ps, respectively.

**Measured coupling constants for melittin in methanol (Bazzo et al., 1988).

simulated apparent hydrogen bond lifetimes increase (Figd.988). Backbone fluctuations that separate the amide NH
5 and 12), and can be made to approach the experimentahd carbonyl partners of a single hydrogen bond=3y5—4
hydrogen bond lifetimes with an upper distance criterion ofA are not easily accommodated in isolated helices without
3.5 to 4 A (not shown). While this does not necessarilydisrupting adjacent hydrogen bonds, supporting the expec-
indicate that hydrogen bond breaking fluctuations involvingtation that fluctuations involving concerted “opening” of
NH—O separations of>3.5 or 4 A are required for ex- several sequential hydrogen bonds are required for ex-
change, it does suggest that the rapid small amplitude flucchange of interior amideis isolated helicesFinally, com-
tuations involving small{1 A) excursions from acceptable parison of protection factors for acid- and base-catalyzed
hydrogen bond geometry are not pathways for hydrogemxchange in a polyalanine-based helical peptide in water
exchange in these peptides. This doesn’t exclude the posgiRohl and Baldwin, 1994) and alamethicin in methanol
bility that such small amplitude fluctuations might underlie (Dempsey, 1995) indicates that cooperative fluctuations in-
exchange from some interior sites in proteins where largevolving concerted freeing of the amide NH and carbonyl of
amplitude fluctuations are rarer (Englander and Kallenbachthe same peptide bond make at least some contribution to
1984). acid-catalyzed exchange.

Secondly, while fluctuations involving cooperative Many large-amplitude fluctuations were observed in the
“opening” of several sequential hydrogen bonds were nosimulations, illustrating both the general stability of hydro-
systematically analyzed, these might be important for amidgen-bonded structure (through its recovery after conforma-
exchange from isolated helices. In melittin, similar ex-tional excursions) and potential fluctuational pathways for
change protection factors among interior amides in themide exchange. An example from thehelical alamethi-
N-terminal helix and among those in the C-terminal helixcin simulation (Fig. 15) represents one of a number of
indicated that these amides might exchange during corfluctuations in which an internal turn of helix reversibly
certed hydrogen bond opening fluctuations (Dempsey,opens” with concerted breaking of several hydrogen bonds
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