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ABSTRACT A mechanism by which NH stretching quanta are coherently transported along a chain of hydrogen bonded peptide
groups is demonstrated by classical simulation of a section of the a-helical peptide poly(L-alanine). Vibrational motion takes place
on a complex energy surface constructed from earlier ab initio and empirical surfaces. A speculative hypothesis of the biological
role of this mechanism is presented, and the critical parameters governing the dynamics are identified and discussed.

INTRODUCTION

The mechanisms by which energy is transported be-
tween sites of chemical reactivity in membrane-bound
proteins are important subjects in current molecular
biology. This and two previous papers propose and
investigate an interesting mechanism whereby large
quanta of vibrational energy may be transported coher-
ently through the network of hydrogen bonds in a-heli-
cal proteins.
The first paper in this series (1) dealt with a very

simple model of hydrogen bonded amides: sufficiently
simple to allow a clear exposition of the mechanism
proposed and to allow both analytic and numerical
solutions of the classical and quantum dynamics. The
mechanism relies on two Fermi resonance interactions:
between NH stretching vibrations and Amide-I modes
on the same molecule and on the adjacent hydrogen
bonded molecule. From this simple model, three main
points emerge. First, when the rates of intra and inter
molecular energy transfer are approximately equal,
coherent energy transfer via a solitonlike pulse occurs.
Second, under certain conditions, the classical dynamics
of such a chain of coupled oscillators qualitatively
reproduces the features of the quantum dynamics of the
chain. Third, the Fermi resonance mechanisms produce
a group velocity for the energy pulse that is much greater
than that expected for optical phonons.
A second paper (2) dealt with a model of chains of

hydrogen bonded N-methylacetamide (NMA) which
occur in the solid state. Using a realistic potential energy
surface, classical simulations demonstrated that coher-
ent energy transfer occurs in this system by essentially
the same means as in the simple model, despite the
presence of many other degrees of freedom in this large
molecular aggregate. An energy pulse was found to
transfer between molecules on the subpicosecond time-
scale. These simulations invoked a number of simplify-

ing approximations, including a linear hydrogen bonding
geometry and restriction to two dimensional motion.
This paper discards many of these approximations.
Here we report simulations which show that coherent

energy transport is theoretically possible in a model
system whose parameters closely approximate condi-
tions in an a-helical protein. The following section
explains, in the context of an unashamedly speculative
hypothesis,,why such energy transfer could be important
in a biological context. The section entitled Mechanism
gives a qualitative description of the energy transfer
mechanism. The next section contains a brief descrip-
tion of the model peptide, a-Poly(L-alanine). The remain-
ing Sections of the paper are devoted to a demonstration
of the energy transfer process. We present a detailed
derivation of the potential energy surface constructed to
describe the vibrational motion of this peptide; note
some essential computational details; and present the
results of classical simulations of vibrational energy
redistribution after excitation ofNH stretching near one
end of the helix. These results are discussed and related
to earlier work.

ENERGY CONDUCTION IN PROTEINS

The idea that vibrational energy, from the hydrolysis of
adenosine triphosphate (ATP), can propagate through
the hydrogen bonds of proteins as a localized pulse has
been considered previously, albeit via a very different
mechanism (3 and references therein). However, this
localized excitation has been shown, in classical simula-
tions, to be unstable at temperatures as high as room
temperature and to be trapped at low temperature (4).
We propose a new mechanism, based on Fermi

resonance processes. However, before exploring this
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mechanism, one should consider the biological context.
It is not clear how an a-helical protein could become
involved in the transport of vibrational energy created by
hydrolysis of ATP, or how a cell might use such a

process. We have attempted to examine these questions.
The argument developed below is not the result of years
of study in biochemistry. However, it is an attempt to
weld together parts of the recent knowledge gained
about the structure and function of membrane-bound
proteins into a feasible, if extremely speculative, hypoth-
esis.

Hopefully, this hypothesis and, perhaps more impor-
tantly, a demonstration of the mechanism will provoke
further study.

BIOLOGICAL HYPOTHESIS

Many important functions of cells are carried out within
and at the surface of membrane-bound proteins. Perti-
nent examples include the ATPase ion pumps, such as
the Na+/K+ and Ca2" pumps (5, 6), which maintain ion
concentrations within the cell against a concentration
gradient. The direct supply of energy to these pumps is
provided by the hydrolysis of ATP to adenosine diphos-
phate (ADP):

ATP4- + H2O-3ADP3- + HP042- + H+, (1)

(under normal physiological conditions).
ATP is the common energy currency of the cell, so

that its synthesis and hydrolysis are among the most
actively studied processes in bioenergetics (7, 8). Never-
theless, the detailed mechanism by which the energy of
this exoenergetic hydrolysis is used to accomplish ion
transport is not known.

In recent years, the structure of membrane bound
proteins has become much more clearly understood. In a
very few cases (9, 10) electron microscopy and x-ray
diffraction have been used to provide a complete struc-
ture. In many other cases, the complete residue se-
quence is known, and together with computational
models of protein folding, a fairly accurate picture of the
secondary structure can be determined (5, 11, 12). One
conclusion from these studies has been that interlocking
a-helices almost certainly comprise the predominant
secondary structure in the membrane spanning regions
of such proteins (12). These helices typically span the
membrane, a distance of 30 A, requiring each helix to
be at least 20 peptide units in length. The function of
such bundles of a-helices is by no means completely
understood, though there is evidence that ion channels
are formed within them (13, 14), and site directed

mutagenesis can be used to indicate the function of
particular residues (6, 14).

It is known that the hydrolysis of ATP takes place
while it is bound (as a magnesium complex) to the inner
surface of such membrane-bound proteins. No definitive
structure for these binding sites is available at present.
However, two similar models have been proposed in
recent years (15, 16) which are based on folding models,
an evaluation of the role of residue sequences which are

conserved in a number of related proteins, and the
effects of mutagenesis directed at these conserved sites.
A full account of these models is given in the references
above, though it is important to note that such models
are continually being refined in the light of recent rapid
progress. While acknowledging the danger of oversimpli-
fication, we can summarize the situation as follows. The
models postulate a role for four conserved residue
sequences in binding ATP (denoted sites III to VI [15]).
These sites lie at the sides of a binding pocket formed by
a postulated succession of P-a-1 segments (16). Sites IV,
V, and VI are predicted to play a role in binding the
nucleotide, sites III and VI to participate in binding the
phosphate groups. A short a-helical segment at one end
of sequence VI may (15) bind the a phosphate group in
similar fashion to that seen in the binding of several
soluble proteins with phosphate moieties (17, 18). There,
x-ray diffraction studies have shown that phosphate
moieties bind strongly to enzymes with a Pap secondary
structure (18). The binding usually involves the forma-
tion of a single (or possible two) hydrogen bond between
a phosphate oxygen and an NH group at the terminus of
the a-helical segment. This is not surprising since the
dipole moment of an a-helix is equivalent to a charge of
+ 1/2 at the NH terminus (17). Alterations to amino

acids in sequences III to VI show (19) inhibited Ca2+
transport and dephosphorylation rather than inhibition
of ATP binding.

In the ATPase proteins, the -y phosphate group of
ATP is thought to lie close to the phosphorylation site
(20, 21), an Aspartate residue (Asp351 in the Ca2+ ATPase
of sarcoplasmic reticulum). Mutation of this residue
allows hydrolysis but prevents ion transport and so is
thought to act as an essential part of the energy

transduction process.
We note that this Aspartate lies close in sequence,

and possibly close in proximity, to the end of stalk helix 4
(15), one of four helices which span the membrane and
have a hydrophilic extension into the cytoplasm. These
a-helices are thought to form (15) a membrane-
spanning bundle enclosing an ion channel. At some

point in this channel, particular residues form the active
ion gates and binding sites (13, 14). A recent study has
also identified a high affinity metal binding site in the
stalk region; a probable location for Ca2' binding (22).
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Again, it is interesting to note that the residues near the
end of stalk helix 4 are strongly conserved (much more
so than the corresponding segments of stalk helices 1-3).
Unfortunately, no site directed mutagenesis has been
carried out on this sequence, as far as we are aware.

The -y phosphate group is cleaved during the hydroly-
sis of ATP. In solution, under physiological conditions,
the free energy release of this hydrolysis is 9 kcal
mol-'. However, the reverse reaction taking place on

mitochondria has been estimated (8) to have a AG of
17-17.5 kcal mol-1. In other units, the equilibrium free
energy released at the protein by the hydrolysis is
probably in the range 3,150-6,100 cm-'. Exactly how
much energy is released as usable work in the kinetic
process of bond cleavage is not known with great
certainty. However, it is quite reasonable to expect that
somewhere in excess of 3,000 cm-' of vibrational energy
is released.

It seems evident that the site of ATP hydrolysis and
the ion binding and gate sites are not directly adjacent.
By some means, energy must be transferred from the site
of hydrolysis to the ion binding or ion gate sites, possibly
through the stalk or transmembrane a-helical segments.
The NH stretching modes of the protein, -3,300 cm',

and the CO stretching and/or NH in-plane bending
modes 1,550-1,650 cm-', are very well placed in
frequency to accept energy of the magnitude released by
hydrolysis of ATP. These modes could provide a me-

dium for energy transduction.
In light of these arguments, we adopt a further

working hypothesis: that the hydrolysis of ATP at a

membrane-bound ATPase leads initially to the excita-
tion of NH stretching or CO stretching-NH bending
mnodes localized at one terminus of an a-helix.
In the following sections we explore the consequences

of vibrationally exciting the protein in this way.

MECHANISM

We have shown previously (2) that crystalline N-methyl-
acetamide, which contains the trans peptide group,
exhibits 2:1 Fermi resonance coupling between the NH
stretch and the NH in-plane bending motions contained
in the Amide-I and Amide-II modes. It is, therefore,
important at this point to understand the qualitative
character of these principal vibrational motions (23, 24).
The Amide-I mode [ 1,655 cm' in poly(L-alanine)

or secondary amides in condensed phases] is charac-
terised largely by C=O stretching (= 80% in potential
energy distributions) and to a lesser extent NH in-plane
wagging (_ 10%) and CN stretching (_ 10%). Whereas
the NH wagging component is small in potential energy
terms, the relatively light mass of the hydrogen means

wagging amplitude is still significant. The Amide-II
mode ( 1,550 cm-' in condensed phases) involves a

large amount of NH in-plane wagging ( 60%). This
vibration also involves CN stretching ( - 40%) and some
smaller contributions from NC stretching and CO in-
plane wagging.
The so called Amide-B band (3,100 cm-') in the

vibrational spectra of secondary amides and polypep-
tides has been associated with Fermi resonance. In cis
secondary amides (25) this band has been identified with
a Fermi resonance between the NH stretch and the
combination of CO stretching and NH bending modes at
approximately 1,650 cm-' and 1,450 cm-', respectively.
In trans peptides (25-28) this band is generally thought
to be the result of a Fermi resonance between the NH
stretch and the overtone of the Amide-II mode (cis
secondary amides do not exhibit an Amide-Il mode). A
more recent study (29) has considered a manifold of
states including the overtone of the Amide-I mode and
the third overtone of the NH out-of-plane bend ( - 780
cm-') to describe both the Amide-A ( 3,280-3,300
cm-') and Amide-B bands at low temperatures. The 2:1
frequency matching needed for resonance with the
Amide-A mode is closest to being fulfilled by the
Amide-I mode, and it is this mode, rather than the
Amide-B mode, which we consider herein.
Whereas there is evidence for Fermi resonance type

interactions, (the intensity of the Amide-B band is too
great to be the pure overtone of the Amide-II and must
contain some NH stretch character), it is certainly not
clear that a simple interpretation is appropriate. We
have seen that if multiple Fermi resonance interactions
exist within and between molecules, the expected Fermi
splittings may be diminished and therefore a theoretical
analysis in terms of a single resonance or a single
molecule would not be accurate. It should also be noted
that the overtone of the Amide-I mode corresponds to
the middle of the broad Amide-A band so there is little
chance of resolving it and determining any Fermi shift.
Hydrogen bonding occurs between NH and CO groups

on adjacent amide groups in the condensed state; for
example, in crystalline N-methylacetamide (30). In the
a-helix, three hydrogen bonding chains or spines are set
up between peptide groups on adjacent turns, as illus-
trated in Fig. 1. This hydrogen bonding directly couples
modes involving the NH and CO stretching via both
harmonic and anharmonic terms in the potential energy.
We have shown previously (2) that anharmonic coupling
terms proportional to the donor NH bond length dis-
placement and the acceptor C=O bond length displace-

ment squared are likely to be significant in magnitude
and in their effect on dynamics.
The special properties of this peptide group comes

from the combination of three features: the near 2:1
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molecule, and so on. A concerted flow of energy, by
nonlinear resonances, becomes possible along the hydro-
gen bonded spine of an a-helix. Alternatively, if two
quanta of the Amide-I mode were initially excited,
energy could flow by the same means.

alpba carbon

Omyen

*mDtrOgen

* peide
carbon.

bonds

e-POLY (L-ALANINE)

A generalized a-helix (34, 35) is shown in Fig. 1. The
hydrogen bonding pattern has the NH on residue n
bonded to the CO on residue n + 3. We model
a-poly(L-alanine), [a-(Ala). ], whose geometrical param-
eters (36) (see Table 1) conform very closely to those of
the standard a,- helix. This particular a-helix has been
chosen for the simulation because it is the simplest
observed a-helix, with only methyl and hydrogen substit-
uents on the a-carbon.
To simplify the dynamics, the methyl substituent is

replaced by a point mass. This is done to remove degrees
of freedom which are unlikely to be important. We
model a section of helix 21 residues long. Therefore,
each of the hydrogen bonded chains running down the
helix contains seven residues. This length is characteris-
tic of a-helical sections in membrane-bound proteins.

POTENTIAL ENERGY SURFACE

FIGURE 1 A section of a,-helix. For clarity, substituents on the alpha
carbon are not shown.

ratio of the NH stretch and Amide-I frequencies when
hydrogen bonding is present, together with the known
kinematic coupling of stretching and bending modes
(31-33); the involvement of the CO stretch in the
Amide-I mode, which, owing to the head to tail arrange-
ment of hydrogen bonding, is directly coupled to the
next NH stretch; and the reasonable possibility of
suitable cubic coupling terms existing across the hydro-
gen bond.
The following scenario becomes possible: upon excita-

tion of the NH stretch at 3,300 cm-', energy will be
transferred into the Amide-I mode (and possibly the
Amide-II mode) by an intramolecular (stretch-wag)
Fermi resonance and therefore into the CO stretch. This
group is hydrogen bonded to the NH on the next peptide
group, and is in 2:1 resonance with its stretch. Given
suitable anharmonic coupling, energy will be transferred
by an intermolecular Fermi resonance into the next

An advantage of specifically modeling a-(Ala), is that
there is a potential energy surface available using the
point mass approximation for the methyl group. This
surface of Dwivedi and Krimm (37) (DK), derived from
a number of previous surfaces for polypeptides (38 and
references therein), has been adopted as a starting point
in our investigations. However, there are three areas of
difficulty for implementation of the DK surface which
require modifications.

TAsLE 1 Geometry of a-Poly(L-alanIne)*

Bond lengths Bond angles Dihedral angles

(A) (Deg) (Deg)
r(CaC) 1.53 O(C-CN) 115.4 T(NC), 4. -57.4
r(CN) 1.32 O(CNC-) 120.9 T(CC), 4 -47.5
r(NC-) 1.47 O(C-CO) 121.0 T(CN), w 180.0
r(CO) 1.24 9(CNH) 123.0
r(C-H) 1.07 O(NCOMe) 109.9
r(NH) 1.09 e(CCOMe) 109.5
r(COMe) 1.53 9(NC-H-) 109.5

9(CC-H) 109.5
r(NO) 2.86 0(NHO) 164.2
r(OH) 1.88 O(HOC) 156.2

*Reference 35.
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The first difficulty is the choice of coordinates. The
DK potential surface is expressed in a set of redundant
coordinates. A 21-residue section of helix contains 147
particles so there need only be 435 nonredundant
coordinates, but 885 internal coordinates are used to
calculate the energy. Thus, the force constants are not
partial derivatives of the energy. This restricts compari-
son of these force constants with those of other surfaces,
and inhibits improvement of the surface. Furthermore,
the dihedral angles across the hydrogen bonds, R. and
R29 (see Table 2) are poor choices of dynamical coordi-
nates because the NHO and HOC angles are so close to
1800. These coordinates have very small diagonal force
constants (0.0005 aJ for TNH and 0.001 aJ for Tco), no off
diagonal terms, and the rigidity of the backbone of the
a-helix should ensure that the coordinates are re-

strained, so these terms in the DK surface are discarded.
Removing these coordinates does not have significant
effect on the calculated vibrational frequencies.
The second problem with implementation of the

potential energy surface is that Dwivedi and Krimm (37)
calculate the frequency dispersion for the Amide-I and
Amide-Il modes using transition dipole coupling (39)
(TDC) perturbatively. This cannot be reproduced in
dynamics. Moreover, it is difficult to formulate a satisfac-
tory framework to accurately include the most important
electrostatic couplings by this means, as the dipole-
dipole approximation is inadequate at the short separa-

tion of neighboring groups. These interactions have
been discarded and partially replaced by cross-hydrogen
bond intermolecular force constants calculated by evalu-
ating the second derivatives of the intermolecular poten-
tial of Jorgensen and Swenson (40), for two peptide
groups set up in the helix hydrogen bonding geometry, in
terms of a complete set of internal coordinates. The
significant interpeptide force constants are given in
Table 3. All the intrapeptide terms thus calculated were
discarded as it would be inappropriate to include these
in addition to the DK intrapeptide force constants. The
force constants of Table 3 involving rOH, ONHO and OHOC
replace those of the DK surface.
The final and most important difficulty concerns the

general quality of the force field. The intrapeptide part
of the DK potential is compared, in Table 4, to the
intramolecular parts of three NMA ab initio force fields
(41-43) and to the intramolecular part of our (2) NMA
chain potential, all recast in the internal coordinates of
the helix. One should keep in mind the different condi-
tions under which these force fields have been derived.
Nevertheless, a fairly obvious conclusion can be drawn
from Table 4. Clearly, the four NMA force fields bear a

stronger resemblance to each other than to the DK
surface. The major distinguishing feature of the DK
surface is that it neglects a large number of off-diagonal
terms. Whereas a transferrable, semi-empirical, force
field could not include every possible coupling, a reason-

TABLE 2 Internal coordinates for acPoly(L-alanine)*

RI = Ar(CQC)
R3= Ar(NCQ)
R5 = Ar(NH)
R, = Ar(CaMe)
R9 = AO(CQCN)
RI, = AO(NC-C)
R13= AO(NCO)
R15 = AO(C'NH)
RV= AO(NCaMe)
R19= AO(CCaMe)
R21 = AO(HOC)

R23= Aw(CO)

R25 = AT(CQC)
R27 = AT(NCa)
R29= AT(NH)
T1= RID
T5 = R5D
T9 = R4A

T17= RIOA
T21 = R22

CaC stretch
NCa stretch
NH stretch
CaMe stretch
C"CN ang bend
NCaC ang bend
NCO ang bend
C*NH ang bend
NCaMe ang bend
CC'Me ang bend
H * OC ang bend
CO out of plane deforma-

tion
CaC torsion
NCa torsion
NH torsion
T2= R2D
T6 = R1A
T = R5A
T,4= R13D
T18 = R12A

R,= Ar(CN)
R4= Ar(CO)
R, = Ar(CaHo)
R8= Ar(OH)
RIO= AO(CNCa)
R12 = AO(COCO)
R14= AO(CNH)
R6==AO(NC-H-)
R,8= AO(CC-H-)
R20= AO(HQCQMe)
R22= AO(NHO)

R24==A(NH)
R26= AT(CN)
R28 = AT(CO)

T3 = R3D
T = R2A
Til = R8
T,5 = R14D
T19 = R14A

CN stretch
CO stretch
COHQ stretch
O * H stretch
CNCa ang bend
CaCO ang bend
CNH ang bend
NCOHO ang bend
CCaHa ang bend
HWCxMe ang bend
NH .* O ang bend
NH out of plane deforma-

tion
CN torsion
CO torsion

T4 = R4D
T8= R3A
T,2= R9D
T16 = R9A
T20 = R21

Biophysical Journal Volume 61 February 1992

*See reference 37 for full definition of out of plane deformations and torsional coordinates. Coordinates Ti are used to describe the cross-hydrogen
bond potential energy, whereA and D denote coordinates on donor and acceptor molecules in the hydrogen bond, respectively.

320 Biophysical Journal Volume 61 February 1992



TABLE 3 Interpeptide force constants*

Coordinates Force Coordinates Force Coordinates Force Coordinates Force
TiTi constant T7T7 constant T Ti constant T TJ constant

11,11 0.166 20,8 0.001 20,20 0.000 20,10 0.002
21,21 0.049 20,16 0.005 11,21 0.055 20,17 0.003
20,21 0.011 20,18 0.006 11,1 0.003 2,9 0.003
11,2 0.012 2,16 0.001 11,4 0.004 2,18 0.001
11,5 0.270 3,9 0.001 11,8 0.002 5,16 0.004
11,9 0.012 5,18 0.003 11,10 0.003 12,16 0.001
11,12 0.025 14,16 0.001 11,14 0.002 14,18 0.001
11,15 0.028 15,9 0.002 11,16 0.006 15,16 0.003
11,17 0.001 11,18 0.005 11,19 0.001 21,1 0.002
21,2 0.012 21,4 0.002 21,5 0.045 21,7 0.001
21,12 0.018 21,15 0.018 21,17 0.003

*Units: stretching, aJ/A2; bending aJ; bend stretch coupling aJ/A.

able number of these neglected couplings are relatively
large in all the other force fields, (see for example the
rC.N,OcH or rcN, OCaNH terms).
The large differences in off-diagonal force constants

do not affect the frequency spectrum as much as the
character of the normal modes. In particular, for the DK
surface, the Amide-I modes show a negligible involve-
ment of the NH wagging motion by comparison with all
the other surfaces. This is surprising, because it is
generally expected that the intra-peptide dynamics of
the helix would be similar to that of NMA; indeed this
has been the justification for the general interest in
NMA. Consequently, the intrapeptide part of the DK
helix potential energy surface was replaced by the
intramolecular part of our NMA surface (2) (Table 4).
The resultant hybrid force field produced Amide-I

and Amide-II frequencies for the helix and the N-deuter-
ated helix that are within 25 cm-' of the experimental
values (44). However, the errors combine to give fre-
quency shifts on deuteration that are significantly higher
than reported. Whereas this seems to indicate an exces-
sive amount of the NH wag in the Amide-I and Amide-II
modes, it is dangerous to relate the deuterated fre-
quency shift totally to the amount of NH(D) wag
character in the mode; to do so assumes the character of
the mode does not change upon deuteration. Moreover,
the spectroscopy of ot-(Ala). suffers from similar uncer-
tainty (45, 46) to that evident for NMA (2). In particu-
lar, there must be some doubt over the resolution of
small deuteration frequency shifts, in relatively broad
bands, for only partially deuterated samples (44). For
example, the Amide-I deuteration frequency shifts ob-
served by Rabolt et al. (44) are only 3 and 8 cm-' for
Raman and infrared, respectively, whereas the Amide-I
bands have a FWHM of the order of 30 cm-' for the
Raman and 100 cm-' for the infrared spectrum. The

undeuterated component of these samples dominates
the spectrum.
To attempt to correct for these discrepancies, a very

simple refinement procedure was used to scale the
diagonal force constants of the rco, rcN stretch and the
0CNH and OH in-plane wag coordinates, those princi-
pally involved in the Amide-I, II vibrations, to provide
better agreement with experiment. The average of the
middle 19 of the 21 frequencies for each mode was taken
to give the theoretical frequency to avoid problems with
modes lying at the ends of the helix, and the four force
constants were scaled by no more than 10%. The scaling
procedure was otherwise the same as that used forNMA
(2, 47).

Scaling could not reduce the Amide-I deuteration
frequency shift below 21.5 cm- without allowing extraor-
dinarily low values for some force constants. Owing to
the importance of this mode, two sets of scaled force
constants are examined with deuterated shift of 21.5
cm-', P1, and the other 25.9 cm-l, P2. The final value of
the deuterated frequency shift is still 13 cm-' higher than
that seen in one experiment. The final frequencies
obtained in the two scaling runs are given in Table 5,
along with the frequencies to which they were fitted. The
final (2, 2), (4, 4), (14, 14) and (15, 15) force constants of
Table 4 are then, respectively, 6.913, 10.000, 0.448 and
0.392 for P1 and 6.770, 9.938, 0.459 and 0.393 for P2.
The final form of the potential surface has thus

become a sum over residues or peptide groups of the
form:

21

V = 2 [VWntra(n) + VRDK(n)
n-I

18

+ z [Vin,.(n, n + 3) + Vanh(n, n + 3)]
n=l

(2)
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TABLE 4 Comparison of the Intra-peptide force constants*

Coordi-
nate Dwivedi Sugawara Sugawara Clarke
R,Rj Description and Krimmt BalazsO et al., 19841 et al., 1986' and Collins"*

1,1

2,2
3,3
4,4
5,5
9,9

10,10
12,12
13,13
14,14
15,15

1,2
1,3
1,4
1,5
1,9
1,10
1,12
1,13
1,14
1,15

2,3
2,4
2,5
2,9
2,10
2,12
2,13
2,14
2,15

3,4
3,5
3,9
3,10
3,12
3,13
3,14
3,15

4,5
4,9
4,10
4,12
4,13
4,14
4,15

5,9
5,10
5,12
5,13
5,14
5,15

9,10
9,12
9,13
9,14
9,15

cac
CN
NCO
CO

NH
C"CN
CNC"
COCO
NCO
CNH
C"NH

C"C, CN
C"C, NC"
C"C, CO
C"C, NH
C"C, C"CN
C-C, CNC"
C"C, C"CO
C"C, NCO
C"C, CNH
C"C, C-NH

CN, NC'
CN, CO
CN, NH
CN, C-CN
CN, CNC'
CN, C"CO
CN, NCO
CN, CNH
CN, C"NH

NC", CO
NC-, NH
NC", C"CN
NCO, CNC"
NC", C"CO
NCO, NCO
NC", CNH
NCO, C"NH

CO, NH
CO, C"CN
CO, CNC"
CO, C"CO

CO, NCO
CO, CNH
CO, C"NH

NH, C"CN
NH, CNC"
NH, C"CO
NH, NCO
NH, CNH
NH, C"NH

C"CN, CNC"
C"CN, C"CO
C"CN, NCO
C"CN, CNH
C"NH, C"CN

4.160
6.415
4.823
10.029
5.830
0.833
0.826
1.046
1.446
0.556
0.556

0.300
0.100
0.500
0.000
0.300
0.000
0.100
0.000
0.000
0.000

0.300
0.500
0.000
0.300
0.600
0.000
0.200
0.294
0.000

0.000
0.000
0.000
0.150
0.000
0.000
0.000
0.294

0.000
0.150
0.000
0.450
0.450
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.200
0.000

4.321
6.630
5.260
11.750
6.718
0.924
1.131
0.924
1.709
0.561
0.561

0.294
-0.026
0.404
0.007
0.057
0.034

-0.057
0.390
0.020

-0.020

0.098
1.247
0.002
0.323
0.178

-0.323
0.353
0.183

-0.183

-0.056
-0.039
0.017
0.246

-0.017
-0.139
-0.185
0.185

-0.024
-0.354
-0.031
0.354
0.409
0.045

-0.045

-0.025
-0.121
0.025
0.073
0.031

-0.031

0.062
-0.924
-0.017
0.005

-0.005

4.760
7.750
5.350
10.020
0.000
0.940
0.560
0.681
0.889
0.447
0.413

0.350
-0.030
0.520
0.000
0.204
0.008
0.117

-0.321
0.010

-0.018

0.230
1.520
0.000
0.098
0.245

-0.452
0.354
0.047

-0.292

-0.060
0.000
0.041
0.253
0.015

-0.056
-0.275
0.022

0.000
-0.498
0.008
0.171
0.327
0.031

-0.039

0.000
0.000
0.000
0.000
0.000
0.000

0.013
-0.366
-0.574
-0.018
0.005

5.000
8.110
6.020
13.200
8.230
0.860
0.727
0.841
1.049
0.544
0.509

0.350
-0.030
0.520
0.020
0.204
0.008
0.117

-0.321
0.010

-0.018

0.230
1.520
0.010
0.098
0.245

-0.452
0.354
0.047

-0.292

-0.060
-0.020
0.041
0.253
0.015

-0.056
-0.275
0.022

-0.060
-0.498
0.008
0.171
0.327
0.031

-0.039

-0.041
-0.073
-0.001
0.042
0.058
0.016

0.013
-0.326
-0.534
-0.018
0.005

3.676
6.791
5.521
9.802
0.000
0.643
0.593
0.566
0.672
0.498
0.436

0.274
-0.025
0.340
0.004

-0.083
0.026

-0.141
0.224

-0.005
-0.021

0.101
1.154
0.023
0.138
0.107

-0.339
0.201
0.110

-0.217

-0.052
-0.039
0.058
0.178
0.031

-0.089
-0.227
0.049

-0.018
-0.340
-0.022
0.103
0.236
0.042

-0.020

-0.015
-0.107
-0.019
0.034
0.109
0.005

0.035
-0.269
-0.374
0.003

-0.038
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TABLE 4 (continued)

Coordi-
nate Dwivedi Sugawara Sugawara Clarke
R,Rj Description and Krimmt Balazsi et al., 19841 et al., 1986' and Collins**

10,12 CNC-, C'CO 0.000 -0.062 -0.041 -0.041 0.007
10,13 CNCG, NCO 0.000 -0.119 0.028 0.028 -0.042
10,14 CNC-, CNH 0.000 -0.014 -0.297 -0.381 -0.328
10,15 CNC-, C'NH -0.040 0.014 -0.263 -0.346 -0.265

12,13 C-CO, NCO 0.000 0.017 -0.315 -0.515 -0.297
12,14 C0CO, CNH 0.000 -0.005 -0.009 -0.008 -0.038
12,15 C"CO, C-NH 0.000 0.005 0.050 0.050 0.031

13,14 NCO, CNH 0.251 0.073 0.027 0.027 0.035
13,15 NCO, C-NH 0.000 -0.073 -0.055 -0.055 0.006

14,15 CNH, C-NH 0.038 -0.561 -0.150 -0.163 -0.170

*Units: stretching, aJ/A2; bending aJ; bend stretch coupling aJ/A. *Reference 37; reference 43; Ireference 41; 'reference 42; and **reference 2.

where Vin,ra represents the scaled intrapeptide potential
terms given in Table 4 and above; VRDK are the remaining
terms from the DK potential surface, given in Table 6;
Vinter represents the cross-hydrogen bond terms given in
Table 3, and Vanh is the same cross-hydrogen bond cubic
term involving cNHco for the NMA surface:

Vnh(nfn + 3) = CNHCOT5(tt)T2(n + 3) (3)

where T5 is the NH stretch on the donor and T1 is the CO
stretch on the acceptor in the hydrogen bond (see Table
2).
Two very small force constants involving the CO and

the NH out of plane deformations with the CN torsion
were discarded from the DK surface, without observable
distortion of the surface. The small off-diagonal force
constants coupling the rNc and OCce, and ONCatC and OCNH
coordinates, which have the values of 0.2 aJ A` and
-0.1 aJ, respectively in the DK surface, have been set to
zero in our force field. Because the Ca and Me atoms
have no significant motion in the Amide-I mode, neglect
of these terms is unlikely to have significant impact on
the dynamics reported. These force constants are only

TABLE 5 Refinement of Amide-I and 11 frequencies (in cm-')
for the potentlal surfaces

P, surface P2 surface
Unscaled
surface Target* Final Target* Final

Amide-I 1668.0 1675.5 1658 1657.5 1657.9
Amide-I-Nd 1624.8 1637.5 1636.5 1632.5 1632.0
Amide-II 1563.4 1544.0 1547.1 1544.0 1544.3
Amide-II-Nd 1474.0 1473.5 1471.4 1465.0

*Target frequencies discussed in text.

relevant to the low frequency modes which we have not
attempted to refine.
The set of vibrational frequencies for the potential

energy surface P2 is shown as a histogram in Fig. 2,
compared to experimental infrared and Raman frequen-
cies. The frequencies were calculated for the complete
21 residue section. Any more direct comparison is
difficult, especially below 1,300 cm-', owing to the
congestion of frequencies. From this figure, the gener-

ally good agreement of the model vibrational frequen-
cies with the experimental frequencies for ac-(Ala-N-H)n
can be seen.

Some problems do remain with this surface. The most
significant question concerns the amount ofNH bend in
the Amide-I modes. It is reasonable to expect the
intramolecular part of the force field ofNMA to provide
a good model for this part of an a-helix, and even though
it is likely that the deuterated frequency shift is overesti-
mated, this surface is still considered to be a better
representation of the Amide-I mode than that provided
by the DK surface. However, it is clear that if the
original DK surface is correct, coherent energy transfer
via the proposed mechanism is remote. Also, little
attention has been placed on the accuracy of the
potential in reproducing the vibrational frequencies
below 1,000 cm-'. In the present circumstance, these
modes are not expected to have much effect on the
dynamics, but this would not necessarily be the case

where this potential may be used.
The NH stretching modes have been treated effec-

tively as harmonic oscillators, following the NMA study
(2). Morse oscillators were found to be inappropriate in
a classical simulation involving transitions only between
the ground and first excited state: in this energy region,
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TABLE 6 Force constants for c-Poly(L-anine) in addition to Table 3*

Coordinates Force Coordinates Force Coordinates Force Coordinates Force
R/Rj constant RRj constant RRj constant RRj constant

6,6 4.523 7,16 0.079 7,7 5.080 7,17 0.317
11,11 1.093 7,18 0.079 16,16 0.765 7,19 0.417
17,17 1.093 7,20 0.415 18,18 0.654 9,11 0.160
19,19 0.981 10,16 0.100 20,20 0.664 11,15 0.000t
23,23 0.657 11,16 -0.0317 24,24 0.129 11,17 0.200
25,25 0.060 11,19 -0.041 26,26 0.680 11,23 -0.073
27,27 0.087 11,24 0.160 28,28 0.000 29,29 0.000
15,16 0.100 12,18 0.150 16,18 0.019 1,7 0.101
16,20 0.043 1,11 0.300 16,22 0.1022 1,16 0.026
17,19 -0.041 1,18 0.305 17,20 -0.031 1,19 0.367
17,24 0.120 1,20 0.079 18,23 -0.100 3,7 0.101
19,20 -0.031 3,11 0.300 19,23 -0.050 3,16 0.427
22,24 0.007 3,18 0.026 23,24 -0.050 3,17 0.217
23,26 0.000t 3,19 0.000t 24,26 0.000t 3,20 0.079

From reference 38 except where noted with t (see text). Units: stretching, aJ/A2; bending aJ; bend stretch coupling aJ/A.

the NH stretch should be in resonance with a single
frequency corresponding to the 0-+1 energy gap, whereas
a classical Morse oscillator vibrates with a spectrum of
frequencies depending on its energy. Moreover, if one
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considers a first-order time-dependent perturbation
treatment of quantum 2:1 Fermi resonance coupling
between a Morse oscillator and a harmonic oscillator, it
is clear that the transfer rate will depend on Morse
matrix elements such as < v = 1 br v = 0 > . Mortenson
et al. (48) have shown that for Morse oscillators with
relative anharmonicity w)/(x)eXe) of typically -50, the
harmonic approximation to such matrix elements is in
error by only 3%. Hence, it can be expected that a

classical harmonic oscillator simulates a quantum Morse
oscillator, in resonance with other modes at low energy,
more accurately than does a classical Morse oscillator.
For computational convenience, NH oscillators have
been described by Morse functions with negligible anhar-
monicity. For example, an NH frequency wH of 3,304
cm-' is given by Morse parameters (2) ofD = 9.451 fJ
and a = 0.1011 A-'. Other values of wtNH reported here
correspond to the same small relative anharmonicity.

COMPUTATIONAL DETAILS

The computational method follows very closely that for
the simulation ofNMA (2). Trajectories are evaluated in
Cartesian coordinates, using the Verlet leap-frog algo-
rithm. Calculations were performed in reduced units,
with mass in amu, length in Angstroms, and unit time of
9.552 fs (about one NH stretch period). The unit of
energy is then 5.495 aJ (-9,160 cm-1). Energy was
conserved to within 10-' reduced energy units using a
time step of 0.02 time units. The trajectories were
performed for seven helices simultaneously, requiring
-5 s/(1,000 time steps) per trajectory on a Fujitsu
FACOM VP-100.
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FIGURE 2 Histogram of calculated vibrational frequencies of ax-Poly
(L-alanine) using the P2 surface, compared to observed (44) frequen-
cies (shown below zero). The bin size is 7.5 cm-'.
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FIGURE 3 The numbering scheme used for a 21-residue section of
a-helix. The NH bonds on residues 16,12, and 8 are excited in some
simulations reported, with CNHCO set to zero to prevent energy transfer
to residues 19,15, and 11.

The a-(Ala), helices were set up in the geometry of
Table 1. Fig. 3 indicates the numbering scheme of the
residues. Residue n is the donor molecule in the hydro-
gen bond with residue n + 3 and the acceptor in the
hydrogen bond with residue n - 3. The initial excitation
was placed in NH oscillators (2). Reduced zero point
energy (quasicallical quantum number v = -0.49) was

used for the Cartesian normal modes and unexcited NH
oscillators, to mimic the quantum dynamics more closely
(1,2).
For trajectories where there was only limited energy

transfer, it was possible to simultaneously perform three
simulations of energy transfer within the 21 residue
section of a-helix, as shown schematically in Fig. 3.
Three excitations were located on nonneighboring resi-
dues to allow three essentially independent simulations
of energy redistribution over the three distinct hydrogen
bonded chains. This reduces possible bias due to the
position of the excitation and improves the statistics.
The coupling cNHCO was set to zero for these oscillators so

that energy could be transferred only in one direction
along the hydrogen bonded chain. When conditions
conducive to more coherent energy transfer were em-

ployed, single excitations were followed down the com-

plete helix.
A stable method for calculation of the dihedral angles

(and their Cartesian derivatives) is required. The dihe-
dral angle T'r,, is defined to be the angle from the plane
containing atoms A, B, C to the plane containing B, C, D
in an anticlockwise direction. For bond vectors a (B-)A),
b (C-*B), and c (D--C), a stable description is given by

rb (a x b) x (b x c)]
T = arcsin rI(4rCi l bi la x bl lb x cl

for dihedral angles near rr, whereas related formulas
apply elsewhere.

Three time dependent quantities are reported. The
energy of each individual residue or peptide group is
approximated by summing the intrapeptide terms, the
remaining DK terms, half of the cross-hydrogen bond
terms, and the atomic kinetic energy. For simplicity, the
energy involved in the motion of C. and its substituents
is included with the peptide group of the adjacent
nitrogen. The NH stretch energies (2) and total energies
in the Amide-I and II modes are also reported. These
quantities were averaged over an ensemble (usually 28)
of parallel trajectories and, where applicable, over

multiple simulations within the same section of helix.
The NH stretch oscillator frequency and CNHCO were

examined to locate the regions of greatest energy trans-
fer for the P1 surface. For the same conditions, trajecto-
ries were performed using the P2 surface to investigate
the effect of increasing the NH wag character of the
Amide-I mode at the optimal conditions.

No anharmonic coupling
Fig. 4 shows the 14 trajectory average energy redistribu-
tion following initial excitation of a NH stretch oscilla-
tor, without any anharmonic potential coupling
(CNHCO = 0). An energy of 4,920 cm-' (0.54 energy units)
has been placed in the NH oscillator of residue 20 (see
Fig. 3). This energy, approximately one quanta above
the ground state, was used in all the trajectories with
single quanta NH excitations.
An NH frequency of 3,304 cmt was found to give the

fastest overall intramolecular energy transfer: the NH
stretch energy reaches a minimum of <5% of the initial
excitation at 0.5-0.6 ps. The familiar stretch-wag

Fermi resonance between the NH stretch and the
Amide-I mode is clearly reproduced here. Twice the
Amide-I frequency is 3,316 cm-' which, allowing for
some anharmonicity in the Amide-I modes, means that
the NH stretch frequency of 3,304 cm-' must be very

close to the overtone. The Amide-II mode is seen to take
a much smaller role in the initial stages of the energy

redistribution.
Energy moves much more slowly out of the initially

excited molecule, mainly in one direction along the helix
backbone to residue 19 (Fig. 5 b). This is, perhaps
artificially, due to the allocation of the C. group energy.

The timescale is so much slower than the intrapeptide
Fermi resonance, that backbone transfer is unlikely to

be important. (In fact, when anharmonic coupling is
included, >90% of the energy remains in the initially
excited hydrogen bonded spine; this percentage may be
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FIGURE 4 Average energy versus reduced time for CNHCO = 0 and a
NH stretch frequency (wNH) of 3,304 cm-': (a) total energy for residue
20 and its NH oscillator, and all Amide-I and Amide-II modes; (b) the
energies of neighbouring residues. Unit time = 1 NH stretch period;
unit energy = 9,160 cm-'.

even larger but for the allocation of the C. energy). We
note that the variation in the energy of residue 21
correlates strongly with the energy of the Amide-I mode,
indicating that dephasing of the Amide-I modes will be
part of this slow energy transfer pathway.

Variation of energy transfer with NH
stretch frequency
Preliminary trajectories indicated the range of frequen-
cies and cNHCO couplings that were of interest, so more
detailed investigations were performed with NH stretch
oscillators whose frequency ranged from 3,338 cm-' to
3,278 cm-l with CNHCO held constant at -4.0 aJ A-3. The
results for a frequency of 3,278 cmt1 and the optimal
frequency of 3,304 cmt1 are shown in Figs. 5 and 6. The
trajectories were all run for seven helices in parallel
using three separate excitations per helix as illustrated in

FIGURE 5 Average energy versus time for cHCO = -4 aJ A-3 and
oNH= 3,304 cm-1, where residue I is an average over residues 16, 12,
and 8, and so on (see Fig. 3). (a) residue energies; (b) NH stretch
energies for the residues in (a); (c) average amide mode energies for
one excitation.

Fig. 3. The numbering system used in the diagrams has
the excitation starting in residue I and proceeding to
residue IV. Comparison of the averages for the three
separate excitations, within a section of helix, with the

326 Biophysical Journal Volume 61 February 1992
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Variation of energy transfer with
cubic coupling
With the NH stretch frequency optimised, the cubic
potential energy coefficient, cNHC, was examined. The
trajectories of Fig. 5 were repeated with CNHCO of -3.0,
-3.5, and -4.5 aJ A3. The results for -3.5 are

displayed in Fig. 7. Decreasing CNHCO to -3.5 aJ A-
makes very little change to the transfer timescale or the
amount of energy transferred out of the first or second
peptide group but the differences are apparent with the
third and particularly the fourth peptide group, which
gains 50% more energy. Lowering the cubic coupling

term to -3.0 results in slightly less energy transfer, but it
is still marginally more efficient than at cNHCO = -4.0 aJ
A-. Increasing the cubic coupling parameter to -4.5 aJ
A3 leads to less energy leaving the initially excited
residue, and only a small amount reaching the fourth.

200
0

rz

FIGURE 6 As for Fig. 5 (a) and (b), with NH = 3,278 cm-'.

combined averages did not suggest any large excitation-
site dependant effects or end effects.

Fig. 5 clearly shows a decaying energy pulse, in both
total energy and NH stretch energy, propagating down
the hydrogen bonded chain in a very similar manner to
that observed previously in NMA simulations (2). The
time for the pulse to reach a maximum in the fourth
residue in the chain is 1.5-1.6 ps. However, the energy

appears to be partially trapped between the second and
third residues, indicating that the cubic potential cou-

pling may be too large.
Changing the NH stretch frequency from 3,304 cm-'

up to 3,318 cm-' or down to 3,294 cm-' produced very

little observable change in the dynamics. Outside this
range the resonance mechanism is strongly perturbed.
Fig. 6 shows the effect of a NH frequency of 3,278 cm-'.
The energy becomes trapped in the first three residues
as- the 2:1 frequency matching required for Fermi
resonance is poorly satisfied. Similar behavior is ob-
served for a frequency of 3,338 cm-' or higher.

cD
0a

z

TIME

FIGURE 7 As for Fig. 5 (a) and (b), with cNHCO = -3.5 aJ A-'.

ClreadClisSmlto
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Longtime simulations at optimal
conditions
With the NH stretch frequency and the cubic coupling
parameter optimised at 3,304 cm-' and -3.5 aJ A`
respectively, 28 trajectories were performed over longer
time (Fig. 8). The initial excitation was placed in one of
the free NH stretch oscillators (residue 20), allowing for
energy transfer along the complete hydrogen bonded
chain. The energy propagates almost completely down
the helix, with a very small amount of energy reaching
the seventh residue after about 3.3 ps (350 time units).
The coherence of the energy transfer starts to break
down after 1.4 ps, when a small secondary pulse is
introduced between the second and third residues,
which it should be remembered remains after averaging
over the trajectories. This apparent disruption of the
pulse is probably also a result of the averaging process,

as the pulses from each individual trajectory get out of
phase further down the molecule. The total Amide-I
mode energy, in Fig. 8 c, also shows the breakdown of
the coherent behavior in the second half of the trajec-
tory.

Increased excitation energy
To investigate the anharmonicity of the system the
amount of initial excitation was increased to two quanta
above the ground state (8,260 cm-' or 0.90 energy units),
keeping all other conditions the same as for Fig. 8.
Surprisingly, there is sufficient anharmonicity in the
kinetic energy to significantly disrupt the coherent prop-

agation of the energy pulses, so that very little energy

reaches beyond residue 11, and the energy propagation
is erratic.

P2 surface
The optimal conditions obtained with the standard
potential surface, P1, were repeated with the alternative
surface, P2, which has enhanced NH wag components of
the Amide-I modes. Averages over 28 trajectories are

shown in Fig. 9. Comparison of Fig. 9 a with Fig. 8 a

shows a great resemblance up to 1.4 ps (150 time
units), where in Fig. 8 a, a small secondary energy pulse
develops. In contrast, once the energy pulse has passed a

residue in Fig. 9 a, the residue does not interact strongly
with its neighboring groups even though it still has some
energy in it. As a result, the energy pulse is seen to move
relatively undisturbed to the end of the helix. The NH
energies similarly show the energy pulse moving to the
end of the chain. Comparison of the amide mode
energies, Figs. 8 c and 9 c, shows that more energy is
observed in the Amide-I modes of Fig. 9 c which have
greater NH wag component.

0

z

0 100 200

TIME
300 400

FIGURE 8 Average energy versus time following excitation of the NH
stretch on residue 20, for wgN = 3,304 cm-' and CNHCO = -3.5 aJ A-':
(a) residues in the hydrogen bonded chain containing residue 20; (b)
NH oscillator energies for the residues in (a); (c) total energy in
Amide-I and Amide-II normal modes.
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FIGURE 9 As for Fig. 8, using the 1% surface.

Single trajectories using the P2
surface
Finally we examined a small number of single trajecto-
ries that were run at the optimal conditions, using the P2
surface, to exhibit the effects of averaging on the above
results. The variation between these single trajectories
appeared to be much greater than that seen in NMA
simulations (2), where a lower reduced zero-point en-

ergy was used. For example, the trajectory displaying the
poorest energy transfer diverged from the average behav-
ior (see Fig. 9) after the decay of the initially excited NH
stretch at about 75 time units (0.7 ps). Thereafter most
of the energy became trapped in the first and second
residues. By comparison, Fig. 10 shows a striking exam-
ple of coherent energy transfer.
From the individual residue energies shown in Fig. 10,

a very smooth energy pulse can be clearly seen propagat-
ing down the hydrogen bonded chain with, at one time, a

maximum energy of approximately half the initial excita-
tion appearing in residue two (that is, about one quanta
of Amide-I vibrational energy). This transfer occurs by
350 time units or 3.3 ps. The proportion of energy

transferred from one residue to the next varies from 96
to 87%, whereas the width, as measured by FWHM, only
increases from about 0.5 ps for residue 17 to - 0.6 ps for
residue five.
The NH stretch energies in Fig. 10 are seen to return

to near zero after the pulse has passed, indicating that
the small amount of energy that remains in each residue
is associated with the Amide-I or Amide-II modes. The
key to the coherence of the energy transfer is probably
the fact that, as the energy pulse passes through a

residue, the NH stretch is left very cold, inhibiting
energy transfer back in the other direction.
The total Amide-I mode energy, Fig. 10 c, shows

seven clear maxima, occurring between the maxima of
the NH stretch energy, which reflects the presence of
two interacting pulses of energy moving down the
hydrogen bonded spine.

DISCUSSION

The energy transfer we have observed in this simulation
of a section of a-(Ala). is qualitatively similar to that
observed in the corresponding NMA simulations (2).
While this is not surprising given the origin of the
a-(Ala). force field, one should remember that the
character of phase space is very different due to the
extension of motion to three dimensions, the altered
hydrogen bond geometry, and the increased number of
degrees of freedom. Despite this, the resonant mecha-
nism still provides the dominant relaxation pathway.
The critical element of the potential surface is the

character of the Amide-I modes. The NH bend ampli-
tude in the Amide-I mode is less in the a-helix surface
than in that for NMA, which can be seen in the lower
deuterated frequency shift, a slower rate of energy

transfer, and a smaller anharmonic coupling constant to
balance the rates of inter- and intrapeptide energy
transfer. The near optimal value of CNHCO is -3.5 aJ A-3.
This magnitude is plausible, considering the marked
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FIGURE 10 As for Fig. 8, using the P, surface, for a single trajectory
showing efficient energy transfer.

effect of hydrogen bonding on the group frequencies,
and considering that a single term represents the effect
of several possible couplings. If the NH wagging charac-
ter of the Amide-I mode were reduced further, the size
of the anharmonic constant at the balance point would

also be reduced. However, with any decrease in the
overall coupling strength, the sensitivity to the balance
of the inter-and intrapeptide couplings and also to the
frequency mismatch increases. If the amount of NH
wagging in the Amide-I mode becomes very small, the
range of parameters which allows coherent energy

transfer will likewise become very small. However, it
should be stressed that there need only be a small
amplitude of NH wag in the Amide-I mode for the
resonant mechanism to operate.
We have assumed that side chain, intramethyl group

and interhelix effects are unimportant. The dominance
of the resonance coupling mechanism in very different
simulations suggests that it is highly unlikely that these
relatively small effects are significant.
At near optimal conditions, the NH stretch frequency

of 3,304 cm-1 is approximately 25 cm-' away from the
experimental band centre for a-(Ala). but well within
the relatively broad absorption band (many peptides
exhibit the NH stretch band centred at -3,300 cm-')
(38). Moreover, the frequency width of the resonance

appears large enough to encompass most of the NH
stretch band. This is another measure of the sturdiness
of the kinematic part of the resonant energy transfer
mechanism. In this regard, we can see the effect of
harmonic oscillators, (in place of the anharmonic Morse
oscillators used for NMA): the resonance width appears
to be at least as large as that seen for NMA even though
the kinematic coupling strength has been reduced.
The rate of coherent energy transfer is slightly less

than that seen in the NMA simulations. In the best case,

the energy pulse reaches a maximum in the last residue
by 3.3 ps, an average velocity of nearly two chain sites

per ps. The corresponding quantum rate would there-
fore be -3.5 chain sites per ps, or a transfer time
between modes of 0.15 ps. This compares with 0.1
ps for the NMA simulations (2) and about the same for
the simple model (1). This energy transfer rate is
manifestly faster than that for any other relaxation
pathway.
The dominant mechanism by which energy is lost from

the propagating pulse appears, as in NMA (2), to be
energy trapping by the Amide-II modes, particularly in
the initially excited residue. The NMA simulations
showed that this effect is much reduced if the Amide-I
mode is initially excited. Thus, it may be that more
efficient energy transfer in the helix would be obtained if
the Amide-I mode were involved in the initial excitation
in conjunction with the NH stretch excitation considered
here.

It is clear, from the simulations presented here and
previously, that coherent energy propagation is a rela-
tively robust phenomenon, and consequently the ques-
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tion of whether this resonance mechanism operates in
nature arises.

It is apparent that any experiment probe of crystalline
NMA or a-helices will be technically very demanding.
Inelastic neutron scattering may possibly be used to
observe characteristic effects (2) on the NH stretching
phonon frequency dispersion (49), but would be more
difficult for protein crystals. The complexity of the
vibrational spectrum makes it very hard to envisage an
unambiguous manner in which the effects of coherent
energy transfer could be observed in the conventional
absorption spectrum.
For a test related to the biological context discussed

above, site directed mutagenesis could be used to
disrupt the hydrogen bonding of an a-helix, say by
insertion of a proline residue, between the site of ATP
hydrolysis and the ion binding and gate sites. Such an
experiment can really only give a negative result (that is
disproving the resonant mechanism), if the cellular
function is not impaired, the converse would not neces-
sarily prove the hypothesis as interference with the
hydrogen bonding may affect the structure and hence
the function ofmany other processes. Similarly, deutera-
tion of an ATPase protein by exposing it to high
concentrations of D20 may have many effects other than
destroying the 2:1 resonance. There have been con-
flicting reports of inhibition of ion transport in D20
(50, 51). These effects may be due to differences in
solvation. FT-IR evidence (52) suggests that the random
coil segments of the Ca2' ATPase are deuterated in
D20, showing an Amide-I frequency shift from 1,657 to
1,643 cm-'. However, the corresponding a-helix and
,B-sheet frequencies are unchanged, implying no H-D
exchange. This is not surprising, because extremely
harsh conditions (44) were required to achieve even
partial exchange in poly(L-alanine). Generally, the bio-
logical effects of D20 are so large and complex (53) that
the role of this resonance mechanism remains an open
question.

In this and two previous papers, we have presented a
hierarchy of models for the simulation of energy transfer
in hydrogen bonded amides and proteins from a simple
heuristic model to a comprehensive simulation of a
section of a-helix.
The simple model provided a number of useful

results. It showed the relationship between the Fermi
resonance mechanism and previously studied atomic
lattice systems, which leads to coherent energy propaga-
tion reminiscent of nonlinear acoustic modes rather
than optical modes. Both quantum and classical simula-
tions showed that stable solitonlike pulses of vibrational
energy form from the localised excitation and propagate
rapidly. Also, the solution of both the classical and
quantum equations of motion established the conditions

under which the classical simulations provide a good
qualitative description of the quantum dynamics, albeit
with the rate of energy transfer underestimated by
almost a factor of two.
The simulations of energy transfer in NMA and

a-(Ala)n provide a more serious platform for the investi-
gation of the feasibility of the biological hypothesis. By
including the exact kinetic energy and comprehensive
potential surfaces, these two simulations represent the
most complete characterisations attempted of the dynam-
ics of hydrogen bonded amides or peptides. The simula-
tions illustrate that, even though the number of alterna-
tive relaxation paths available to the dynamics has
increased many-fold, the extended Fermi resonance
mechanism dominates. On the basis of these simula-
tions, it can be concluded that coherent energy transfer
can occur given two principle requirements: that there is
some NH wag amplitude in the Amide-I modes and that
the anharmonic potential and kinematic couplings are
approximately in balance.
While there is no proof that this resonant mechanism

is important in biological systems, it is likely that energy
transfer by the Fermi resonances described here forms a
feasible relaxation pathway for the types of excitations
considered. Furthermore, it is not inconceivable that a
biological system, such as an a-helical section of a
protein, could have been tuned by evolution to provide a
means of highly efficient vibrational energy propagation
under conditions similar to those described here.
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