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Infrared photon echo signatures of hydrogen bond connectivity
in the cyclic decapeptide antamanide

Andrew M. Moran, Seung-Min Park, and Shaul Mukamela)

Departments of Chemistry and Physics and Astronomy University of Rochester, Rochester,
New York 14627-0216

~Received 7 January 2003; accepted 11 March 2003!

Distinct hydrogen bonding patterns are predicted in the amide I and amide A vibrational bands of
four dominant conformations of antamanide using anharmonic vibrational Hamiltonians constructed
at the DFT and AM1 levels. We show how these conformations may be distinguished using coherent
three pulse infrared measurements with several pulse polarization configurations in the amide I
region. The amide A hydrogen bonded N–H stretching modes are highly localized and have
conformation-dependent frequencies, but their anharmonicities are insensitive to local structure at
the hydrogen bond distances in antamanide. ©2003 American Institute of Physics.
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I. INTRODUCTION

The cyclic decapeptide antamanide (-1Val-2Pro-3Pro-4

Ala-5Phe-6Phe-7Pro-8Pro-9Phe-10Phe-) ~Fig. 1! is a small
oligopeptide which had served as a benchmark model sys
in the two-dimensional nuclear magnetic resonance~2D
NMR! studies of protein secondary structure.1–8 It has also
been the subject of extensive molecular dynamics~MD!
simulations~see Ref. 6 and references therein!. Antamanide
prevents the inhibition of depolymerization of F-actin a
G-actin in the liver cell membranes of mammals, caused
the poisonous phalloidins that occur in the mushro
Amanita17a phalloides.9 It is found in small quantities in
the same mushroom.

Antamanide has ten peptide bonds but only six am
hydrogens that can participate in the intramolecular hyd
gen bonding network1,10 since the four proline residues po
sess no amide hydrogens. Both one-dimensional~1D!
NMR11 and ultrasonic absorption measurements12 in solution
suggest that multiple conformations interchange on the
crosecond time scale. More recent 2D NMR relaxation m
surements in the rotating frame and homo- and heteronuc
coupling constant determinations have been used to cha
terize its dynamic properties; evidence for a;25ms confor-
mational exchange process with an activation energy
20 kJ mol21 at 320 K was obtained.1 TheseT1p measure-
ments are consistent with a rapid rearrangement of the
drogen bonding pattern at1Val HN and 6Phe HN, and con-
comitant changes in the local backbone dihedral angles.
two most probable dynamic-exchange pairs were identifi
these are known as thesyn-pair ~E116 and G129 of Fig. 2!
and theanti-pair ~A128 and G193 of Fig. 2!, because ofsyn-
and anti-correlated dihedral angle changes at1Val HN and
6Phe HN.1 However, Blackledgeet al.1 pointed out that their
best fit with experiment was not sufficient to exclude ad
tional pair structures. Further measurements are thus ne

a!Electronic mail: mukamel@chem.rochester.edu
9970021-9606/2003/118(22)/9971/10/$20.00
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sary in order to characterize the ensemble of possible st
tures in more detail.

Our aim in this work is to explore possible signatures
the hydrogen bonding networks of antamanide in coher
infrared multiple pulse signals. Such experiments are co
plimentary to NMR since they can monitor structural var
tions on an ultrafast~femtosecond! time scale by watching
them through a different window than NMR: fluctuations
various parameters such as transition dipole moments
frequencies. We focus on the amide I and amide A mo
because they have well-defined internal coordin
compositions13,14 and are amenable to an exciton
description.15,16 Excitonic models allow to parametriz
Hamiltonians of extended systems using information o
tained from high-level calculations on smaller mod
molecules.17,18 Excitonic modeling is necessary for th
present simulations because antamanide is too large for
sity functional theory~DFT! calculations of the entire pep
tide.

We have constructed anharmonic vibrational Hamil
nians for four conformations of antamanide using a pro
dure recently developed and applied to identify spectrosco
signatures that distinguisha- and 310-helices18 in a 15-unit
polyalanine oligomer. DFT calculations oftrans-N-
methylacetamide~NMA ! dimers configured to represent th
two helical motifs showed that the amide A anharmonicity
highly sensitive to local structure. Specifically, the quar
anharmonicity was calculated to be 45.4 and 52.9 cm21 for
the 310 and a-helices, respectively.13C isotopic derivatives
that optimally reveal the local helical structures were iden
fied for distinguishing the two conformations. A similar p
rametrization scheme has been applied recently to the am
I modes of flavodoxin and myoglobin;ab initio derived bi-
linear coupling constants were used to generate part of
Hessian matrices for these proteins.17

Our algorithm for calculating anharmonic force fields19

yields energy levels that are consistent with both experim
tal measurements20 and with an alternativeab initio theoret-
1 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



en

en

u

p
ze

y
da

re
tin

ts
le
n
A

al

nts
di-

d
ri-

la-
he
re
e-
to
the

i-
I

ruc-

f
re-
d to

of
a-
nal
pa-
dis-
dis-

e
il-

ues
ented
rion
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ical method for computing anharmonic effects on fundam
tal vibrational frequencies.21,22 The vibrational self-
consistent field algorithm21 was recently applied to NMA;22

anharmonic contributions were found to shift the fundam
tal amide I and A frequencies by 29 and 229 cm21, whereas
shifts of 40.5 and 186.4 cm21 were found using our
methodology19 ~we reported fundamental frequencies calc
lated for an anharmonic potentital of NMA in Ref. 18!. This
agreement supports our assumption that vibrational am
tude of the amide A and I modes are predominantly locali
on one and four internal coordinates, respectively.

Because of its tendency to form a variety of stable h
drogen bonded networks, antamanide is an ideal candi
for testing the capacity of coherent nonlinear infrared~IR!
methods to characterize hydrogen bond connectivity. A p
vious study used hydrogen bond induced redshifts to dis
guish between folded and unfolded conformations of
b-heptapeptide.23 To date, most nonlinear IR experimen
were conducted on relatively small peptides, possessing
than ten units. Both vibrational energy level structure a
relaxation dynamics of the prototypical monopeptide NM
were studied extensively by pump–probe20,24 and photon-
echo measurements.25 Conformational fluctuations of NMA
~and trialanine! were recently simulated using classic

FIG. 1. ~Color! Three-dimensional image of the lowest energy conform
~A! of antamanide found in this work using the semiempirical AM1 Ham
tonian.
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MD.26 Polarization-sensitive photon-echo measureme
were used to determine the angle between the transition
poles of the amide I eigenmodes for both acetoproline-NH2

27

and trialanine.28 In addition, isotopic editing strategies an
ab initio calculations were employed to translate the expe
mentally determined transition dipole orientations of tria
nine into thef and c Ramachandran angles describing t
peptide backbone.28 To that end, a least-squares procedu
was used to fit a model Hamiltonian and known thre
dimensional structure of a cyclic pentapeptide in solution
polarized pump–probe measurements, demonstrating
feasibility of extracting geometric information from exper
mental data for a molecule with more than two amide
modes. Most recently, temperature- and photo-induced st
tural changes were investigated for ab-hexapeptide29 and a
cyclic octapeptide,30 respectively; the structural evolution o
theb-peptide was monitored using IR pump–probe measu
ments, whereas polarized IR difference spectra were use
study the photo-induced dynamics of the octapeptide.

We have simulated the third order vibrational spectra
four conformations in the amide I region. These conform
tions are presented in Sec. II. The anharmonic vibratio
exciton Hamiltonian and the methods used to obtain its
rameters are described in Sec. III. Linear spectra are
cussed in Sec. VI, whereas two-dimensional spectra and

r

FIG. 2. Hydrogen bonding pattern of the four conformations~a! reported in
Ref. 1~left column! and~b! found here~right column! using the semiempir-
ical AM1 Hamiltonian. Indices are assigned to all peptide planes, resid
are denoted by standard abbreviations, and nitrogen atoms are repres
by black dots. Hydrogen bonds obtained from the Kabsch–Sander crite
are conveyed by dashed arrows.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Parameters of the exciton Hamiltonian for the amide I modes (cm21). The indices correspond to those presented in Fig. 2. The diagonal
off-diagonal elements represent theVa andJab of Eq. ~2!, respectively.

Row Column A B C D Row Column A B C D

1 1 1769.8 1769.8 1769.8 1769.8 4 5 23.1 22.6 21.2 23.0
1 2 4.8 3.9 0.5 4.4 4 6 20.1 1.1 0.0 0.1
1 3 20.9 1.2 0.3 0.9 4 7 20.5 20.6 20.2 20.8
1 4 0.1 0.3 0.6 0.4 4 8 0.3 0.1 0.3 0.1
1 5 0.1 23.2 1.5 26.2 4 9 20.1 20.2 20.2 20.1
1 6 21.1 2.0 1.0 2.2 4 10 20.1 20.3 21.6 20.3
1 7 22.1 20.2 21.0 22.1 5 5 1753.9 1758.1 1754.7 1755.4
1 8 0.8 0.6 0.8 0.5 5 6 10.3 0.7 20.5 20.7
1 9 20.4 0.6 20.9 1.4 5 7 22.3 1.1 21.2 3.5
1 10 7.5 0.8 1.6 20.3 5 8 0.8 20.6 0.8 20.8
2 2 1756.3 1756.0 1754.8 1755.4 5 9 20.1 20.6 20.2 20.7
2 3 0.5 2.5 0.8 2.5 5 10 0.8 8.6 25.9 22.4
2 4 25.3 26.7 25.3 26.5 6 6 1769.8 1769.8 1769.8 1769.8
2 5 26.5 20.2 26.4 20.7 6 7 2.2 20.5 2.5 20.4
2 6 21.6 20.7 22.2 20.7 6 8 22.2 1.4 20.7 0.6
2 7 1.2 0.0 0.8 20.0 6 9 21.1 0.5 0.2 0.4
2 8 20.1 0.3 20.2 0.3 6 10 23.5 25.7 24.3 1.4
2 9 20.6 20.7 20.7 20.4 7 7 1756.3 1755.1 1755.1 1757.2
2 10 21.9 1.5 6.6 21.5 7 8 20.2 2.0 3.3 20.2
3 3 1769.8 1769.8 1769.8 1769.8 7 9 25.5 26.2 25.7 25.7
3 4 9.1 22.6 9.6 22.6 7 10 25.5 22.2 21.3 26.4
3 5 1.9 2.2 1.8 2.0 8 8 1769.8 1769.8 1769.8 1769.8
3 6 0.9 0.5 0.8 0.7 8 9 5.4 23.0 23.1 8.4
3 7 20.1 0.3 0.0 0.1 8 10 2.1 1.9 2.3 2.1
3 8 0.0 0.1 0.0 0.0 9 9 1769.8 1758.1 1756.2 1769.8
3 9 0.4 0.2 0.3 0.2 9 10 22.6 21.9 1.2 4.8
3 10 0.9 20.8 21.3 0.6 10 10 1753.3 1757.2 1761.0 1769.8
4 4 1769.8 1757.8 1769.8 1758.7 - - - - - - - - - - - - - - - - - -
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tinct features that differentiate the four conformers are giv
in Sec. V. Our results are finally discussed in Sec. VI.

II. DOMINANT SECONDARY STRUCTURE
CONFORMATIONS

Four dominant conformations were identified by Ern
et al.1 ~see Fig. 2, left column! by combining NMR results
with a multiconformational search algorithm.1,10 Distance
constraints based on NMR cross-relaxation rates were in
porated into theCHARMM 22.0 force field31 as semiparabolic
energy terms. Subsequent geometry optimizations~in vacuo!
were therefore driven towards minima consistent with
NMR-derived constraints. Conformations that survived c
tain selection criteria were then used to determine the m
probable dynamic exchange pairs. This algorithm is outlin
in Ref. 10. Another classical MD simulation of antamani
was performed in Ref. 32 starting with the x-ray crys
structure.

Our convention for assigning indices~Fig. 2! differs
from that usually used for peptides.33 We have assigned eac
peptide plane an index, which is most sensible for our p
poses because each local amide I mode possesses amp
on only a single unit. The first index refers to the pepti
plane containing the amino group of the valine residue. T
indices are then taken to increase around the ring in the
rection of the adjacent proline residue.

In the present work we used a higher level theory: E
ergy minima were searched for using the AM1 semiempiri
Hamiltonian and an optimization algorithm.GAUSSIAN 9834
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was employed in all quantum-chemical calculations. Str
tural optimizations were carried out in two steps:~i! All
atomic positions except for the hydrogen bonded oxygen
hydrogen atoms were optimized at the AM1 level;~ii ! an
unconstrained optimization was performed to search
minima with respect to all degrees of freedom. We star
our optimizations at the four conformations reported in R
1. Our A, B, C, and D conformations were found while a
tempting to optimize to the E116, G129, G193, and A1
conformations of Ref. 1, respectively.

The presence of a hydrogen bond was determined u
the Kabsch–Sander criterion, which is based on the follo
ing expression for the hydrogen bond energy:35

EKS5 f q1q2S 1

dON
1

1

dCH
2

1

dCN
2

1

dOH
D , ~1!

whereq150.42e,q250.20e, andf 51390 e22 Å kJ/mol.35

Distances are measured with respect to the CvO of the hy-
drogen bond acceptor and N–H of the donor. Hydrog
bonds are considered to exist for all CvO/N–H pairs in
which EKS,22.1 kJ/mol.31

The two columns in Fig. 2 compare the hydrogen bon
ing patterns obtained for our AM1 conformers with tho
reported by Ernstet al.1 Note that a different criterion was
used in Ref. 1 to determine the presence of hydrogen bo
a hydrogen bond was assumed to exist when the N–O
tance is less than 3.5 Å and theN–H–Oangle is larger than
105°. The relative free energies of our four conformatio
with the inclusion of zero-point energies and thermal pop
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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lation corrections at room temperature are A~0 kJ/mol!, B
~3.549 kJ/mol!, C ~6.245 kJ/mol!, and D ~15.501 kJ/mol!.
The relative conformational enthalpies reported in Ref. 1
E116 ~21 kJ/mol!, G129 ~0 kJ/mol!, G193 ~59 kJ/mol!, and
A128 ~7 kJ/mol!.31

III. EXCITON DESCRIPTION OF THE AMIDE MODES

Our modeling of the amide I and A modes starts w
identifying the relevant local amide modes~LAM ! $Qa% re-
siding on each peptide plane. Antamanide possesses ten
amide I modes, but only six local amide A modes due to
presence of four proline residues.

We assume the following expansion of the vibration
Hamiltonian in terms of these LAM:18

H5 1
2 (

a
~Va2Da!Qa

21 1
12 (

a
DaQa

4

1 (
a,b

JabQaQb , ~2!

whereVa andDa are the frequencies and anharmonicities
the LAM. The coupling with the radiation field is2mE(t)
where the dipole operator is expanded to first order inQa

m5(
a

maQa , ~3!

andma represents the dipole derivative with respect toQa .18

Each LAM is characterized by three parameters: a freque
Va , an anharmonicityDa , and a dipole derivative,ma . The
LAM are harmonically coupled by the bilinear coupling
Jab .

FIG. 3. ~a! Vibrational frequencies of the local amide I calculated using E
~4!. Frequencies of the amide A modes taken directly from the force cons
output of an AM1 Hessian calculation. The four conformations are rep
sented by the following symbols: A~squares!; B ~circles!; C ~triangle
pointed up!; D ~triangle pointed down!. Unit label indices are given in
Fig. 2.
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A. Parameters for the amide I band

We have assumed a single local amide I mode (Qa)
located on each peptide plane. These modes are deloca
over several internal coordinates associated with the pep
planes, but the precise composition of the local mode d
not enter into the present simulation. DFT calculations
trans-NMA predict that the C8vO and C82N stretches as
well the Ca – C8– N and C8– N– H bends carry the most am
plitude in the amide I normal mode. These coordinates w
used to calculate anharmonic 3-level systems in Ref. 18
the DFT level.

A B3LYP/6-31G** normal mode analysis oftrans-N-
methylacetamide~NMA ! was used to parametrize the amid
I frequenciesVa

+ of nonhydrogen bonded amide I mode
(1769.8 cm21). The same value ofVa

+ was assigned to al
bonds and the existence of a hydrogen bond was determ
using Eq.~1!. Local amide I frequencies were calculated
Va5Va

+ 1DVa , where

DVa5aH~2.62dOH!, ~4!

andDVa represents the amide I frequency shift determin
by the hydrogen bond distancedOH. The slopeaH was set to
230 cm21/Å, producing a;20 cm21 redshift for common
hydrogen bond distances of 1.9–2.0 Å.35,36The resulting ten
local amide I mode frequencies are given in Table I a
displayed in Fig. 3.

The empirical formula@Eq. ~4!# was used in lieu of cal-
culating all of the frequencies explicitly to reduce compu

.
nt
-

FIG. 4. Structural parameters used in our simulations, thea coordinate of
Table IV is the angle between the two vectors oriented along the CvO axes.
Theb coordinate is defined as the angle between the two planes:~i! a plane
involving N, C8, and O of the hydrogen bond acceptor;~ii ! a plane defined
by the atomic positions of Ca and N of the donor along with O of the
acceptor. The orientations of the local transition dipoles are shown for
amide I of the hydrogen bond donor.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Parameters of the exciton Hamiltonian for the amide A modes (cm21).a

Row Column A B C D Row Column A B C D

11 11 3224.7 3194.8 3240.0 3249.3 13 13 3230.1 3223.2 3206.0 32
11 12 20.4 20.7 20.3 20.7 13 14 20.9 20.4 21.0 21.1
11 13 20.8 20.5 0.3 20.7 13 15 20.3 20.1 20.5 20.1
11 14 20.1 1.3 0.1 1.5 13 16 21.0 0.1 20.7 20.1
11 15 20.6 20.2 20.3 0.3 14 14 3202.6 3183.9 3241.8 3235
11 16 21.5 20.9 20.7 0.3 14 15 20.4 20.9 20.5 20.5
12 12 3230.1 3212.4 3245.7 3202.0 14 16 21.5 20.8 0.0 20.6
12 13 2.1 20.7 1.8 20.7 15 15 3224.8 3204.5 3198.0 3227.
12 14 20.5 0.0 20.5 20.3 15 16 2.0 20.9 21.3 1.1
12 15 20.2 20.1 20.2 20.1 16 16 3197.0 3221.4 3214.9 3245.
12 16 20.4 20.1 20.2 20.2 - - - - - - - - - - - - - - - - - -

aSame as Table I for the amide A modes.
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tional cost. This should be sufficient for our goal of predi
ing nonlinear infrared signatures of different hydrog
bonded conformations. Improved parametrization could
based on anab initio grid such as those presented for t
amide I bilinear coupling coefficients (Jab) in Refs. 17 and
37. This will be critical for MD simulations aimed at repro
ducing large-scale conformational changes among secon
structures, where many points along a trajectory need to
parametrized.

In our previous study we found the amide I anharmon
ity to be relatively insensitive to hydrogen bonding.18 We
have therefore taken all local amide I modes anharmonic
to be 15 cm21, a value consistent with previous theoretica18

and experimental work.20 Transition dipole orientations wer
based on DFT calculations of NMA~and its dimers!.18 The
local amide I dipole derivative was assumed to form an an
of 3.6° with respect to the CvO bond~points towards the
amide bond! in the OvCN plane~see Fig. 4!.

We used the results of Torii and Tasumi for th
magnitude14 (3.7 D Å21 amu21) and position37 of the tran-
sition dipoles. The transition dipole magnitudes of the am
I mode calculated for isolated NMA and its dimers at t
B3LYP/6-311G** level are;4.75 larger than that of Ref
14, which results in unphysical magnitudes for the biline
coupling coefficients~see the next paragraph!. This suggests
a limitation of predicting exciton Hamiltonian paramete
from calculations of isolated repeat units.

The bilinear coupling coefficients between amide
modes were calculated using a transition dipole coup
~TDC! model for nonadjacent neighbors.38,39 Couplings be-
tween local amide I modes for covalently bonded units w
taken from theab initio grid reported in Ref. 37 and gra
ciously provided to us by the authors; the coupling coe
cient was defined as a function of thef and c dihedral
angles for the peptide backbone~Ramachandran space!.32

This parametrization scheme was chosen because the
model does not accurately describe the interaction betw
nearest-neighbor amide I modes.37

B. Parameters for the amide A band

We have represented the local amide A modes b
single coordinate, the N–H stretch, which is highly localiz
and only weakly coupled to neighboring modes.
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Fundamental frequencies (Va) were taken directly from
the AM1 force constants at the four equilibrium conform
tions ~see Table II and Fig. 3!. These could have been ob
tained from higher level DFT calculations for model mo
ecules. However, it is not clear whether the high
environment-sensitive frequencies of the N–H stretch are
equately captured by these smaller model systems. L
amide A anharmonicities were calculated by cutting NM
dimers representing hydrogen bonded pairs of units ou
the four AM1 optimized conformers. Force constants we
then calculated to fourth order with respect to the N–
stretch coordinate at the B3LYP/6-31G** level and used to
parametrize the anharmonicities~see Table III!. We found the
AM1 level to be inadequate for calculating anharmonicitie

To reduce computational cost~avoid the explicit compu-
tation of the anharmonicity for all 24 hydrogen bonded p
of units! and characterize the sensitivity of the anharmonic
to specific structural coordinates, the amide A modes w
grouped according to the values of three local coordina
selected to provide a clear picture for the orientations of
pairs peptide planes~see Fig. 4!. Two of these coordinates
are the hydrogen bond distance ROH and the anglea between
the CvO bonds for hydrogen bonded pairs of pepti
planes. The third coordinate~b! is defined as the angle be
tween two planes:~i! a plane involving N, C8, and O of the
hydrogen bond acceptor;~ii ! a plane defined by the atomi
positions of Ca and N of the donor along with O of the
acceptor. We found that the 24 hydrogen bonds~four confor-
mations with six bonds each! could be classified into seve
groups whose frequencies and (B3LYP/6-31G** ) anharmo-
nicities are presented in Table IV.

The amide A anharmonicities were calculated explici

TABLE III. Local amide A anharmonicities (cm21).

Unita A B C D

1 34.3 34.3 30.3 32.3
2 33.9 33.6 33.9 33.6
3 37.5 31.1 32.2 31.1
4 34.3 32.3 34.3 34.3
5 33.9 33.6 33.6 33.9
6 32.3 31.1 34.3 32.2

aThe unit indices correspond to those shown in Fig. 2.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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9976 J. Chem. Phys., Vol. 118, No. 22, 8 June 2003 Moran, Park, and Mukamel
because they are more sensitive to hydrogen bonding
those of amide I.18 However, the calculations in Ref. 18 we
performed for relatively close hydrogen bond distances
helical structures (;1.90 Å), whereas the distances here a
at least 0.15 Å longer and therefore less sensitive to lo
structure. All calculated anharmonicities reside in t
30– 37.5 cm21 range. The transition dipole magnitud
(2.2 D Å21 amu21) was based on the relative experimen
extinction coefficients40 for the amide I and amide A mode
and the absolute transition dipole magnitude for the amid
mode reported in Ref. 14. The amide A dipole derivative
taken to make an angle of 15° with the N–H bond in t

TABLE IV. DFT transition frequencies for the amide A mode.

Subseta ROH a b V D

1 2.05 132.8 106.8 3342.1 34.3
2 2.10 161.7 33.8 3388.1 33.9
3 2.11 131.4 78.4 3398.3 33.6
4 2.15 100.9 52.6 3347.7 37.5
5 2.21 134.3 119.3 3405.8 31.1
6 2.33 97.5 35.0 3396.6 32.2
7 2.51 133.0 80.9 3432.8 32.3

aBond lengths and angles are given in units of Å and degrees, respect
Frequencies~V! and anharmonicities~D! are given in units of cm21. The
coordinatesa andb are depicted in Fig. 4.
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peptide plane and points to the carbonyl side of the N
bond ~see Fig. 4!.18

Quadratic off-diagonal force constants obtained fro
semiempirical AM1 Hessian calculations were used to
rametrize the couplings between local modes~N–H coordi-
nates; see Table II!. These were generally wea
(,2 cm21) and therefore had little effect on the delocaliz
tion of the calculated eigenmodes. In addition, couplings
tween local amide I~approximated as the CvO coordinates!
and amide A modes were taken from second-order A
force constants~see Table V!. The amide I mode was con
sidered as the CvO stretch in lieu of numerically differen
tiating with respect to a collective amide I coordinate. This
reasonable because the CvO stretch carries the most ampl
tude in this mode and is also the internal coordinate m
strongly coupled to the N–H stretch by hydrogen bonds.

The coupling coefficients between hydrogen bond
N–H and CvO coordinates (;10 cm21) were much larger
than between nonbonded pairs that are not part of the s
peptide plane (,1 cm21), and therefore constitute a goo
measure of hydrogen bond connectivity. These parame
have little effect on the energy levels since they are mu
smaller than the frequency differences between the ami
and amide A modes. However, dynamical processes suc
energy transfer between hydrogen bonded units that coul

ly.
TABLE V. Coupling coefficients between amide I and A modes (cm21).a

Row Column A B C D Row Column A B C D

1 11 211.0 210.5 27.5 28.8 6 11 20.2 1.0 0.4 0.8
1 12 1.0 0.3 0.6 0.3 6 12 21.0 20.2 20.8 20.5
1 13 1.4 20.5 1.3 20.8 6 13 23.5 22.7 23.3 22.8
1 14 0.1 0.9 0.1 0.8 6 14 212.4 211.0 210.4 27.9
1 15 21.0 20.4 20.8 20.1 6 15 1.0 0.4 0.9 0.4
1 16 23.4 23.4 22.9 21.6 6 16 27.7 20.8 0.1 0.4
2 11 22.2 24.3 24.9 23.3 7 11 21.3 20.4 20.8 20.8
2 12 26.2 24.4 23.3 25.8 7 12 20.1 20.4 20.1 20.4
2 13 29.5 0.4 28.5 0.3 7 13 20.4 20.3 20.8 0.0
2 14 20.7 20.4 20.9 20.7 7 14 21.6 24.9 23.0 24.3
2 15 20.2 20.4 0.0 20.3 7 15 28.3 27.9 210.7 26.6
2 16 20.3 20.2 0.6 20.5 7 16 210.1 0.0 0.1 28.3
3 11 20.2 0.3 0.1 0.3 8 11 0.4 0.2 0.2 20.1
3 12 21.4 21.7 21.5 22.3 8 12 0.1 0.1 0.2 0.1
3 13 20.3 0.6 20.5 0.7 8 13 0.2 20.1 0.4 20.1
3 14 0.3 0.0 0.3 0.2 8 14 20.2 0.4 20.1 0.1
3 15 0.2 0.1 0.2 0.1 8 15 22.1 22.6 22.5 22.2
3 16 0.3 20.1 20.1 0.1 8 16 20.2 0.8 1.1 0.1
4 11 20.3 20.3 0.0 20.1 9 11 0.4 0.8 0.6 0.4
4 12 28.3 210.0 28.8 214.2 9 12 20.1 20.1 20.2 20.1
4 13 1.0 212.6 0.6 217.3 9 13 20.2 20.1 20.3 20.2
4 14 0.2 0.8 0.4 1.0 9 14 20.3 20.2 20.3 20.1
4 15 20.1 20.1 20.2 20.1 9 15 210.7 212.6 213.5 210.7
4 16 20.2 20.2 20.3 20.3 9 16 1.4 214.7 218.1 1.4
5 11 20.6 25.3 0.2 27.3 10 11 216.8 215.5 28.5 1.6
5 12 20.8 23.7 20.8 25.1 10 12 20.5 0.4 0.2 20.5
5 13 29.9 28.1 29.5 211.0 10 13 20.8 0.9 24.6 20.3
5 14 215.5 213.9 217.4 219.4 10 14 20.8 27.0 20.3 0.1
5 15 20.6 0.4 20.8 0.3 10 15 21.2 24.2 24.3 21.3
5 16 20.7 0.9 20.8 0.6 10 16 29.7 29.7 210.1 26.5

aSame as Table I forJab between the amide I and A modes.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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detected by three pulse–echo36 and pump–probe technique
are determined by these couplings.

IV. LINEAR INFRARED ABSORPTION

Absorption spectra resulting from harmonic norm
mode analysis (3N-6 coordinates! at the AM1 level are pre-
sented in Fig. 5. We focused on the amide
(1900– 2010 cm21) and A (3350– 3450 cm21) regions
shown in Fig. 5~a!. Higher resolution spectra of these tw
bands are given in Fig. 5~b!. Compared to experiment,41 the
amide I frequencies are blueshifted by about 300 cm21,
whereas the amide A frequencies are only blueshifted
about 100 cm21.

The anharmonic spectra were computed using
method outlined earlier.18,19 Our basis of local amide mode
consists of the ground state and the singly and doubly
cited states. We have adopted the Heitler London approxi
tion for the couplingsJab @Eq. ~2!# and neglected matrix
elements between manifolds with a different number of
citons. The single and double exciton blocks were then
agonalized separately and the spectra were computed u
the eigenstates. Figure 6 shows the resulting linear infra
absorption for the four conformations in the amide I and
regions. The amplitude localization of the six amide A mod
(Qa) are represented by the N–H bonds shown in Fig. 2.

FIG. 5. ~a! Harmonic linear infrared spectra~all 3N-6 coordinates! calcu-
lated using the AM1 semiempirical Hamiltonian for the four conformatio
shown in Fig. 2.~b! High-resolution spectra of panel~a! for the amide I and
A regions.
Downloaded 24 Jul 2003 to 128.151.195.100. Redistribution subject to A
l

I

y

e

x-
a-

-
i-
ing
d

s
o

optimally display the level structure, we assumed a sm
homogeneous linewidth of 2 cm21 for all transitions.

The amide A transitions are unresolved experimenta
due to broadening caused by hydrogen bonding, where
few features are seen in the amide I region.41 The frequencies
and linewidths of the amide A band in nonhydrogen bond
solvents suggest that all amino groups are hydro
bonded,41 which is consistent with our calculationsin vacuo.

The calculated amide A modes are highly localized, w
over 95 % of the amplitude residing on single units for the
C, and D conformations; delocalized symmetric and an
symmetric stretching combinations that form in the A co
former are exceptions~see Fig. 6!. The indices used to labe
the amide A transitions correspond to the unit indices sho
in Fig. 2 and indicate localization of the vibrational amp
tude associated with the peak. The change in these frequ
orderings between different conformations reflects the re
tive hydrogen bonding strengths. However, experimen
resolution of these transitions would be complicated by la
homogeneous broadening, which is not included in our sim
lations.

In contrast to the amide A, the vibrational amplitudes
the amide I modes presented in Fig. 6 are delocalized o
several units, prohibiting a strictly local interpretation. How
ever, clear differences do exist, so this spectral range in c
junction with sufficiently detailed modeling could be usef
for distinguishing different conformations.

Isotopic editing strategies can be used to spectrally
late a subset of modes, and facilitate a real-space interp
tion of the spectra. Figure 7 shows the linear spectra of
isotopic derivative of antamanide in the A–D conformatio
where the13C isotope has been substituted for the carbo
12C on units 1, 5, 6, and 10~see Fig. 2!. These units were
chosen because they participate in hydrogen bonding in
conformations. A frequency downshift of 43.5 cm21 was in-
troduced inVa for all labeled modes based on a DFT calc
lation for isolated NMA.18 The amplitudes of the calculate

FIG. 6. Linear infrared spectra in the amide I and amide A regions for
four conformations as indicated~Fig. 2!, calculated using the anharmoni
vibrational Hamiltonian@Eq. ~2!#. All spectra are normalized. Labels on th
amide A peaks correspond to the unit indices of Fig. 2, and represen
localization of vibrational amplitudes.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



lc
d

he
s

on
tr
ch
Ca
en
s

i-
c
e

a
et
ta
s

fo
re

tio

lve

-

x-

8,
er
even
cal-
IR
de-

the
he
r-
s
he
on-
tion
pa-

re
the

he
out

on
b

ele

ns
riza-
ctra

n

9978 J. Chem. Phys., Vol. 118, No. 22, 8 June 2003 Moran, Park, and Mukamel
eigenmodes are dominated by these four units and the ca
lated frequencies and integrated intensities are presente
Table VI.

V. THREE-PULSE PHOTON ECHOES

Multidimensional infrared signals are sensitive to t
angles between transition dipoles of the coupled mode42

Consequently, their various tensor components,43 which can
be readily measured using different pulse polarization c
figurations, provide direct signatures of molecular geome
Figures 8 and 9 show polarized three-pulse photon e
spectra for antamanide and its isotopomer, respectively.
culations were performed in the snapshot limit; the incid
pulses were taken to be impulsive in time and posses
uniform spectral intensity over the amide I region.44 A ho-
mogeneous 2 cm21 linewidth was assumed for all trans
tions. Resonant terms in the response function were sele
by applying the rotating wave approximation manually rath
than by integration over pulse envelopes.44 The v1 and v3

frequency axes correspond to the first and third time interv
in the pulse sequence, and the second interval was s
zero. The spectra were calculated using the sum over s
expression44 and orientational factors were incorporated u
ing Eq. ~13! of Ref. 42.

Figure 8 shows the photon echo spectra for each con
mation in the ZZZZ polarization configuration. Peaks rep
senting the strong transitions seen in the linear spectra~Fig.
6! as well as their doubly excited overtones and combina

FIG. 7. Linear infrared spectra for an isotopomer in the four conformati
as indicated~Fig. 2!. Labels are placed on the most intense and resolva
peaks characterized by amplitude localization on the isotopically lab
units.

TABLE VI. Calculated eigenmodes of the isotopomer of antamanide.

A B C D
Frequency~intensity!a

1703.6~0.97! 1703.7~0.91! 1706.4~1.00! 1708.6~0.53!
1706.2~0.06! 1720.2~0.06! 1717.6~0.35! 1723.8~1.00!
1727.4~0.00! 1725.0~1.00! 1725.9~0.80! 1725.4~0.22!
1730.6~0.47! 1730.0~0.17! 1727.4~0.89! 1729.4~0.01!

aThe intensities represent the squares of the transition dipoles and are
malized to the maximum value.
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bands are clearly visible. Liouville space paths that invo
only singly excited~fundamental! transitions of one mode
generate diagonal peaks (2v15v3), whereas pathways ac
cessing their overtones are shifted down thev3 axis by the
anharmonicities.45,46Cross peaks corresponding to singly e
cited states of two different modes are seen at (2v1 ,v3)
5(2Va ,Vb), where the indicesa and b denote the two
modes. Transitions involving the modesa andb combination
bands are shifted down thev3 axis from (2Va ,Vb) by
the anharmonicity of the bandDab , and appear at
(2Va ,Vb2Dab). These features are clearly seen in Fig.
but may be difficult to resolve experimentally due to larg
line broadening in these congested bands. Furthermore,
with satisfactory resolution these eigenmodes are delo
ized, complicating the prediction of a robust nonlinear
signature of structure. We therefore turn to the isotopic
rivatives described in Sec. IV.

Figure 9 shows three-pulse photon echo spectra for
A–D conformations of the isotopomer of antamanide in t
amide I region for both ZZZZ and ZXXZ lab frame pola
izations of the four fields~in these indices time increase
from right to left!. Peak labels are the same as in Fig. 7. T
two most intense peaks are labeled for the A, B, and D c
formations, whereas three peaks are labeled for conforma
C because they are relatively well resolved and of com
rable intensity.

For conformation A, the ZXXZ cross-peak intensities a
only reduced by about 10% compared to ZZZZ because
angle between the 1703.6~mostly units 5 and 6! and
1727.4 cm21 ~mostly units 1 and 10! modes is 156°; no
attenuation would be seen for parallel transition dipoles. T
modes of this conformer have anharmonicities of ab

s
le
d

FIG. 8. ~Color! Three-pulse photon echo spectra for the four conformatio
of antamanide as indicated. All spectra are calculated for parallel pola
tions of the four fields, setting the second time interval to zero. The spe
are normalized to the peak intensity of the B conformer.

or-
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FIG. 9. ~Color! Three-pulse photon echo spectra for an isotopomer of antamanide. The ZZZZ and ZXXZ polarized pulse configurations of the four co
are presented in the first and second row, respectively. The A, B, C, and D conformers are shown in rows 1, 2, 3, and 4. The peak intensities of al
spectra are normalized to 1. The ZXXZ peak intensities are normalized to the peak intensity of the ZZZZ spectrum for the same conformer.
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10 cm21. Also, the cross-peak anharmonicities are too sm
to be resolved (,1 cm21).

The attenuation of the cross-peak intensities is easily
terpreted for conformation B because the two strongest pe
~a and b! are composed of single modes. These 1703.7
1725.0 cm21 peaks are predominantly localized on un
5/10 and 1/6, respectively. The transition dipole orientatio
for these modes differ by 36°, resulting in an intensity
duction of about 25% in the ZXXZ pulse configuration. Ea
of the modes has;8 cm21 anharmonicity, whereas th
cross-peak anharmonicities are less than 1 cm21.

Three strong and relatively well-resolved modes are c
culated for the C conformer, making it the most easily d
tinguishable from the others in the linear spectra. T
1706.4, 1717.6, 1725.9, and 1727.4 cm21 peaks are mostly
localized on units 5/10, 5/10, 1/6, and 1/6, respective
However, two modes of approximately equal intensities
calculated near 1726 cm21. The ratio of the a and c ban

TABLE VII. Calculated angles between transition dipoles for an isotopom
of antamanide.b

Modea Modea A B C D

1 2 65.7 124.7 102.0 123.7
1 3 156.0 36.0 37.1 101.6
1 4 52.6 119.9 140.9 29.0
2 3 115.8 95.8 118.1 74.1
2 4 115.7 87.3 70.0 124.2
3 4 127.6 101.9 111.4 130.6

aThe mode indices are assigned in the order of increasing energy.
bAll angles are given in units of degrees.
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cross-peak intensity to the maximum peak intensity is
duced by 20% under the ZXXZ polarization condition com
pared to that of ZZZZ.

For conformation D, the ZXXZ cross-peak intensitie
are reduced by;30% compared to ZZZZ. This is due to th
relative orientations of the transition dipoles for the 1723
and 1725.4 cm21 peaks~both labeled as b! compared to that
of the 1708.6 cm21 transition ~labeled as a!; these are pre-
dominantly localized on units 1/6/10~1723.8 and
1725.4 cm21) and 5 (1708.6 cm21), respectively. The
angles between the four lowest frequency peaks are give
Table VII. As in conformation C, the modes have anharm
nicities of about 12 cm21. In addition, only this conformer
exhibits resolvable anharmonicities (3 cm21) for its cross
peaks.

VI. DISCUSSION

We found the amide A frequencies to be sensitive
local structure and conformation. In addition, these mo
are highly localized, facilitating a local interpretation o
spectral features. However, these transitions are not reso
experimentally due to large homogeneous broaden
(;60 cm21 in CHCl3

41!. Isotopic labeling strategies in th
amide I region could help distinguish the various confor
ers. Predictions of IR features for the amide A band requ
more information regarding the frequency fluctuations
these modes which can be obtained from a molecular dyn
ics simulation. Isotopic substitution resulted in the spec
isolation of a subset of transitions, pinpointing distinct d
ferences in the nonlinear IR spectra for four conformatio

r

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



ef
ei
re
te
ce
te
ns
b
e
ie
re

ay
li
e
e

fu
f i
y-
e.
i
id

fe
si

a
rg
im

ine

F
t
u

nd

R.

.

mo

-

, J.

hys.

hem.

ndt,

M.

nd

.
.

r

9980 J. Chem. Phys., Vol. 118, No. 22, 8 June 2003 Moran, Park, and Mukamel
Coherent third-order techniques should be especially us
for distinguishing conformations A, B, and D because th
linear spectra are so similar; experimental spectra are su
exhibit broader transitions, making conformational charac
ization based on linear spectra infeasible. The most ac
sible features are the anharmonicities and the relative in
sities of cross peak for different polarization configuratio
Although these features may not be simply interpreted
inspection, due to the delocalization of the amide I mod
sufficiently detailed models and isotopic editing strateg
should provide solid predictions that can be easily compa
to measurements. Furthermore, computed parameters m
used to constrain empirical fitting procedures, so that rea
tic physical parameters can be optimally extracted from m
surements. However, the best strategy for obtaining th
parameters is still an open problem.

The highly anharmonic amide A mode should be use
for investigating hydrodgen bonding patterns because o
strong coupling to local amide I modes with which it is h
drogen bonded. These couplings may be studied using,
two-color pump–probe experiments in which the amide A
pumped and amide I is probed; the coupling between am
I and A modes is so small compared to the frequency dif
ence between the amide I and A modes that it is not ea
extracted from all nonlinear experiments~the anharmonicity
of the amide I1A combination band is,1 cm21). A MD
simulation will therefore be required to calculate the fluctu
tions in the amide I to A coupling elements before the ene
transfer between these modes can be calculated. Such s
lations would also allow solvent-induced relaxation and l
broadening mechanisms to be included.
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