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Infrared photon echo signatures of hydrogen bond connectivity
in the cyclic decapeptide antamanide
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Distinct hydrogen bonding patterns are predicted in the amide | 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 |
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 antamanide2@3 American Institute of Physics.
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I. INTRODUCTION sary in order to characterize the ensemble of possible struc-
tures in more detail.
The cyclic decapeptide antamanidé'\(al-2Pro-*Pro-* Our aim in this work is to explore possible signatures of

Ala-°Phe®Phe”Pro-*Pro-’Phe?°Phe-) (Fig. 1) is a small the hydrogen bonding networks of antamanide in coherent
oligopeptide which had served as a benchmark model systenfrared multiple pulse signals. Such experiments are com-
in the two-dimensional nuclear magnetic resonar2®  plimentary to NMR since they can monitor structural varia-
NMR) studies of protein secondary structdré.lt has also  tions on an ultrafastfemtoseconitime scale by watching
been the subject of extensive molecular dynami)  them through a different window than NMR: fluctuations of
simulations(see Ref. 6 and references thejeiintamanide  various parameters such as transition dipole moments and
prevents the inhibition of depolymerization of F-actin andfrequencies. We focus on the amide | and amide A modes
G-actin in the liver cell membranes of mammals, caused byecause they have well-defined internal coordinate
the poisonous phalloidins that occur in the mushroomcomposition$!* and are amenable to an excitonic
Amanita17a phalloides’ It is found in small quantities in  description>® Excitonic models allow to parametrize
the same mushroom. Hamiltonians of extended systems using information ob-
Antamanide has ten peptide bonds but only six amidgained from high-level calculations on smaller model
hydrogens that can participate in the intramolecular hydromolecules:"*® Excitonic modeling is necessary for the
gen bonding network'® since the four proline residues pos- present simulations because antamanide is too large for den-
sess no amide hydrogens. Both one-dimensiofiD)  sity functional theory(DFT) calculations of the entire pep-
NMR!! and ultrasonic absorption measurem&itssolution  tide.
suggest that multiple conformations interchange on the mi-  \We have constructed anharmonic vibrational Hamilto-
crosecond time scale. More recent 2D NMR relaxation meanjans for four conformations of antamanide using a proce-
surements in the rotating frame and homo- and heteronuclegfre recently developed and applied to identify spectroscopic
coupling constant determinations have been used to charaginatures that distinguish- and 3,,-helice$® in a 15-unit
terize its dynamic properties; evidence for-&5 us confor- polyalanine oligomer. DFT calculations oftransN-
mational exchange process with an activation energy OfethylacetamidéNMA) dimers configured to represent the
20 kJmol* at 320 K was obtaineti TheseT;, measure- o helical motifs showed that the amide A anharmonicity is
ments are consistent with a rapid rearrangement of the hyighly sensitive to local structure. Specifically, the quartic
drogen bonding pattern aval HN and®Phe HN, and con-  anharmonicity was calculated to be 45.4 and 52.9 trior
comitant changes in the local backbone dihedral angles. Thge 3., and a-helices, respectively:*C isotopic derivatives
two most probable dynamic-exchange pairs were identifiedihat optimally reveal the local helical structures were identi-
these are known as treynpair (E116 and G129 of Fig.)2  fied for distinguishing the two conformations. A similar pa-
and theanti-pair (A128 and G193 of Fig. @ because ofyn  rametrization scheme has been applied recently to the amide
and anti-correlated dihedral angle changessal HN and | modes of flavodoxin and myoglobib initio derived bi-

6 1 1 H H ) X
Phe HN- However, Blackledget al." pointed out that their jinear coupling constants were used to generate part of the
best fit with experiment was not sufficient to exclude addi-yessian matrices for these protels.

tional pair structures. Further measurements are thus neces- o, algorithm for calculating anharmonic force figiis

yields energy levels that are consistent with both experimen-
dE|ectronic mail: mukamel@chem.rochester.edu tal measuremert$and with an alternativab initio theoret-
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FIG. 2. Hydrogen bonding pattern of the four conformati¢esreported in

Ref. 1(left column and(b) found here(right column using the semiempir-

ical AM1 Hamiltonian. Indices are assigned to all peptide planes, residues
are denoted by standard abbreviations, and nitrogen atoms are represented
by black dots. Hydrogen bonds obtained from the Kabsch—Sander criterion
FIG. 1. (Colon Three-dimensional image of the lowest energy conformer &€ conveyed by dashed arrows.

(A) of antamanide found in this work using the semiempirical AM1 Hamil-

tonian.

MD.?® Polarization-sensitive photon-echo measurements

ical method for computing anharmonic effects on fundamenwere used to determine the angle between the transition di-
tal vibrational frequencieg:?> The vibrational self- poles of the amide | eigenmodes for both acetoprolineANH
consistent field algorithAt was recently applied to NMA2  and trialanin€® In addition, isotopic editing strategies and
anharmonic contributions were found to shift the fundamen-ab initio calculations were employed to translate the experi-
tal amide | and A frequencies by 29 and 229 ¢mwhereas mentally determined transition dipole orientations of triala-
shifts of 40.5 and 186.4cnt were found using our nine into the¢ and ¢ Ramachandran angles describing the
methodology® (we reported fundamental frequencies calcu-peptide backbon® To that end, a least-squares procedure
lated for an anharmonic potentital of NMA in Ref.)18his  was used to fit a model Hamiltonian and known three-
agreement supports our assumption that vibrational amplidimensional structure of a cyclic pentapeptide in solution to
tude of the amide A and | modes are predominantly localizegolarized pump-—probe measurements, demonstrating the
on one and four internal coordinates, respectively. feasibility of extracting geometric information from experi-

Because of its tendency to form a variety of stable hy-mental data for a molecule with more than two amide |
drogen bonded networks, antamanide is an ideal candidataodes. Most recently, temperature- and photo-induced struc-
for testing the capacity of coherent nonlinear infraféid)  tural changes were investigated foBshexapeptid® and a
methods to characterize hydrogen bond connectivity. A preeyclic octapeptidé? respectively; the structural evolution of
vious study used hydrogen bond induced redshifts to distinthe g-peptide was monitored using IR pump—probe measure-
guish between folded and unfolded conformations of aments, whereas polarized IR difference spectra were used to
B-heptapeptidé® To date, most nonlinear IR experiments study the photo-induced dynamics of the octapeptide.
were conducted on relatively small peptides, possessing less We have simulated the third order vibrational spectra of
than ten units. Both vibrational energy level structure andour conformations in the amide | region. These conforma-
relaxation dynamics of the prototypical monopeptide NMAtions are presented in Sec. Il. The anharmonic vibrational
were studied extensively by pump—préb& and photon- exciton Hamiltonian and the methods used to obtain its pa-
echo measurementts Conformational fluctuations of NMA rameters are described in Sec. Ill. Linear spectra are dis-
(and trialaning were recently simulated using classical cussed in Sec. VI, whereas two-dimensional spectra and dis-
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TABLE |. Parameters of the exciton Hamiltonian for the amide | modes @mThe indices correspond to those presented in Fig. 2. The diagonal and
off-diagonal elements represent the, andJ, s 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 -3.1 —2.6 -1.2 -3.0
1 2 4.8 3.9 0.5 4.4 4 6 -0.1 1.1 0.0 0.1
1 3 -0.9 1.2 0.3 0.9 4 7 -0.5 -0.6 -0.2 -0.8
1 4 0.1 0.3 0.6 0.4 4 8 0.3 0.1 0.3 0.1
1 5 0.1 —-3.2 1.5 —-6.2 4 9 -0.1 -0.2 -0.2 -0.1
1 6 -1.1 2.0 1.0 2.2 4 10 -0.1 -0.3 -1.6 -0.3
1 7 -2.1 -0.2 -1.0 -2.1 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 -0.5 -0.7
1 9 -0.4 0.6 -0.9 14 5 7 —-2.3 1.1 -1.2 3.5
1 10 7.5 0.8 1.6 -0.3 5 8 0.8 -0.6 0.8 -0.8
2 2 1756.3 1756.0 1754.8 1755.4 5 9 -0.1 —-0.6 -0.2 -0.7
2 3 0.5 2.5 0.8 2.5 5 10 0.8 8.6 -5.9 —-2.4
2 4 -5.3 —-6.7 —-53 —-6.5 6 6 1769.8 1769.8 1769.8 1769.8
2 5 -6.5 -0.2 —-6.4 -0.7 6 7 2.2 -0.5 25 -0.4
2 6 -1.6 -0.7 —-2.2 -0.7 6 8 —2.2 1.4 -0.7 0.6
2 7 1.2 0.0 0.8 -0.0 6 9 -1.1 0.5 0.2 0.4
2 8 —-0.1 0.3 -0.2 0.3 6 10 —-35 —-5.7 —-4.3 1.4
2 9 -0.6 -0.7 -0.7 -04 7 7 1756.3 1755.1 1755.1 1757.2
2 10 -1.9 1.5 6.6 —-15 7 8 -0.2 2.0 3.3 -0.2
3 3 1769.8 1769.8 1769.8 1769.8 7 9 —-55 —-6.2 -5.7 -5.7
3 4 9.1 —-2.6 9.6 —2.6 7 10 —-55 —-2.2 -1.3 —6.4
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 -3.0 -3.1 8.4
3 7 —-0.1 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 —2.6 -1.9 1.2 4.8
3 10 0.9 -0.8 -13 0.6 10 10 1753.3 1757.2 1761.0 1769.8
4 4 1769.8 1757.8 1769.8 1758.7 --- --- ---

tinct features that differentiate the four conformers are giverwas employed in all quantum-chemical calculations. Struc-

in Sec. V. Our results are finally discussed in Sec. VI.

IIl. DOMINANT SECONDARY STRUCTURE

CONFORMATIONS

et al! (see Fig. 2, left columnby combining NMR results

with a multiconformational search algorithtd® Distance

constraints based on NMR cross-relaxation rates were iNCoggnformations of Ref. 1, respectively.
porated into thecHARMM 22.0 force fiel* as semiparabolic

energy terms. Subsequent geometry optimizationsacug
were therefore driven towards minima consistent with theng expression for the hydrogen bond enefgy:
NMR-derived constraints. Conformations that survived cer-
tain selection criteria were then used to determine the most

probable dynamic exchange pairs. This algorithm is outlined
in Ref. 10. Another classical MD simulation of antamanide

tural optimizations were carried out in two stegsr All
atomic positions except for the hydrogen bonded oxygen and
hydrogen atoms were optimized at the AM1 levéi) an
unconstrained optimization was performed to search for
) ) ) - minima with respect to all degrees of freedom. We started
Four dominant conformations were identified by Emstqr optimizations at the four conformations reported in Ref.
1. Our A, B, C, and D conformations were found while at-
tempting to optimize to the E116, G129, G193, and A128

The presence of a hydrogen bond was determined using
the Kabsch—Sander criterion, which is based on the follow-

1

don’

den

@

was performed in Ref. 32 starting with the x-ray crystalwhereq;=0.42e,q,=0.20e, andf=1390 e 2 A kJ/mol.*®
Distances are measured with respect to tke @ of the hy-

structure.

Our convention for assigning indice$ig. 2) differs

rection of the adjacent proline residue.

Hamiltonian and an optimization algorithrsAussian 98"

drogen bond acceptor and N—H of the donor. Hydrogen
from that usually used for peptidé$We have assigned each bonds are considered to exist for al=8)/N—H pairs in
peptide plane an index, which is most sensible for our purwhich Exs< — 2.1 kJ/mol?
poses because each local amide | mode possesses amplitude The two columns in Fig. 2 compare the hydrogen bond-
on only a single unit. The first index refers to the peptideing patterns obtained for our AM1 conformers with those
plane containing the amino group of the valine residue. Theeported by Ernset al! Note that a different criterion was
indices are then taken to increase around the ring in the diused in Ref. 1 to determine the presence of hydrogen bonds;
a hydrogen bond was assumed to exist when the N-O dis-
In the present work we used a higher level theory: Entance is less than 3.5 A and the-H-O angle is larger than
ergy minima were searched for using the AM1 semiempiricall05°. The relative free energies of our four conformations
with the inclusion of zero-point energies and thermal popu-
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FIG. 3. () Vibrational frequencies of the local amide | calculated using Eq.
(4). Frequencies of the amide A modes taken directly from the force constant
output of an AM1 Hessian calculation. The four conformations are repre- H

sented by the following symbols: Asquares B (circleg; C (triangle
pointed up; D (triangle pointed down Unit label indices are given in
Fig. 2.

lation corrections at room temperature argAkJ/mo), B
(3.549 kJ/mo), C (6.245 kJ/mo), and D (15.501 kJ/mol

FIG. 4. Structural parameters used in our simulations,dateordinate of
Table IV is the angle between the two vectors oriented along th&dGaxes.
The B coordinate is defined as the angle between the two plénesplane
involving N, C', and O of the hydrogen bond accept6i) a plane defined

by the atomic positions of Cand N of the donor along with O of the
acceptor. The orientations of the local transition dipoles are shown for the
amide | of the hydrogen bond donor.

The relative conformational enthalpies reported in Ref. 1 are

E116 (21 kd/mo), G129(0 kJ/mo), G193 (59 kJ/mo), and
A128 (7 kd/mo).3!

IIl. EXCITON DESCRIPTION OF THE AMIDE MODES

A. Parameters for the amide | band

We have assumed a single local amide | mo@g,)(
located on each peptide plane. These modes are delocalized
over several internal coordinates associated with the peptide

Our modeling of the amide | and A modes starts with 5janes, but the precise composition of the local mode does

identifying the relevant local amide moddsAM) {Q,} re-

not enter into the present simulation. DFT calculations of

siding on each peptide plane. Antamanide possesses ten logalhs NMA predict that the C—0 and C—N stretches as
amide | modes, but only six local amide A modes due to tthe” the G,—C'—N and C—N—H bends carry the most am-

presence of four proline residues.

plitude in the amide | normal mode. These coordinates were

We assume the following expansion of the vibrationalseq 1o calculate anharmonic 3-level systems in Ref. 18 at

Hamiltonian in terms of these LANE

H=32 (Q,~A)Q%+ 5> A,Q%

+ gﬁ JapQaQs, 2

the DFT level.

A B3LYP/6-31G* normal mode analysis afansN-
methylacetamidéNMA ) was used to parametrize the amide
| frequencies();, of nonhydrogen bonded amide | modes
(1769.8 cmt). The same value of)’, was assigned to all
bonds and the existence of a hydrogen bond was determined
using Eq.(1). Local amide | frequencies were calculated as

where(),, andA,, are the frequencies and anharmonicities ofy —)° 1 AQ | where

the LAM. The coupling with the radiation field is pwE(t)
where the dipole operator is expanded to first ordeQjn

M=§ #aQu ©)

andu, represents the dipole derivative with respeaRtp. '8

AQazaH(Z.G—dOH), (4)

andAQ , represents the amide | frequency shift determined
by the hydrogen bond distandgy. The slopex was set to
—30 cm YA, producing a~20 cm ! redshift for common
hydrogen bond distances of 1.9—-2.G%° The resulting ten

Each LAM is characterized by three parameters: a frequenchpcal amide | mode frequencies are given in Table | and

Q,, an anharmonicityA ,, and a dipole derivativey,, . The

LAM are harmonically coupled by the bilinear couplings

Jup-

displayed in Fig. 3.
The empirical formuldEq. (4)] was used in lieu of cal-
culating all of the frequencies explicitly to reduce computa-
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TABLE |I. Parameters of the exciton Hamiltonian for the amide A modes (9t

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 3218.2
11 12 —-0.4 -0.7 -0.3 -0.7 13 14 -0.9 -0.4 -1.0 =11

11 13 -0.8 -0.5 0.3 -0.7 13 15 -0.3 -0.1 -0.5 -0.1

11 14 -0.1 1.3 0.1 1.5 13 16 -1.0 0.1 -0.7 -0.1

11 15 —-0.6 -0.2 -0.3 0.3 14 14 3202.6 3183.9 3241.8 3235.8
11 16 —-15 -0.9 -0.7 0.3 14 15 -0.4 -0.9 -0.5 -0.5

12 12 3230.1 3212.4 3245.7 3202.0 14 16 -1.5 -0.8 0.0 -0.6

12 13 2.1 -0.7 1.8 -0.7 15 15 3224.8 3204.5 3198.0 3227.9
12 14 —-0.5 0.0 -0.5 -0.3 15 16 2.0 -0.9 -13 1.1
12 15 -0.2 -0.1 -0.2 -0.1 16 16 3197.0 3221.4 3214.9 32454
12 16 -04 -0.1 —-0.2 —-0.2 --- --- ---

aSame as Table | for the amide A modes.

tional cost. This should be sufficient for our goal of predict- Fundamental frequencie$)(,) were taken directly from
ing nonlinear infrared signatures of different hydrogenthe AM1 force constants at the four equilibrium conforma-
bonded conformations. Improved parametrization could beions (see Table Il and Fig.)3 These could have been ob-
based on arab initio grid such as those presented for thetained from higher level DFT calculations for model mol-
amide | bilinear coupling coefficients (g) in Refs. 17 and ecules. However, it is not clear whether the highly
37. This will be critical for MD simulations aimed at repro- environment-sensitive frequencies of the N—H stretch are ad-
ducing large-scale conformational changes among secondaeguately captured by these smaller model systems. Local
structures, where many points along a trajectory need to bamide A anharmonicities were calculated by cutting NMA
parametrized. dimers representing hydrogen bonded pairs of units out of
In our previous study we found the amide | anharmonic-the four AM1 optimized conformers. Force constants were
ity to be relatively insensitive to hydrogen bondifigWe  then calculated to fourth order with respect to the N—H
have therefore taken all local amide | modes anharmonicitiestretch coordinate at the B3LYP/6-31G level and used to
to be 15 cm'!, a value consistent with previous theorettffal parametrize the anharmonicitiesee Table Ill. We found the
and experimental wor Transition dipole orientations were AM1 level to be inadequate for calculating anharmonicities.
based on DFT calculations of NM#and its dimers!® The To reduce computational co&void the explicit compu-
local amide | dipole derivative was assumed to form an angl¢ation of the anharmonicity for all 24 hydrogen bonded pair
of 3.6° with respect to the =-O bond (points towards the of units) and characterize the sensitivity of the anharmonicity
amide bondin the C=CN plane(see Fig. 4. to specific structural coordinates, the amide A modes were
We used the results of Torii and Tasumi for the grouped according to the values of three local coordinates
magnitudé* (3.7 D A~tamu ') and positioA’ of the tran-  selected to provide a clear picture for the orientations of the
sition dipoles. The transition dipole magnitudes of the amidepairs peptide plane&ee Fig. 4. Two of these coordinates
I mode calculated for isolated NMA and its dimers at theare the hydrogen bond distancg Rand the angler between
B3LYP/6-31+G** level are~4.75 larger than that of Ref. the C=O bonds for hydrogen bonded pairs of peptide
14, which results in unphysical magnitudes for the bilineamplanes. The third coordinatgs) is defined as the angle be-
coupling coefficientgsee the next paragrapiThis suggests tween two planes(i) a plane involving N, C, and O of the
a limitation of predicting exciton Hamiltonian parameters hydrogen bond acceptotii) a plane defined by the atomic
from calculations of isolated repeat units. positions of G and N of the donor along with O of the
The bilinear coupling coefficients between amide |acceptor. We found that the 24 hydrogen bo(fdar confor-
modes were calculated using a transition dipole couplingnations with six bonds eagttould be classified into seven
(TDC) model for nonadjacent neighbots®° Couplings be-  groups whose frequencies and (B3LYP/6-31¢ anharmo-
tween local amide | modes for covalently bonded units werenicities are presented in Table IV.
taken from theab initio grid reported in Ref. 37 and gra- The amide A anharmonicities were calculated explicitly
ciously provided to us by the authors; the coupling coeffi-
cient was defined as a function of th and ¢ dihedral

angles for the peptide backbori&amachandran Sp@% TABLE lII. Local amide A anharmonicities (cit).
This parametrization scheme was chosen because the TDE

model does not accurately describe the interaction betweenUnit* A B C D
nearest-neighbor amide | mod¥s. 1 34.3 34.3 30.3 32.3
2 33.9 33.6 33.9 33.6
B. Parameters for the amide A band i gzg 2;; 2:215 gié
We have represented the local amide A modes by a 2 ggg gii gjg 223
single coordinate, the N—H stretch, which is highly localized i i i i
and only weakly coupled to neighboring modes. @The unit indices correspond to those shown in Fig. 2.
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TABLE IV. DFT transition frequencies for the amide A mode. peptide plane and points to the carbonyl side of the N—H
H 18
Subset Ro B 8 a A bond (see Fig. 4.
Quadratic off-diagonal force constants obtained from
1 2.05 132.8 106.8 3342.1 34.3 . o . .
5 210 1617 338 3388.1 339 sem|emp|r|cal AM1.HeSS|an calculations were used tg pa-
3 211 131.4 78.4 3398.3 33.6 rametrize the couplings between local modls-H coordi-
4 2.15 100.9 52.6 3347.7 375 nates; see Table )l These were generally weak
5 221 134.3 119.3 3405.8 31.1 —1 ; i
< -
6 233 975 350 3396.6 320 (. 2cm ) and therefo_re had little effect on the delqcahza
7 251 133.0 80.9 3432.8 323 tion of the calculated eigenmodes. In addition, couplings be-

P ————— o of A ara @ _ Itween local amide (approximated as the=20O coordinates

ond lengths and angles are given In units o an egrees, respectively, .

Frequencie$()) and anharmonicitie§A) are given in units of cm*. The )énd amide A modes were taken fr_om second-order AM1

coordinatesy and 3 are depicted in Fig. 4. force constantgsee Table VY. The amide | mode was con-
sidered as the £:-0O stretch in lieu of numerically differen-
tiating with respect to a collective amide | coordinate. This is

N _ reasonable because the<® stretch carries the most ampli-

because they are more sensitive to hydrogen bonding thafide in this mode and is also the intemal coordinate most

those of amide 18 However, the calculations in Ref. 18 were strongly coupled to the N—H stretch by hydrogen bonds.

performed for relatively close hydrogen bond distances in The coupling coefficients between hydrogen bonded

helical structures£1.90 A), whereas the distances here are\_H and C—0 coordinates € 10 cn %) were much larger

at least 0.15 A longer and therefore less sensitive to loc .
g atlhan between nonbonded pairs that are not part of the same

structure. All calculated anharmonicities reside in the ™ | 1 .
30-37.5cm?! range. The transition dipole magnitude peptide plane €1 cm ), and therefore constitute a good

(2.2D A-tamu!) was based on the relative experimentalMeasure of hydrogen bond connectivity. These parameters
extinction coefficient® for the amide | and amide A modes have little effect on the energy levels since they are much
and the absolute transition dipole magnitude for the amide $maller than the frequency differences between the amide |
mode reported in Ref. 14. The amide A dipole derivative isand amide A modes. However, dynamical processes such as
taken to make an angle of 15° with the N—H bond in theenergy transfer between hydrogen bonded units that could be

TABLE V. Coupling coefficients between amide | and A modes (&p?

Row Column A B C D Row Column A B C D
1 11 —-11.0 —-10.5 —-75 —8.8 6 11 -0.2 1.0 0.4 0.8
1 12 1.0 0.3 0.6 0.3 6 12 -1.0 -0.2 -0.8 -0.5
1 13 1.4 -0.5 1.3 —-0.8 6 13 -35 —-2.7 —-3.3 —-2.8
1 14 0.1 0.9 0.1 0.8 6 14 —-12.4 —-11.0 —-104 -7.9
1 15 -1.0 -0.4 -0.8 -0.1 6 15 1.0 0.4 0.9 0.4
1 16 —-3.4 -3.4 -2.9 —-1.6 6 16 -7.7 -0.8 0.1 0.4
2 11 -2.2 —4.3 -4.9 -3.3 7 11 -1.3 -0.4 -0.8 -0.8
2 12 —-6.2 —4.4 -3.3 —-5.8 7 12 -0.1 -04 -0.1 -0.4
2 13 -9.5 0.4 -85 0.3 7 13 -0.4 -0.3 -0.8 0.0
2 14 -0.7 -0.4 -0.9 —-0.7 7 14 —-1.6 —-4.9 —-3.0 —-4.3
2 15 -0.2 -04 0.0 -0.3 7 15 -8.3 -7.9 —-10.7 —6.6
2 16 -0.3 -0.2 0.6 -0.5 7 16 —-10.1 0.0 0.1 -8.3
3 11 -0.2 0.3 0.1 0.3 8 11 0.4 0.2 0.2 -0.1
3 12 -1.4 -1.7 -1.5 —-2.3 8 12 0.1 0.1 0.2 0.1
3 13 -0.3 0.6 -0.5 0.7 8 13 0.2 -0.1 0.4 -0.1
3 14 0.3 0.0 0.3 0.2 8 14 -0.2 0.4 -0.1 0.1
3 15 0.2 0.1 0.2 0.1 8 15 -2.1 —-2.6 —-2.5 —-2.2
3 16 0.3 -0.1 -0.1 0.1 8 16 -0.2 0.8 1.1 0.1
4 11 -0.3 -0.3 0.0 -0.1 9 11 0.4 0.8 0.6 0.4
4 12 —-8.3 —-10.0 —-8.8 —-14.2 9 12 -0.1 -0.1 -0.2 -0.1
4 13 1.0 -12.6 0.6 -17.3 9 13 -0.2 -0.1 -0.3 -0.2
4 14 0.2 0.8 0.4 1.0 9 14 -0.3 -0.2 —-0.3 -0.1
4 15 -0.1 -0.1 -0.2 -0.1 9 15 -10.7 —-12.6 —-13.5 —-10.7
4 16 -0.2 -0.2 -0.3 -0.3 9 16 1.4 —-14.7 -18.1 1.4
5 11 -0.6 -53 0.2 -7.3 10 11 —16.8 —155 —-8.5 1.6
5 12 -0.8 -3.7 -0.8 —-5.1 10 12 -0.5 0.4 0.2 -0.5
5 13 -9.9 -8.1 —-9.5 —-11.0 10 13 -0.8 0.9 —4.6 -0.3
5 14 —155 -13.9 =174 —-19.4 10 14 -0.8 -7.0 -0.3 0.1
5 15 —-0.6 0.4 -0.8 0.3 10 15 —-1.2 —-4.2 —-4.3 -1.3
5 16 -0.7 0.9 -0.8 0.6 10 16 —-9.7 -9.7 -10.1 -6.5

®Same as Table | fod,; between the amide | and A modes.
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FIG. 6. Linear infrared spectra in the amide | and amide A regions for the
four conformations as indicate@Fig. 2), calculated using the anharmonic
vibrational Hamiltoniar{Eq. (2)]. All spectra are normalized. Labels on the
amide A peaks correspond to the unit indices of Fig. 2, and represent the
localization of vibrational amplitudes.
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I
optimally display the level structure, we assumed a small
homogeneous linewidth of 2 cm for all transitions.
‘ The amide A transitions are unresolved experimentally
T due to broadening caused by hydrogen bonding, whereas a
few features are seen in the amide | redbihe frequencies
FIG. 5. (a) Harmonic Iinef'ar infrgred spef:tl(al_l 3N-6 coordinate)scalcu-_ and linewidths of the amide A band in nonhydrogen bonding
lated using the AM1 semiempirical Hamiltonian for the four conformations .
shown in Fig. 2(b) High-resolution spectra of panél) for the amide | and solvents suggest that all amino groups are hydrogen
A regions. bonded?* which is consistent with our calculatioirs vacuo
The calculated amide A modes are highly localized, with
over 95 % of the amplitude residing on single units for the B,
C, and D conformations; delocalized symmetric and anti-
symmetric stretching combinations that form in the A con-
former are exceptiongee Fig. 8. The indices used to label
the amide A transitions correspond to the unit indices shown
IV. LINEAR INFRARED ABSORPTION in Fig. 2 apd indic;ate localization of the viprational ampli-
tude associated with the peak. The change in these frequency
Absorption spectra resulting from harmonic normal orderings between different conformations reflects the rela-
mode analysis (R-6 coordinatesat the AM1 level are pre- tive hydrogen bonding strengths. However, experimental
sented in Fig. 5. We focused on the amide Iresolution of these transitions would be complicated by large
(1900-2010 cm?) and A (3350-3450cm‘) regions homogeneous broadening, which is not included in our simu-
shown in Fig. %a). Higher resolution spectra of these two lations.
bands are given in Fig.(B). Compared to experimeft,the In contrast to the amide A, the vibrational amplitudes of
amide | frequencies are blueshifted by about 300tm the amide | modes presented in Fig. 6 are delocalized over
whereas the amide A frequencies are only blueshifted bgeveral units, prohibiting a strictly local interpretation. How-
about 100 crm?. ever, clear differences do exist, so this spectral range in con-
The anharmonic spectra were computed using thgunction with sufficiently detailed modeling could be useful
method outlined earliéf'® Our basis of local amide modes for distinguishing different conformations.
consists of the ground state and the singly and doubly ex- Isotopic editing strategies can be used to spectrally iso-
cited states. We have adopted the Heitler London approximdate a subset of modes, and facilitate a real-space interpreta-
tion for the couplingsl,z [Eq. (2)] and neglected matrix tion of the spectra. Figure 7 shows the linear spectra of an
elements between manifolds with a different number of exdisotopic derivative of antamanide in the A—D conformations
citons. The single and double exciton blocks were then diwhere the*C isotope has been substituted for the carbonyl
agonalized separately and the spectra were computed usiftC on units 1, 5, 6, and 1(see Fig. 2 These units were
the eigenstates. Figure 6 shows the resulting linear infraredhosen because they participate in hydrogen bonding in all
absorption for the four conformations in the amide | and Aconformations. A frequency downshift of 43.5 chwas in-
regions. The amplitude localization of the six amide A modegroduced in(, for all labeled modes based on a DFT calcu-
(Q,) are represented by the N—H bonds shown in Fig. 2. Tdation for isolated NMA!® The amplitudes of the calculated

detected by three pulse—ecfi@and pump—probe techniques
are determined by these couplings.
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FIG. 7. Linear infrared spectra for an isotopomer in the four conformations 1725 | [

as indicatedFig. 2). Labels are placed on the most intense and resolvable 1725 1745 1765 1785 1725 1745 1765 1785
peaks characterized by amplitude localization on the isotopically labeled

units. w, [L’:l‘l‘l—]]

: . . 00 02 04 06 08 10
eigenmodes are dominated by these four units and the calcu-

lated frequencies and integrated intensities are presented mnG. 8. (Color Three-pulse photon echo spectra for the four conformations

Table VI. of antamanide as indicated. All spectra are calculated for parallel polariza-
tions of the four fields, setting the second time interval to zero. The spectra
are normalized to the peak intensity of the B conformer.

V. THREE-PULSE PHOTON ECHOES

Multidimensional infrared signals are sensitive to the
angles between transition dipoles of the coupled métles.

Consequently, their various tensor componéhtshich can  bands are clearly visible. Liouville space paths that involve
be readily measured using different pulse polarization cononly singly excited(fundamental transitions of one mode
figurations, provide direct signatures of molecular geometrygenerate diagonal peaks (v;= w3), whereas pathways ac-
Figures 8 and 9 show polarized three-pulse photon echgessing their overtones are shifted down #heaxis by the
spectra for antamanide and its isotopomer, respectively. Caknharmonicitie>“° Cross peaks corresponding to singly ex-
culations were performed in the snapshot limit; the incidentited states of two different modes are seen -aiw{,ws)
pulses were taken to be impulsive in time and possessed (—(),,0),), where the indices and b denote the two
uniform spectral intensity over the amide | regffmA ho-  modes. Transitions involving the modeasndb combination
mogeneous 2 cit linewidth was assumed for all transi- pands are shifted down the; axis from (—Q,,Q;) by
tions. Resonant terms in the response function were selectéle anharmonicity of the band\,,, and appear at

by applying the rotating wave approximation manually rather(—_,Q,—A,,). These features are clearly seen in Fig. 8,
than by integration over pulse envelofésihe w; andws  but may be difficult to resolve experimentally due to larger
frequency axes correspond to the first and third time intervaline broadening in these congested bands. Furthermore, even
in the pulse sequence, and the second interval was set {gith satisfactory resolution these eigenmodes are delocal-
zero. The spectra were calculated using the sum over statgged, complicating the prediction of a robust nonlinear IR
expressioff and orientational factors were incorporated us-signature of structure. We therefore turn to the isotopic de-
ing Eq. (13) of Ref. 42. rivatives described in Sec. IV.

Figure 8 shows the photon echo spectra for each confor-  Figure 9 shows three-pulse photon echo spectra for the
mation in the ZZZZ polarization configuration. Peaks repre-A—D conformations of the isotopomer of antamanide in the
senting the strong transitions seen in the linear sp¢Eita  amide | region for both ZZZZ and ZXXZ lab frame polar-
6) as well as their doubly excited overtones and combinatiofizations of the four fieldgin these indices time increases
from right to leff. Peak labels are the same as in Fig. 7. The
two most intense peaks are labeled for the A, B, and D con-

TABLE VI. Calculated eigenmodes of the isotopomer of antamanide. . .
formations, whereas three peaks are labeled for conformation

A B C D C because they are relatively well resolved and of compa-
Frequency(intensity® rable intensity.

1703.6(0.97) 1703.7(0.91) 1706.4(1.00 1708.6(0.53 For conformation A, the ZXXZ cross-peak intensities are
1706.2(0.06 1720.2(0.06 1717.6(0.39 1723.8(1.00 only reduced by about 10% compared to ZZZZ because the
1727.4(0.00 1725.0(1.00 1725.9(0.80 1725.4(0.22 angle between the 1703.@mostly units 5 and 6 and
1730.6(0.47) 1730.0(0.17 1727.4(0.89 1729.4(0.0]) 1727.4cm?! (mostly units 1 and 10modes is 156°; no
*The intensities represent the squares of the transition dipoles and are ndftenuation W_OUId be seen for parallel tranSit_iO_n_ dipoles. The
malized to the maximum value. modes of this conformer have anharmonicities of about
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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 conformers
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 all the ZZZZ
spectra are normalized to 1. The ZXXZ peak intensities are normalized to the peak intensity of the ZZZZ spectrum for the same conformer.

10 cm L. Also, the cross-peak anharmonicities are too smalfross-peak intensity to the maximum peak intensity is re-
to be resolved €1 cm %). duced by 20% under the ZXXZ polarization condition com-
The attenuation of the cross-peak intensities is easily inpared to that of ZZZZ.
terpreted for conformation B because the two strongest peaks For conformation D, the ZXXZ cross-peak intensities
(a and B are composed of single modes. These 1703.7 andre reduced by-30% compared to ZZZZ. This is due to the
1725.0cm?! peaks are predominantly localized on unitsrelative orientations of the transition dipoles for the 1723.8
5/10 and 1/6, respectively. The transition dipole orientationgnd 1725.4 cm' peaks(both labeled as)bcompared to that
for these modes differ by 36°, resulting in an intensity re-of the 1708.6 cm* transition (labeled as j these are pre-
duction of about 25% in the ZXXZ pulse configuration. Eachdominantly localized on units 1/6/10(1723.8 and
of the modes has-8cm ! anharmonicity, whereas the 1725.4cm?') and 5 (1708.6cm'), respectively. The
cross-peak anharmonicities are less than Ttm angles between the four lowest frequency peaks are given in
Three strong and relatively well-resolved modes are calTable VII. As in conformation C, the modes have anharmo-
culated for the C conformer, making it the most easily dis-nicities of about 12 cm!. In addition, only this conformer
tinguishable from the others in the linear spectra. Theexhibits resolvable anharmonicities (3¢H for its cross
1706.4, 1717.6, 1725.9, and 1727.4 chpeaks are mostly peaks.
localized on units 5/10, 5/10, 1/6, and 1/6, respectively.
However, two modes of approximately equal intensities are
calculated near 1726 cm. The ratio of the a and ¢ band V!- PISCUSSION
We found the amide A frequencies to be sensitive to
local structure and conformation. In addition, these modes
TABLE VII._CaIcuIated angles between transition dipoles for an isotopomergra highly localized, facilitating a local interpretation of
of antamanidé. spectral features. However, these transitions are not resolved
Mode? Mode® A B c D experimentally due to large homogeneous broadening
(~60 cm ! in CHCL*). Isotopic labeling strategies in the

i g 122'.3 152:8 13?‘(1) ichfZ; amide | region could help distinguish the various conform-
1 4 52.6 119.9 140.9 ogg  ers. Predictions of IR features for the amide A band require
2 3 115.8 95.8 118.1 74.1 more information regarding the frequency fluctuations of
2 4 115.7 87.3 70.0 1242 these modes which can be obtained from a molecular dynam-
8 4 121.6 101.9 111.4 1306 jcs simulation. Isotopic substitution resulted in the spectral
The mode indices are assigned in the order of increasing energy. isolation of a subset of transitions, pinpointing distinct dif-
PAll angles are given in units of degrees. ferences in the nonlinear IR spectra for four conformations.
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