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Linear and nonlinear infrared signatures of local a- and 3 j5-helical
structures in alanine polypeptides
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Vibrational exciton Hamiltonians for the amide | and amide A modes of bothwttend 3,5-helical
conformations of a fifteen unit polyalanine oligomer SHCO(Ala);s—NHCH; are constructed
using density-functional calculations for smaller model peptides. Energy levels as well as the
transition dipoles of all singly and doubly excited-state manifolds are calculated. A variety of
C,3-substituted isotopic derivatives are examined with respect to their ability to reveal differences
in local secondary structures in two-dimensional infrared spectra in the amide | region. Amide mode
anharmonicities are predicted to be valid indicators of secondary helical structure2003®
American Institute of Physics[DOI: 10.1063/1.1538243

I. INTRODUCTION intermediate in the folding of helices?’?%°a supposition
that has been supported by molecular-dynamics
Structural and dynamical properties of proteins detersimulations®~** These studies predict a significant role of
mine their biological activities. A clear microscopic picture the 3,0 conformation in protein dynamics. Identifying unique
of protein folding facilitates the prediction of three- features of 3, helices should allow the development of
dimensional structures from primary sequences, a fundameighly sensitive probes which could provide ultrafast snap-
tal problem in molecular biology:® Experimental tech- shots of protein folding following a fast initiatiof jump,
niques including nuclear magnetic resonan®MR),’~° rapid mixing, or photochemicgf>~%’
linear optical, Raman, fluorescente;' small angle x-ray Experimental evidence suggests that the relative stability
scattering;”** and Laue diffractiotf"'* have been widely of the a- and 3,rhelical conformations is solvent and pep-
used to investigate proteins structures with nanosecond timgje length dependert *° The a-helical content generally
resolution. increases with peptide length and is further stabilized in
Vibrational (infrared and Ramarspectroscopy provides aqueous solutiof? Experimental electron spin polarization
a direct probe for molecular structure. The localized naturgeSR) studies show that polymers of less than 17 units pri-
of vibrational motions makes them a useful probe for Se€Cmarily adopt the 3, conformation. The 21mer exhibits both
Ondary structures of proteiﬁ%.l6 Various structural motifs 310 anda Segment$a_he|ica| in units 1_133&39NMR mea-
such asx helicesg sheets can often be clearly distinguishedgyrements also provide evidence af, 8ontent in peptides
by changes in the linear infrared absorptidr' The devel-  with significant alanine compositidd,pointing to structures
opment of~50 fs tunable infrared pulses had opened up thenhat are about 50% and 25%3at the termini and near the
possibility ~ of multidimensional ~coherent vibrational center of the oligomer, respectively. A positive correlation
spectroscopif*> which provides considerably more struc- petween a-helical composition and the water content of
tural and dynamical information compared to lindane-  grganic—aqueous solvent mixtures has been rep8tted.
dimensional spectroscopy, and could allow much more re-  computational studies generally favor thehelical
fined and specific structure determination. These techniquesnformatiorf’'~*® although a consensus has not been
improve the spectral resolution in the same way as tWoreached yet regarding the relative thermodynamic stability of
dimensional2D) NMR?**?*and offer the possibility of prob- the two conformations. A recertb initio study predicts an
ing subpicosecond snapshots of protein structures. increasing stability of then-helix as the chain length is
In this work we predict specific signatures of loaal  changed from 4 to 10 residuébithese calculations were
and  3helical conformations for isotopomers of gone bothin vacuoand in the presence of a dielectric con-
CH;— CO(Ala);5s—NHCH; in linear and coherent nonlinear tinyum intended to simulate an aqueous environment. The
vibrational spectra. The primary differences betweegnahd 3,, conformation was the global minimuim vacuq whereas
a helices are the intramolecular hydrogen bonds which conghe ,-helix was found to be the global minimum in solution
nect thei —i+3 andi—i+4 units, respectively. It was esti- o; molecules with at least 6 units. Two possible mechanisms
mated that about 10% of helical structures in proteins adoply,  to 3,, conversion were proposed which differ by the
the 32lg conformation with a mean segment length of 3.3terminus where the conformational change is initiated at.
units; 3.10 strucFure is generally f_ound near the termini of The amide | bandmostly the G=O stretch of proteins
polypeptide chaing’?® The 3;, helix was proposed as an may be adequately described by the eigenmodes in a basis of
N local amide | coordinate§N is the number of carbonyl
dElectronic mail: mukamel@chem.rochester.edu groups; these eigenmodes constitute vibrational
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excitons?**®The exciton formalisrt{**”*®provides a unified brational exciton Hamiltonian using quantum chemieal

interpretive scheme for systems of arbitrary size and hamitio methods and identifies 2D IR signatures of two well-

been successfully applied to both lin¥a®4® and defined structural motifs. In Sec. Il we present the definition

nonlinear®=>°® optical measurements in the amide | bands ofand parameterization of the local amide modes. The vibra-

polypeptides. tional exciton Hamiltonian is described in Sec. Ill. The linear
Here we use DFT calculations for small segmefms  spectra of various isotopomers are described in Sec. IV, and

more than 2 unifsto parameterize model Hamiltonians of Sec. V presents nonlinear infrared signatutésee pulse

isotopic derivatives and identify linear and nonlinear specphoton echogs Our conclusions are given in Sec. VL.

troscopic signatures of local secondary structure. A similar

strategy has _been sqccessfully gmp_loyed in the constructiop THE LOCAL AMIDE MODES

of electronic exciton Hamiltonians for molecular

aggregates®®’ Our results are not limited to polyalanine oli- Both a- and 3ji-helical structures were built using x-ray

gomers and should be transferable to other peptide systenf@ystallographic data and ideal structural parameters. The ex-

The ab initio parameterization of such a large system re-Perimental x-ray structure of the helix was taken directly

quired a judicious mix of art and science, since there is ndrom Ref. 64. The 3, structure was built using the ideal3

clear protocol for such a parameterization. Our objective wadterunit torsion anglesd=—49,=—26)* and crystallo-

to select computationally tractable model systems that bestraphic averages for all other coordinatés.

approximated the force field of the entire molecule with re- ~ We start with the Hamiltonian for the local amide repeat

spect to the modes of interest, the amide | and the amide ANItS

modes. The amide | mode possesses the characteristics

needed for application of the exciton model: it is localized  Ho=2> H4(R), (1)

with a well defined internal coordinate compositigr® ¢

Large changes in the reduced mass and distribution of anwhere{a} denotes a repeat unit index aRdepresents inter-

plitude do not occur in different conformers/secondary struchal coordinategbond lengths and anglesThe anharmonic

tures. The N—H stretcliamide A is also highly localized Vvibrational Hamiltonian for thex repeat unitfH,(R)] ex-

with nearly all the amplitude in the N—H bond and thereforepanded to fourth order with respect to its internal coordinates

should also be amenable to this description. However, thés given by

physical interpretation of this band is complicated by a Fermi N 2 N

reson?gnce of the NH stretch with the.ove.rtone of the amide. I H (R)=V,+ E f.R+ E L z fiRiR;

mode>” Nevertheless, a proper excitonic treatment of this i io2m;

mode should be attainable. N N
Excitonic Hamlltgnlans have_been Wldely useq in con- +E fiijiRij+,2 fiRIRIRR )
densed matter physics to describe electronic excitations of Tk ik

extended systems composed of many similar repeat unit
e.g., semiconductors, molecular crystals, and aggrefjais.
In periodic systems computational effort reduces to the siz
of the repeat unit; the physical size of the system is no longer
a limitation. Exciton Hamiltonians were also constructed for 1
vibrational motions in crystafs and proteiné® Peptides are filke .. kT T
not strictly periodic and a systematic first principles con-
struction of an exciton Hamiltonian should address the issu€ive coordinates were included for each repeat unit: The
of selecting natural repeat units and relevant modes; such@=—0, C'—-N, and N—H stretches in addition to the
procedure is outlined below. C“~C'-N and C-N-H bending modes. The Hamiltonian
The exciton framework has been successfully employegharameters were computed at the DFT level. BhessIAN
in the simulation of linear infrarediR) spectra for several 9s code was used for these and all other quantum chemical
globular protein segment&®4° parameters of this model calculation$’
include transition frequencies and dipole derivatives of local ~ The a- and 3 y-helices possess three and two nonhydro-
amide | modes. The bilinear coupling coefficients betweergen bonded amide | modes on the nominal C-terminal end,
all pairs of local amide | modes were determined using arrespectively. The parameters of nonhydrogen-bonded modes
electrostatic  transition dipole coupling (TDC) at the ends of the helices were obtained using the anhar-
mechanisf®1%2previously used to parameterize the force monic vibrational Hamiltonian ofrans-N-methylacetamide
field of both amide | and amide Il modes whelices and (NMA), whereas calculations of the model alpha- and
B-sheet$1®? Advantages of such electrostatic mechanisms3;q-helical NMA dimers shown in Figs. (&) and 1d) were
are obvious, making the coupling coefficients a simple funcused for the remaining modes. The dimers were built using
tion of the atomic coordinates. Howeveb initio calcula- heavy atom coordinates taken directly from the and
tions suggest that this mechanism fails to predict the nearess- -helices. The internal coordinates within each member of
neighbor coupling of amide | modé%®® meaning that the dimer were optimized at the three parameter Lee—Yang—
through bond effects should not be neglected in this case. Parr (B3LYP)/6-31+G** level, whereas all coordinates de-
The present work demonstrates the construction of a viscribing the relative orientation of the molecules and the

Where the sums run over N internal coordinates anchthe
order partial derivatives of the potential energy can be writ-
n as

"V

()

0

Downloaded 03 Oct 2003 to 128.200.11.125. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 8, 22 February 2003 Helical structures in alanine polypeptides 3653

TABLE I. DFT parameters of the exciton Hamiltonian of two helices.

""" By )k — .
_ " sa-a Me N/k”)\Me Parametér a-helic 3,g-helix NMA
| Q, 1704.6 1701.4 1724.5

_ Qa 3365.2 3367.6 3467.9
", A, 14.8 14.8 17.1
© @ An 52.9 45.4 24.8
) 0.8° 2.8° 5.4°
% 0a 8.6° 11.5° 19.5°

I 10.0 45 e

i -4.9 -5.9
", ' Jia —23.1 -29.15

aThe symbold) andA represent fundamental transition energies and anhar-
monicities of the localized modé® cm™1). The anglesd, and 6, are the
—r angles the transition dipole makes with respect to the N—H ardOC
bonds for modesA and I, respectively. The amide | couplings between
FIG. 1. (8 The three-level systems characterizing local amide modesnearest and hydrogen bonded neighbors are denotelf bgnd J, ,, re-
(LAM) in the exciton Hamiltonian. The parametéls andA , represent the spectively.
fundamental transition energy and anharmonicity of mad€he bilinear
coupling between modes is representedlpy. Transitions intensities are
determined by the fundamental transition dipofes and w,. (b) Model
molecule used to calculate the amide | bilinear coupling between nearest Fermi resonance with the overtone of the amide Il mode
neighbors(c) and(d) NMA dimers (CHCONHCH,) used to parameterize 5 ;seg g splitting of the N—H fundamental into the amide A
amide | and amide A transition frequencies and couplings fof¢he- and —1 . 1 9
(d) 3;g-helices. Hydrogen bonds are represented by dashed lines. (3300 cm ) and amide B(3100 cm ) bandsr? To test for
the presence of Fermi resonances, transition frequencies of
the N—H stretch were calculated for NMA using Hamilto-
nians with and without the other four coordinates. We found
N-O distance separating them were fixed. This procedurghat the fundamental amide A transition energy increases by
allowed the accurate calculation of force constants withess than 1 cmt when the other four coordinates are in-
minimal perturbation of the differences in interaction be-cluded. A Fermi resonance is absent because the DET calcu-
tween hydrogen bonded neighbors of the two structures. |ation overestimates the amide A frequency to a larger degree
Anharmonic vibrational HamiltoniangEq. (2)] of the  than the amide Il frequency. The experimental amide Il and
three model systems shown in Fig. 1 were constructed bgmide A fundamentals of gaseous NMA appear at 1510 and
calculating force constants of th€=0O, C'—N, and N-H 3150 ¢cm %8 whereas 1566 and 3652 cfhare obtained
stretches, €&-C'—N, and C—N-H to fourth order by nu-  ysing the B3LYP/6-33G** level of theory. Furthermore,
merically differentiating analytical second-order force con-the frequency difference between the amide Il and A modes
stants obtained from Hessian calculations at thejecreases upon aqueous solvaffdwhereas all DFT calcu-
B3LYP/6-31+G** level. These coordinates were selected|ations were done in a vacuum. To recover the Fermi reso-
because they carry the most amplitude in the normal modesances it will be interesting to perform extensiak initio
and when explicitly included in the Hamiltonian of NMA calculations of small peptide—water clusters, since the site-
give a linear spectrum in which the relative intensities andspecific hydrogen bonding interactions are not described by
frequencies differ by less than 20% from those obtained uscontinuum models.
ing a 3N-6 coordinate harmonic normal mode analysis. Finally, we turn to the transition dipole. In E¢4) we
We next transformed the quadratic part of E8) to  have expanded the dipole operator to first orde®jp and
obtain a set of normal modeg,,. Out of these five modes 4, represents the dipole derivative with respect to the LAM
found for each repeat unit we selected the two corresponding. Transition dipole orientations were taken from the calcu-
to the amide | and amide A normal modes. In terms of thesgations of the LAM for the model molecules shown in Fig. 1
local amide modefl AM ) we postulated the following form  and are presented in Table I. Calculations for isolated NMA

for the Hamiltonian: were used to parameterize the transition dipole orientations
of all non hydrogen bonded LAM, whereas those of the hy-
Ho=1> (Q,~A)Q3+5> AQ% drogen bonded LAM were taken from the calculations for

the NMA dimers. The angles for the local amide | and amide
A modes denote the angle between the dipole derivative of
—E(1) 2 Q.. (4)  the LAM with the G=0 and N—H bonds, respectively. The
“ amide | dipole derivative points to the nitrogen side of the
whereQ,, A,, and u, are the frequency, anharmonicity C=0O bond and the amide A points to the carbonyl side of
and transition dipole of LAM«a and E(t) is the external the N—H bond. Both of these vectors reside in the=ON
optical field. We have diagonalized the anharmonic vibrajplane.
tional Hamiltonian$H ,(R) by expanding it as a matrix in a The transition dipole magnitudes and positions of the
harmonic basis and used the three lowest energy states &mide | mode were taken from Refs. 17 and 63, respectively.
each LAM to obtain the parametefy, and A, which are  The magnitudes were not taken from density-functional
presented in Table I. theory (DFT) calculations for the model molecules because
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they were about a factor of 5 larger than those given in Ref.
17 (3.7 AA"Yamu}) and resulted in physically unreason-
able bilinear coupling coefficienisee Sec. Il A.

Defining the transition dipole magnitude of the N—H
stretch is complicated by a Fermi resonance with the over-
tone of the amide Il mode. However, it is sensible to estimate
the local N-H dipole derivatives using the intensity of the
amide A band for the following reason@) Force fields con-
structed for polyalanine predict an intrinsic N—H stretching
frequency(3314 cm 1)® which is nearly equivalent to the
observed valué3311 cmi 1).%° (ii) The integrated intensity of
the amide A band comprises 80%—90% of the total intensity
associated with the two N—H pea®&The magnitude of the
amide A transition dipole was taken to be 3/5 that of the
amide | mode. This ratio is consistent with both the magni-
tudes of the calculated coupling coefficients and experimen-
tal extinction coefficient£® VT2

o
o
1
n

*
 §
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Bilinear coupling coefficient / cm™
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Unit index
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ll. THE VIBRATIONAL EXCITON HAMILTONIAN FIG. 2. Bilinear coupling coefficients of the- (squaresand 3, (triangles

h . il . is finall . . helices taken directly from the off-diagonal N—H force constants of an AM1
The exciton Hamiltonian is finally obtained by introduc- Hessian calculation. The coefficients correspond to the nominal N-terminus

ing bilinear couplings .z between the LAM. We then write  N-H and the unit index indicated on the abscisg).

H=Ho+ 2 J4sQuQp- (5
a<p merical differentiation. Similarly, amide | coupling coeffi-

This Hamiltonian was expanded in a basis of all single andients between the modes of hydrogen bonded units were

double excitations for the LAM. However, matrix elements determined using the NMA dimers shown in Fig¢c)land

between basis state manifolds with different numbers of ex1(d).

citations made negligible effects and were not included.  Coupling coefficients between amide A modsse Fig.

Similar Hamiltonians were used in Refs. 52 and 71. 2) were taken directly from the force constant output of a

Equation(5) is based on the assumption that couplingsemiempirical AM1 Hessian calculation; these are about a
between the local modes is dominated by the quadratic ternfactor of 3 smaller than the amide | coefficieritee maxi-
the cubic or quartic terms were neglected. This assumption UM is<3.0 cm ). Interestingly, the signs and magnitudes
well justified for localized modes. Calculations for predomi- of the force constants between N-H coordinates show the
nantly bond stretching modes of peptides presented here as@me pattern as the TDC coupling coefficients of the amide |
for the carbonyl stretches of a rhodium compfesave for both thea'” and 3, helices, suggesting the coupling
shown that all mixedmultimode third- and fourth-order coefficients between amide A modes possess TDC character.
coefficients in the expansion of the potential endig. (2)] Bilinear couplings between amide | and amide A modes
are less than 5% the magnitude of the bilinear coefficients. Iwere obtained by numerical differentiation for coordinates
is, therefore, justified to treat sufficiently localized modesbelonging to the same amide group=£C'—N-H) (using
with an exciton model[Eq. (5)]. Diagonalization of the NMA) (=12.6 cmi') and for hydrogen bonded neighbors
single exciton block of this Hamiltonian resembles a stan{using the NMA dimers, Figs.(t) and ¥d)]. The coupling
dard calculation of harmonic modes, whereas the double exélements between all other pairs of modes are negligible
citon block is diagonalized in a basis of direct product statesm %) relative to their frequency differencés-1500 cni™)
of the local modes. The introduction of the anharmonicitiesand therefore were not included in the Hamiltonian.

A, [Eq. (4)] is necessary for predicting nonlinear responses;
the values Qf these para_meters are supported by comparing |\FRARED ABSORPTION OF a-
our calculations to experimert.

The origin of the bilinear coupling coefficiends,; de- Figure 3 shows the linear spectra of the and
pends on the pair of LAM under consideration. The transi-3;,-helices for the unsubstituted?C) compounds in both
tion dipole coupling TDC) model was used to calculate cou- the amide | and amide A regions. Note that the calculated
pling coefficients between local amide | coordinates for non{frequencies are overestimated by about 50 tobompared to
nearest neighbors which are not connected with a hydrogeaxperiment® However, it is the relativénot the absolute
bond. Couplings between nearest neighbors were determindaequencies that are most important here. The primary differ-
by calculating the off-diagonal second order energy derivaence between these spectra is an overall red&Hiftcm )
tive with respect to the two local amide | modes of the mol-of the amide | transitions for the;ghelix, although this may
ecule shown in Fig. (b). All internal coordinates except  be difficult to observe in nature where disorder and sheyt 3
and ¢, which were fixed to the ideal- or 3,4-helical values, structure prevail. For this reason, we turned to isotopic de-
were optimized at the B3LYP/6-31G** level prior to nu-  rivatives to reveal the local structure.

AND 3, HELICES
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FIG. 3. Linear infrared spectra of unsubstituted *2Q)
CHy—CO(Ala);5-NHCH, for the a- (solid) and 3,- (dashedlhelices inthe 15 4 | inear infrared spectra ef- (solid) and 3,5 (dashedl isotopomers

(@) amide | and(b) amide A regions. with *3C labels on various unit&) 1 and 2,(b) 1 and 3,(c) 1 and 4,(d) 7
and 8,(e) 7 and 9,(f) 7 and 10. Peaks corresponding to modes localized on
the isotopically substituted units are labeled with asterisks.

Hamiltonians of eight isotopic derivatives were gener-
ated. Frequencies of isotopically substituted local modes
were reduced by 43.5 cm based on the calculated shift for isotopomers of both helices couple to give a strong and an
NMA at the B3LYP/6-31-G** level, which is consistent extremely weak peak, so the relative splitting is not seen for
with experimental measurementsHamiltonians with isoto-  this isotopomer. The differences predicted for these bisubsti-
pic substitutions in the middle and on the nominaltuted isotopomers are relatively subtle. It is therefore sen-
N-terminal end of chains were calculated. Isotopic derivasible to investigate the effects of substituting three and four
tives are not needed to deduce secondary structure on tH&C in a sequence to attain a more robust distinction.
C-terminal end because these units are naturally decoupled Linear spectra of isotopomers formed by replacing both
due to the absence of intramolecular hydrogen bonds; ththree and four carbonyl carbons withC isotopes are pre-
a-helix exhibits a higher frequency band because it possented in Fig. 5. Substitutions were introduced for uga}sl,
sesses three non hydrogen bonded carbonyls at the end asand 3(b) 7, 8, and 9c) 1, 2, 3, and 4d) 7, 8, 9, and 10.
opposed to only two in the 3-helix. The peaks which represent modes localized on the isotopi-

Linear spectra of the six isotopomers formed by makingcally substituted units are labeled with asterisks. As with the
two 13C substitutions for carbonyl carbora) 1 and 2(b) 1 bisubstituted compounds, differences in intensity and fre-
and 3(c) 1 and 4(d) 7 and 8(e) 7 and 9(f) 7 and 10 are quency splitting are immediately obvious and are as easily
shown in Fig. 4 (the indices run from the nominal interpreted here. Both the 1-2-3 and 7-8-9 isotopomers yield
N-terminus to the C-terminyisThe Lorentzian linewidth of a strong peak along with two relatively weak peaks for both
all transitions was set to 2 cm (fwhm). Differences in the helices and are, therefore, not optimal choices for investigat-
splitting and relative intensities of the two lowest frequencying local structure. The 1-2-3-4 isotopomers give multiple
peaks(labeled with asterisksare apparent between the two strong peaks for the ;3 but not thea-helix where a single
conformations. Isotopic labels on nearest neighbors revealtrong peak is calculated. The same is seen for the 7-8-9-10
greater bilinear coupling for the-helix; the energy gaps isotopomers. Such features should be easily distinguishable
between the two lowest energy transitions for thand 3, by infrared(IR) measurements. Although it is not evident by
conformers are 8.8 and 19 ¢rfor the 1,2 substituted mol- examining Figs. &) and 5d), the peaks appearing at about
ecule and 8.5 and 18 crh for the 7,8 isotopomer, respec- 1670 cm® for the a-helix are actually composed of two
tively. The 1,3 and 7,9 units couple more strongly in thenearly degenerate transitions. These transitions are calculated
3,¢-helix due to hydrogen bond connectivity, which is espe-at 1670.9 and 1671.0 cm (transition dipoles are 4.4 and 7.3
cially evident in the peak splitting of the 7,9 isotopomer D) for the 1—4 isotopomer and at 1668.3 and 1669.1tm
(e=7.3 cm?, 3,,=11.6 4.5 cm?). The 1,4 carbonyl groups (transition dipoles are 1.6 and 9.5) for the 7—10 isoto-
couple through an intramolecular hydrogen bond in thepomers. These derivatives are, therefore, the optimal choices
a-helix, which results in a pair of transitions with a distinctly for probing local secondary structure in the two helices.
different intensity ratio from that of the ghelix. The 7,10 Obtaining a localized picture for the amide A mode is
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tions are spectrally unresolvableeparated by 2 cnt).
However, these features are easily seen in the Wigner spec-
trogram of the signal*~"®

Figure 6 shows the absolute value of the two-pulse pho-
ton echo(PE) signal for the 1-2-3-4 and 7-8-9-10 isoto-
pomers plotted in the frequency dom&fhwhere the spectral
region corresponding to only the vibrations localized on the
isotopically labeled units is displayed. For a precise defini-
tion of these plots see Ref. 77: The peaks in the PE spectrum
represent vibrational coherences during the first and third
time intervals in the incident pulse sequence. The second
time interval was zero and the homogeneous dephasing con-
stantI” was set equal to 1 cit. The incident pulse widths
span the entire amide | region of the spectrum and possess
uniform intensity (rectangular shape in the frequency do-
main) for this spectral region. The rotating wave approxima-
tion was applied manually by selecting the relevant Liouville
space pathways and the pulses were taken to be impulsive in
the time domair(the snapshot limjt*® The polarizations of
all four fields were parallel and the signals were averaged
over molecular orientation8.

Peaks representing the vibrational fundamentals appear
on the diagonal axisd;=w3) of Fig. 6. The peak labels
correspond to the indices assigned in Figs) and 3d) and

frequency/cm'1 represent the coherence frequencies during the first and third
) ) _ _ time intervals. For example, the peak labeled X,X in panel
o e s o s s 12 s a1 5.3, (@ evolves at 1652 cn during bolh the firstand thrd tme
and 4(d) 7, 8, 9, and 10. Peaks corresponding to modes localized on théNtervals. A peak corresponding to the singly to doubly ex-
isotopically substituted units are labeled with asterisks in panels a-b angited state transition is seen shifted down the axis from
with letters(A-B, W-Z) in panels(c) and (d). the corresponding fundamental by the anharmonicity. For ex-
ample, the peak labeled X,XX in pangl) evolves at 1652

_1 . . . . . _
less straightforward than for amide I; isotopic substitutionsand 1643 cm during the first and third time intervals, re

; : Lo tively. Thus the anharmonicity of mode X is 9 ¢m
of 15N is predicted to decrease the vibrational frequency b pPec .
only 6 cmi 't (B3LYP/6-31+G™ calculation for NMA and ¥he best resolved peaks are seen for the strongest transitions

. . . . o in the linear spectra as the PE response function is fourth
deuteration of this group is complicated by migration of the : o ; ) .
) : . . order in the transition dipole, making the display of all peaks
isotopic label. However, our calculations predict that the an- ) -
o . . L 1 on the same scale problematic. The anharmonicity for the
harmonicity of this mode in the-helix is 7.5 cm * greater

than that of the 3 (Table ). While this signature is not as overtone of the strongest IR active mode is labeled for each
' g conformer in Fig. 6.

robust as for the isotopomers in the amide | region, it is c ks bet i t mod tf i
within experimental resolution and could easily be verified . ross peaks between diierent modes appear at frequen
by nonlinear measurements of prototypicat and cies correspondln% to "the two fundamentals. For example,
3, -oligomers. the pealfllabe_led X,Z_ in panel(g) e_volvgs at 1652 and
1667 cm - during the first and third time intervals, respec-
tively. The combination bands between these modes are
shifted down thew; axis by an amount equal to the anhar-
monicity of the combination band. For example, the peak
Although the calculated linear peak positions and intendabeled X,XZ is shifted down the; axis from the peak X,Z
sities can distinguish local secondary structures, the picturby 7 cm %, the anharmonicity of this combination band.
may not be so clear experimentally since line broadening Note that the anharmonicities of the singly to doubly
usually limits the resolution and eliminates many fine detailsexcited state transitions for isotopically labeled modes in the
Multidimensional infrared techniques carry more informa- a-helix (4—6 cmi'Y) are significantly smaller than in the 3
tion and should therefore be applied in ambiguous cases, #80-12 cm), a difference that may be easily resolved ex-
is commonly done in NM& and ESR” Predictions of perimentally. This result is robust because it represents local
gualitative relations between the resonances are more practecondary structure rather than the energy levels of the entire
cal tools for interpretation because multidimensional nonlin-15 unit ideal helices, which of course do not exist in solution.
ear spectra possess more features. The most accessible dif- The frequency domain is not the only way to view this
ference between the two helices is the occurrence of nearljpeasurement; the relative anharmonicities may also be re-
degenerate transitions in the 1-2-3-4 and 7-8-9-10 isotovealed as beat frequencies at certain spectral regions in the
pomers for thea-helix but not the 3s-helix. These transi- radiated field. A 2D IR signal that carries more information is

(a) (o) |

Relative absorbance

1650 1675 1700 1725 1750 1650 1675 1700 1725 1750

V. NONLINEAR IR SIGNATURES OF a- AND
3,0-HELICES
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FIG. 6. (Color) Absolute value of the three pulse IR photon echo spectra of the 1-2-3-4 substdutedand (b) 3,yisotopomers are shown along with the
7-8-9-10 substitute(t) a- and(d) 3,isotopomers. Axes correspond to the Fourier transform with respect to the third time interval. The second time interval
is set tot,=0. The peak labels correspond to the indices assigned in Rigsaid 5d). All four field polarizations were taken to be parallel and the spectra
have been normalized to the maximum intensity for the 7-8-2t@lix.

the Wigner spectrogram, which is bilinear in the response/l. CONCLUSIONS
function R and is defined by the transformation
Our results for this simple peptide exemplify subtle dif-

sijkl(w3;t3st21t1):f d7Rij (ta+ /285, t1) ferences in the vibrational spectra of closely related struc-
tures. We have demonstrated tladt initio calculations of
X R (3= 71215, ty) expliwgT), small model systems can be used to parameterize high-

quality spectroscopic Hamiltonians, facilitating a detailed in-
(6) terpretation of nonlinear signals and resolution of ambiguous
where the indicegkl represent the lab frame polarizations of linear measurements. The exciton description was applied to
the four fields. The spectrogram represents the joint tige (  the amide | and amide A modes. Linear and nonlinear IR
and frequency ¢3) distribution of the emitted field. Peaks signatures of locak- and 3 y-helical structure for a series of
appear at frequencies corresponding to the average of &ll,s-substituted isotopomers were identified. Local secondary
pairs of resonances seen in the frequency domain spectsiructure is manifested in the peak positions and intensities
along w; (see Fig. 6. All peaks in the spectrogram are of the linear spectra for the 1-2-3-4 and 7-8-9-10
modulated at the frequency difference between the respectiv@,y-substituted isotopomers. In addition, nonlinear PE sig-
resonances. nals were both plotted in the frequency domain and as
The smaller anharmonicities of tlaehelix are evident in ~ Wigner spectrograms to reveal the relative magnitudes of the
the Wigner spectrograms displayed in Fig. 7; these spectravertone anharmonicities calculated for the two structures.
grams correspond to the PE spectra shown in Fig. 6. Th&éhe anharmonicities of the overtone transitions in the
peaks appearing at the average of the fundamental and ovez,-helix (10-12 cm'!) were calculated to be about twice
tone frequencies(a~1667 cm?, 3,0~1647 cm') are those of thea-helix (4—6 cmY). It will be interesting to
clearly modulated at lower frequencies for thehelix (pe-  explore other structural motifs such gssheets in the future.
riod ~5 p9 than for the 3-helix (period~3.3 ps. Even though the calculations presented here should be
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