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Abstract: Molecular dynamics simulations of the structural distributions and the associated amide-I vibrational
modes are carried out for dialanine peptide in water and carbon tetrachloride. The various manifestations in
nonlinear-infrared spectroscopic experiments of the distributions of conformations of solvated dialanine are
examined. The two-dimensional infrared (2D-IR) spectrum of dialanine exhibits the coupling between the
amide oscillators and the correlations of the frequency fluctuations. An internally hydrogen-bonded conformation
exists in CCJ but not in HO where two externally hydrogen-bonded forms are preferred. Simulations of
solvated dialanine show how the 2D-IR spectra expose the underlying structural distributions and dynamics
that are not deducible from linear-infrared spectra. f®Hhe 2D-IR shows cross-peaks from large coupling

in thea-helical conformer and an elongated higher frequency diagonal peak, reflecting the broader distribution
of structures for the more flexible acetyl end. In G¢Ghe computed cross-peak portion of the 2D-IR shows
evidence of two amide-| transitions in the high-frequency region which are not apparent from the diagonal
peak profile. The vibrational frequency inhomogeneity of the amide-l band arises from fluctuations of the
instantaneous normal modes of these conformers rather than the shifts induced by hydrogen bonding. The
simulation shows that there are correlations between fluctuations of the acetyl and amino end frequencies in
H0 that arise from mechanical coupling and not from hydrogen bonding at the two ends of the molecule. The
angular relationships between the two amide units which also show up in 2D-IR were computed, and spectral
manifestations of them are discussed. The simulations also permit a calculation of the rate of energy transfer
from one side of the molecule to the other. From these calculations, 2D-IR spectroscopy in conjunction with
simulations is seen to be a promising tool for determining dynamics of structure changes in dipeptides.

Introduction Experimental methodologies based on nonlinear-IR spectros-
) ) ) ] ) ) copy can overcome many of those shortcomings and lead us

Linear-infrared spectroscopy provides a fingerprint of various tqward providing structural information. Such a promise has
nuclear motions in a molecule. In proteins, motions of each |eq to technological advances on developing multidimensional
peptide unit give rise to nine characteristic vibrational frequen- |R spectroscopy. Until recently, multidimensionality in the IR
cies. Out of these, the amide-I band has been used extensivelyspectrum has been achieved by using temperature or pressure
in structure studies because of its sensitivity to the secondary as an additional dimensidnHowever, recent developments in
structure of proteind? The alpha-helical structure gives rise to  |aser spectroscopy have led to novel two-dimensional infrared
a single amide-I band typically in the region of 1650 Tm  (2D-IR) experiments where the multidimensionality is achieved
whereas beta sheet give rises to two bands: a strong one apy several successive interactions between the field and the
1620 cm* and a weak one at 1690 cA»® According to normal  systenf 8 In magnetic resonance, for example, the disentangling
mode calculations, most of the contribution to the amide-I band of complex spectra is accomplished by multiple pulse sequences
is from the G=0 stretch. The sensitivity of the amide-l band to  that manipulate the spin coherences and populafiéh&n
the structure is due mainly to two effects; the frequency shift analogous approach in infrared spectroscopy requires the sample
from external/internal hydrogen bonding of<O; and the  to be examined by multiple IR pulses having well-defined
vibrational transition moment interaction of neighboring ufits. spectral bandwidth, phase, and amplitd&#& From such
Utilization of linear-infrared spectra (IR) to deduce three-
dimensional structures of proteins and peptides has been limited (4) Noda, I.App. Spectrosc199Q 44, 550-561.
because of the congestion from overlapping amide-l bands 20851) fﬂ‘”&g’g&é?;p'und' M. C.; Hochstrasser, R. M1.Chem. Phys.
associated with different structural domains. Another challenge (6) Asplund, M. C.; Zanni, M. T.; Hochstrasser, R. Rroc. Natl. Acad.
is to differentiate between the band structures that arise due toSci. U.S.A200Q 97, 8219-8224.

the vibrational excitonic interactions and those energy shifts  (7) Hamm, P.; Lim, M.; DeGrado, W. F.; Hochstrasser, R. Rfoc.
9y Natl. Acad. Sci. U.S.AL999 96, 2036-2041.

from environmental fluctuations. (8) Hamm, P.; Lim, M.; Hochstrasser, R. M. Phys. Chem. B998
102 6123-6138.
(1) Krimm, S.; Bandekar, JAdv. Protein Chem1986 38, 181—364. (9) Ernst, R. R.; Bodenhausen, G.; Wokaun,inciples of Nuclear
(2) Tori, H.; Tasumi, M.J. Chem. Phys1992 96, 3379-3387. Magnetic Resonance in One and Two DimensidDsford University
(3) Mantsch, H.; Chapman, D., Edsifrared Spectroscopy of Biomol- Press: Oxford, UK, 1987.
ecules Wiley: New York, 1996. (10) Munowitz, M.Coherence and NMRWViley: New York, 1988.
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2D-IR Spectroscopy for Dipeptide Structure Dynamics

experiments, the vibrational spectra can be spread into a numbe
of dimensions so that spatial distributions of couplings and
frequencies can be determined. The diagonal part of the 2D-IR
spectrum exhibits similar characteristics as would be seen in a
linear-IR spectrum. Along the anti-diagonal, however, a nar-
rowed line shap€ is obtained, thus, providing clarity to a
congested IR spectrum. The cross-peaks in a 2D-IR spectrum
correspond to the coupling between modes and can be used tc
determine the three-dimensional structure on the basis of some
intermode potential. Although much work remains to be done
before such a procedure becomes routine for even the simples
systems, the benefit will be a significant advance in the ability
to observe the time evolution of structural chantfes.

There are extensive experimental measurements in the
literature on peptide$ 71519 and more recently on small
molecules!®20 using the 2D-IR method. Figure 1 shows the
2D-IR spectra of one of the dipeptide systems, acetyl proline-
NH, in chloroform> By comparing the general features of this
spectrum with the simulations we intend to illustrate the essential
features of 2D-IR spectra and provide a foundation for structural
interpretation of 2D-IR. The complex 2D-IR spectruf;—
w,my), is obtained in the same manner as NMBROSY spectra.
Two infrared pulses separated bgenerate an FID beginning
att = 0 which is measured along theaxis by heterodyne
methods!> A double Fourier transform alongandt yields the
spectrumS(—w,w;). The |Y—w,wi)| spectrum is shown in
Figure 1a. The three peaks along the diagonal marked B and C
correspond to amide-lI modes from amino and acetyl ends of
the dipeptide, respectively. The diagonal marked A is the amide-
Il mode from the amino end. The cross-peaks are marked D
through I. As shown in ref 15, these cross-peaks are assumec
to correspond to two conformations of the dipeptide in
chloroform. Cross-peaks H and | are due to coupling between
the amide-l modes from the amino and acetyl ends. Others
correspond to coupling between the amide-l and -Il modes.
Figure 1b shows the real part of the spectrum where the peaks
are resolved with opposite signs. The splitting is due to
anharmonicity. In the case of cross-peaks, the off-diagonal
anharmonicity is a measure of coupling between modes. The
frequencies positions indicate that the two configurations have
almost degenerate amino end amide-I transitions and different
amide-Il and acetyl end amide-I transitions. Experiments with
polarized light substantially improved the spectral discernability
of the cross-peaks as shown in Figure 1c. From the relative
cross-peaks intensities which change according to differing
angular dependencies, it was possible to show that the mear
angles between the vibrational transition dipoles that give rise
to the cross-peaks H and | are 35 andO, respectively, but
the angular distribution was not known.

(11) Mukamel, SPrinciples of Nonlinear Spectroscop@®xford Uni-
versity Press: New York, 1995.

(12) Zhang, W. M.; Chernyak, V.; Mukamel, S. Chem. Phys1999
110 5011-5028.

(13) Kubo, R.Adv. Chem. Phys1969 15, 101.

(14) Hamm, P.; Hochstrasser, R. M. Uitrafast Infared and Raman
SpectroscopyFayer, M. D., Ed.; Marcel Dekker Inc.: New York, 2001,
pp 273-347.

(15) Zanni, M. T.; Gnanakaran, S.; Stenger, J.; Hochstrasser, R. M.
Phys. Chem. BR001, 105 6520-6535.

(16) Woutersen, S.; Hamm, B. Phys. Chem. R00Q 104, 11316~
11320.

(17) Woutersen, S.; Hamm, B. Chem. Phys2001, 114, 2727-2737.

(18) Woutersen, S.; Mu, Y.; Stock, G.; Hamm, ®hem. Phys2001,
266, 137-147.

(19) Zanni, M. T.; Ge, N.-H.; Kim, Y. S.; Hochstrasser, R. Froc.
Natl. Acad. Sci. U.S.A2001, 98, 11265-11270.

(20) Golonzka, O.; Khalil, M.; Demirdeen, N.; Tokmakoff, A.Phys.
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Figure 1. Experimental 2D-IR spectra of acetyl-proline-Nid CDCls.
The magnitude (a) and real part (b) of the complex 2D-IR spectrum,
S (—w.wy)}, are plotted. The diagonal (A through C) and cross (D
through ) are labeled. Increasing 2D-IR signal is represented by color
gradient from blue to red. The difference spectrum (c), where the

diagonal contributions in the 2D-IR spectrum have been eliminated by
subtracting two-polarization measurements, is also shown.

Our main purpose is to provide insight into how the
underlying conformational distributions and preferences are
manifested in 2D-IR spectra obtained in different solvents. For
the simulations we used a simple dipeptide that is terminally
blocked by acetyl (Ac-) and methylamide (-NHMe) groups such
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Figure 2. Skeletal diagram of dialanine. The¢ dihedral angle
corresponds to C¥N—CA—C (i.e., rotation about NCA bond). The

1 dihedral angle corresponds toIfCA—C—NT (i.e., rotation about
the CA-C bond). The letter notations of the atoms are taken from the
topology file of CHARMM224! Also shown are some of the well-
known conformations of dialanine.
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It has been also shown that as the polarity of the solvent is
increased the “signature” of the C7 form diminishes. Theoretical
calculations and simulations of dialanine show a similar trend.
However, the exact nature of the distribution of extended
conformations in polar solvents is not clear.

Since dipeptides are the fundamental building blocks of
peptides and proteins, and on account of their small size, they
have lent themselves to a wealth of theoretical computatfoiis.
Most of the theoretical work has focused on the relative free
energies of the conformers both in a vacuum and aqueous
solution. The isolated dialanine has been widely studied by high-
level ab intio method®®31 and the general conclusion, which
was supported by a recent gas-electron diffraction analysis
study?®?is that the internally H-bonded conformation C7eq and
extended C5 are of lowest energy. The thermodynamics of
conformational equilibria of dialanine in aqueous solution has
been investigated using M&MD,34-36 and statistical mechan-
ical integral equation¥’ Recent ab initio calculations with the
reaction field representation suggested that the aqueous environ-
ment stabilizes the helical minin#&3° A thorough review has
been given by Brooks and Ca¥eThese studies agree quali-
tatively in that the aqueous solvent decreases the free energy
differences between conformations and lowers the barriers.
Lacking any quantitative experimental evidence, predictions of
the relative free energies have been debated. Furthermore, the
accuracy and applicability any new methodology or parameters
used in dialanine calculations usually have been checked with
high level ab initio calculations rather than experimental results.
The effects of H-bonding, vibrational excitonic coupling and
solvent induced internal coordinate fluctuation have been
investigated in the present paper. Two solvents, wate©OjH

that it contains one side chain but two peptide bonds. Dipeptides@nd carbon tetrachloride (Cfllhave been considered. Simula-

are biomedically important as protease inhibitbrand taste
receptorg? and for providing receptor selectiviyand enzyme
regulation?* to mention just a few examples. The alanine

tions of the 2D-IR spectrum of dialanine have enabled a
guantitative comparison between theory and experiment for the
case of dialanine which is expected to be typical for other

dipeptide (dialanine) has also served as a paradigm for studyingPeptides.

the thermodynamics of protein conformations and folding in
different kind of solvents since it is the simplest system to
imitate the peptide interactidfi.It shows features of a polypep-
tide backbone by having flexible dihedral angles and peptide
NH and CO groups capable of hydrogen bonding (H-bonding)
with each other or with solvent molecules.

The conformations of dialanine are described in terms of the
two dihedral (Ramachandr&) angles;¢ and v, defined in
Figure 2. Symbols for structures close to the well-known
conformations are: the C5 conformer which is the trafigfm
of the dialanine; the Gg and C% which are the internally
hydrogen-bonded (H-bonded) forms (crystallographandy");
and org and oy, which are the right-handed and left-handed
o-helical forms. The Pform is a polyproline-like conformation.

It has been shown experimentally for dialanine that the C7 and i

C5 forms predominate in nonpolar solveAtd® but that
extended forms such ag Rndag coexist in polar solvent®

(21) Kiso, Y.; Matsumoto, H.; Mizumoto, S.; Kimura, T.; Fujiwara, Y.;
Akaji, K. Biopolymers1999 51, 59-68.

(22) Goodman, M.; Zhu, Q.; Kent, D. R.; Amino, Y.; lacovino, R;
Benedetti, E.; Santini, AJ. Pept. Sci1997 3, 231-241.

(23) Simone, G. D.; Lombardi, A.; Galdiero, S.; Nastri, F.; Costanzo,
L. D.; Gohda, S.; Sano, A.; Yamada, T.; Pavone,Biopolymers200Q
53, 182-188.

(24) Torreggiani, A.; Tampa, M.; Fini, @iopolymers2000 57, 149-
159.

(25) Brooks, C. L., lll; Case, D. AChem. Re. 1993 93, 2487-2502.

(26) Ramachandran, G. N.; SasisekharanAtf. Protein Chem1968
23, 283-438.

(27) Cung, M. T.; Marraud, M.; Neel, Ann. Chim.1972 7, 183-209.

(28) Madison, V.; Kopple, K. DJ. Am. Chem. S0d.98Q 102 4855.

Methodology

The simulations were carried out with the CHARMM progfdm
which employed an empirical energy function to represent the external
and internal interactions of the system. The classical equation of motion
was integrated using Verlet algorithm with a time step of 1fs. The
Coulombic and Lennard-Jones nonbonded terms of the potential
compensate the H-bonding interactidhBlonbonded interactions were
truncated by a group-based force switching function for electrostatic
interactions and a regular switching function for van der Waals

(29) Schafer, L.; Newton, S. Q.; Jiang, X. IMolecular Orbital
Calculations for Biological SystemSapse, A.-M., Ed.; Oxford University
Press: New York, 1998; pp 18224.

(30) Head-Gordon, T.; Head-Gordon, M.; Frisch, M. J.; C. L. Brooks,
Pople, J. AJ. Am. Chem. S0d.991, 113 5989-5997.

(31) Gould, R. I.; Kollman, P. AJ. Phys. Cheml992 96, 9255-9258.
(32) Schafer, L.; Bindrees, I. S.; Frey, R. F.; Vanalsenoy, C.; Ewbank,
C. J. Mol. Struct. (THEOCHEM}995 338 71-82.

(33) Mezei, M.; Mehrotra, P. K.; beveridge, D. . Am. Chem. Soc.
1985 107, 2239.

(34) Anderson, A. G.; Hermans,Broteins: Struct., Funct., Genet988
3, 262-265.

(35) Bolhuis, P. G.; Dellago, C.; Chandler, Broc. Natl. Acad. Sci.
U.S.A.200Q 97, 5877-5882.
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3870.
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116, 9250-9259.
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1532.
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Swaminathan, S.; Karplus, M. Comput. Chenl983 4, 187.
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interactions. In the simulations all of the covalent bond lengths involving ~ Even though a single normal mode analysis completely neglects both
hydrogens were constrained using SHAKE. Details of the parametriza- the diagonal and off-diagonal anharmonicities, when this analysis is
tion, initial setup, minimization, equilibrium, and simulation are given done for a series of configurations obtained from an MD calculation,
below. some of the anharmonicities are implicitly included since frequencies
For dialanine, the CHARMM22 parameter Setas used. This is are calculated from an effective force constant. In these force fields,
an all-atom parameter set. The choice of this parameter set was justifiedthe intramolecular normal modes are described in terms of internal
by the reasonable results obtained for the dialanine conformational coordinates such as bonds, angles, and dihedrals governed by the
distribution and vibrational frequencies. The water model used in the harmonic potential. For small displacements, the linear transformation
simulation is the TIP3P model modified for CHARMM parameters. of these quadratic force constants in internal coordinates into normal
The TIP3P water model was chosen since with the CHARMM?22 coordinates do not cause anharmonicity. At large displacements,
parameter set for a protein it leads to a more correct representation ofhowever, this linear transformation is not valid and can result in
water—peptide interactions. A nonpolarizable Lennard-Jones sphere anharmonicity. Additionally, nonbonded interaction potentials, improper
model was used for CE#? Our interest here is to highlight the  angle terms, and barrier crossing of dihedrals will cause anharmonicities.
differences in conformational preference of dialanine between water Such terms are reasonable representations of anharmonicities in low-
and a nonpolar solvent represented by this simple model of. CCl frequency modes, but the extent to which these empirical force fields
The initial pure solvent system consisted of 500 water molecules in take into account the coupling between two high-frequency modes is
a cubic cell with the length of 24.636 A at 298.15 K. This initial  not clear. The amide-I frequencies were identified by the contribution
configuration of the solvent box was obtained from earlier simulations from C=0 stretch to that mode. There were no instances where these
of pure solvents. Ab initio calculations showed that dialanine can exist contributions resulted in crossing (significant mixing) of the adiabatic
in different conformerg!43 So, we have chosen the initial dialanine frequencies, that is, lower and higher amide-| frequencies always came
conformations for solvent simulation frognandy values that sample  from the motion of same set of atoms. We do not find any occurrence
the entirep—1p conformational space. The preferred conformation was of imaginary frequencies in the amide-I region, suggesting that for the
obtained by changing the desired dihedrals of dialanine in step-by- amide-I mode the potential is dominantly a quadratic form with upward
step increments of 5and optimization of the remaining degrees of curvature in all directions so that the issues related to diffusion and
freedom with Adopted Basis Newton Raphson (ABNR) minimization. barrier crossinf can be neglected. Normal mode analysis was carried
The solute (dialanine) was placed in the center of this periodic box, out with the VIBRAN modulé® in the CHARMM program.
and the water molecules within 2.1 A were removed. This resulted in
six water molecules being removed. Initially, solvent molecules were Results
minimized with dialanine kept rigid and fixed at the center of box.
Eventually, the dialanine was relaxed, and the whole solvated system Calculation of the conformational energy map of an isolated
was minimized. During this minimization procedure, the dihedral angles dialanine indicated that in the gas phase, the preferred confor-
of dialanine corresponding to various conformers were constrained. mations are either C7 or C5. This is in agreement with earlier
H_owever, during the. simulations no constraints were applied on these -5|culations using a similar classical force fidldn fact, high
dihedral angles. This solvated system was slowly brought to room level ab initio calculations predict a similar tref! The

temperature and equilibrated for 60 ps. After that the system was interesting question as to what are the most probable conforma-

allowed to evolve for 100 ps for data collection. Coordinates and . - ) .
velocities of all atoms were saved every 5 fs for analysis. There were tions in the solvents Cgland HO at 298 K is addressed in

a total of 20 simulation sets corresponding to different initial configura- Figure 3. Two different sets of conformations with very little
tions of dialanine. A similar procedure was carried out for dialanine Overlap dominate in each of the solvents. In water,dhend

with ~253 CCl molecules and four simulation sets corresponding to Py conformations are most stable, whereas in carbon tetrachlo-
different initial configurations of dialanine were considered. ride, the C5 and G4 conformations are the stable ones.

The amide- frequencies were calculated by carrying out instanta- - Normal mode calculations on isolated dialanine indicate that
neous normal mode (INM) analysis for the nuclear configurations of ha amide-I frequencies of the acetyl and amino ends are not
dialanine (excluding surrounding solvent molecules) obtained from the the same. Table 1 shows the calculated amide-I frequencies for
simulation trajectories. The total potential of dialanine was expanded the C5 C(.)nformation of dialanine. The amide-I frequency of

about the initial configuration, and a set of harmonic frequencies was . . .
computed. The instantaneous frequency shifts due to H-bonding arethe acetyl end is about 9 crhhigher than that of the amino

included explicitly for the initial configuration. Such a procedure €nd. This is not surprising since th?‘ ghem!cal groups that are
generates an inhomogeneous frequency distribution since it samplesbonded to the atoms that mainly participate in the amide-I mode
all possible initial configurations from an ensemble of nuclear motion at the two ends are different. We have used potential
configurations that are in equilibrium at room temperature. Motional energy distribution (PED) analyéfsof the amide-I band of
narrowing effects are not included. This is a reasonable approach for dialanine to estimate which internal coordinates of the peptide
examining structural distributions since 2D-IR spectroscopy measures njt contribute to the amide-I vibrations and to decide whether
the inhomogeneous contributions to the line shapes. The dipole tne amide-1 modes are localized on individual peptide units.
derivatives of different modes of the system are not correctly obtained Table 1 also shows the contribution to the amide-I mode from
from the above analysis. We focus only on one mode, amide-l, whose _ _ . . . . o
various internal coordinates. As expected, the main contribution

dipole derivative is assumed to be a constant. The INM theory has . . . . .
been successful in describing liquid-state propeffisyt for our is from the G=0 stretch. The mode that gives rise to the higher

application the term, momentary frequency distribution, may be more frequency transition is localized more on the acetyl end of the
appropriate than INM since we are only considering the momentary or dipeptide. The lower frequency amide 1 mode arises mainly
instantaneous frequency of a specific internal mode of the solute. ~ from the amino end. To separate the overlapping bands, from
1) MacKeroll A D 3r- Bashford D Belloft M- Dunbrack R L. ow on, it is assumed that the carbony=O) carbon of the
Evgns)eclic.].eDr?; I’:ielld, M. 5 Fiasschgrr, S éag, g.;’Gu'('), }—llm Hr:,CS’.; Jbséph— _am'no_end IS downsmﬁed_ in frEqu_enCy by 35_émTh'S shift
McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos, C.; IS equivalent to that obtained by isotopic substitution'fg.
Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E., Il Normal mode calculations on the isotopomers indicated that

Roux, B.; Schlenkrich, M.; Smith, J. C.; Stote, R.; Straub, J.; Watanabe, ; ; It ; i i i ati
M.: Wiorkiewicz-Kuczera, 3. Yin, D.: Karplus, M. Id. Phys. Chem. B isotopic substitution resulted in even more efficient localization

1998 102, 3586-3616. of amide-I modes on individual peptide units. We should stress
(42) Frankland, S. J. V.; Maroncelli, M. Chem. Phys1999 110 1687

1710. (45) David, E. F.; Stratt, R. MJ. Chem. Phys1998 109, 1375.
(43) Smith, P. EJ. Chem. Phys1999 111, 5568-5579. (46) Brooks, B. R.; Janezic, D.; Karplus, M. Comput. Chem1995

(44) stratt, R. M.AAcc. Chem. Red.995 28, 201—207. 16, 1522-1542.
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solvent molecules and the other internal degrees of freedom of
dialanine. To take advantage of a nonlinear-IR spectroscopic
method, these two interactions should be sensitive enough to
be differentiable between conformers. First, consider the strength
and distribution of the vibrational coupling which splits the
diabatic amide-1 bands. The force field used in the simulation
does not properly take into account the vibrational frequency
dependence on the electrostatic (through-space) potevitial,
(Q), between the moving potential charges and charge fluxes.
We could add a term:

Vg
anan 0

1
Ve(Q) ~ ZE * QQnm )

to the force field to incorporate them as done by otRér¥.
However, Vg(Q) has its most noticeable effect on the amide
modes in coupling the nearly degenerate amide-I modes derived
from the force field. If the energy gap between the amide-1 and
other modes of the peptide is large compared with the matrix
elements oWg(Q), the relevant effect 0¥g(Q) can be obtained
from a Hamiltonian matrix in the basis of the amide-I modes.
The matrix elements o (Q) can then be reduced to multipole
interactions, approximated by the transition dipafiensition
dipole term,j:

_ Mt — 304 (i)

3
rkm

B )

whereuy is the vibrational transition dipole vector of tlkh
| amide-l modey; is the unit vector connecting the indicated
dipoles, and is the distance between dipoles considered large

-160f8 - o compared with the dynamic charge distribution. The dipole
e TP P T P T FraETT ST strength was taken as thatfmethylacetamide (NMA}.The
oD direction and location of the amide-I transition dipole were the

same as those used in previous studies of protein amide-I
vibrational analysig.Figure 4 shows the dipotedipole coupling
between the amide-l modes of dialanine igxCHand CCl. In
Table 1: Properties of Amide-1 Mode of Dialanife water, the coupling distribution is bimodal, one peak centered
lower amide-1_higher amide-1 ~1Q cnt!and the other.at«—I.B cr.nfl.'However, predominaptly

. T a single-peaked coupling distribution centered-2 cnr?! is

aminoend CRPOR stretch 54% 11% Solvent-induced changes in the nuclear coordinates of diala-

Figure 3. ¢—1 map of most probable conformers of dialanine in water
(A) and CC}, (B).

gipgg&NR ;”emh 10% - nine give rise to fluctuations in the amide-l frequencies.

] end % B Fluctuations arise from direct interaction of the amide-l mode

acetylend CLP-OL stretch 11% 56% with solvent molecules or through solvent-induced coupling to
CLP—NL stretch - 9% other modes. Figure 5 shows the distribution of amide-|
CA-CLP—NL bend - 6%

frequencies due to solvent-induced nuclear fluctuations of
a Frequencies are listed first. Potential energy distribution for the dialanine in HO and CCJ. In water, the acetyl end of dialanine

low a_nd high amide-| frequencies are also given. The internal coordinate gives rise to a broader frequency distribution compared to the

contributions to the mode are shown as_percentages. Only the 3ming end. However, in C¢the frequency distribution from

contributions greater tma5 % are tabulated. The notations of atoms th tvl end fluctuati . than is obtained f

that participate in the stretching and bending motions are indicated in 1€ @Cetyl end fluctuauons 1s narrower than 1s obtained from

Figure 2. those at the amino end.

Another contribution to the amide-I frequency fluctuations
that it not our intention to reproduce the amide-I frequency arises from the changes in the hydrogen-bond (H-bond) interac-
spectrum of dialanine with high accuracy; rather, we aim to tions between the-€0 and hydrogen donofsrequency shifts
provide an approximate and reasonable approach to the amide-Aue to such an interaction can be described in terms of

frequency fluctuations and distributions for realistic modeling geometrical considerations of the solvent molecules or internal
of 2D-IR spectra. atoms which are suitably located to H-bond witk=O. We

define an H-bond as existing when the distance between the
hydrogen of a donor molecule and the oxygen of the peptide

We now consider the effects of the conformational distribu-

tions on the frequencies of the amide-l bands. In general, the 7" .
amide-| band is influenced by two kinds of interactions: internal unit is less than the H-bond cutoff distance (2.6 A) and makes

vibrational interactions between amide modes and frequency® favorable angle [{H--O—X and 0O=C--X < 90). A
shifts induced by other modésOther modes could include (47) Lee, S. H.; Krimm, SChem. Phys1998 230, 277—295.
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Figure 4. Distribution of coupling between amide-1 modes of dialanine - Figure 5. Distribution of amide-I frequencies due to solvent induced
due to electrostatic interactions. (A) i@, (B) in CCL. nuclear fluctuations of dialanine inJ9 (A) and CC} (B).

pictorial representation of these criteria is shown in Figure 6.
When these constraints are satisfied, the shift in frequéngy
due to H-bonding is given in cnt as®

ov, =300 oy — 2.6) ©)

wherergy is the G=0- - -H—X distance in A. In the event that
more than one hydrogen atom satisfies the above criteria, the
configuration that produces the largest frequency shift is chosen.Figure 6. Pictorial representation of H-bonding criteria considered in
Figure 7 shows the distribution of frequency shifts due to the calculation. Refer to the text for details.
H-bonding. Analysis of our earlier results on conformational
distributions indicated that there are no internally H-bonded in how this conformational energy landscape is affected by
structures existing in k0. Therefore, the frequency distribution different solvents. The conformational distribution dialanine in
shown in Figure 7A arises solely from H-bonding to water CCl; is similar to what one would expect in the gas phase,
molecules (external H-bonding), arising in95% of the namely C5 and C7. The structure where the methyl group is
configurations. In CG| however, the only H-bonding is internal. ~ along the equitorial (G is the favored internally H-bonded
About 20% of the configurations in Cg&$atisfy the H-bonding structure. In HO, however, similar conformations do not exist.
geometry criteria. Figure 7B shows the distribution of frequency In fact, conformations similar to right-handedhelical ()
fluctuations from these configurations. The distribution in £CI and poly-proline (P) like structures are observed. ThgfBrm
is much wider than in BD. is similar to a twistegb structure, a solvent compromised form.
In the next section, we discuss possible reasons for the Dialanine conformational distribution at room temperature is
conformational preferences. We will simulate the 2D-IR spec- consistent with the results from past studies that used similar
trum and make some predictions as to what one should expectforce field#1:43

to see in such experiments. One aspect of the conformational preferences arises from the
Di . competition between the internal and external H-bonding.
IScussion Conformations can be stabilized by as much as 3 kcal/mol by

It is well-known that the conformational energy landscape H-bonding!* In HO, we find that both external and internal
of an isolated dialanine has several minima.. The interest lies H-bonds can be formed. However, as a result of steric effects
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Figure 7. Distribution frequency shifts due to H-bonding. (A)
H-bonding of dialanine €O to hydrogen of water. (B) Internal
H-bonding of G=0 to H—N of dialanine in CCJ.

Figure 8. Radial distribution functiond(r)) for the externally (A) and
internally (B) H-bonded pair. (Ap(r) for dialanine—C=0O- - -H—
of water (solid line: acetyl end; dashed line: amino end) ¢B8) of

and molecular flexibility, the strength and stability of external ~C=0- - -HN~ of dialanine in CCJ

H-bonding to HO is stronger than internal H-bonding. The
radial distribution functiond{(r)) of the O-H of the H-bonded
pair for the internally and externally H-bonded cases supports
such an argument. Figure 8 shows 8tg of dialanine in HO

and CC}. It is evident from the figure that the externally
H-bonded O- - -H distance is shorter than the internally H-
bonded one. Then a distance-dependent potential terms often
used in molecular mechanics will predict a strong H-bond energy
for the former case. The H-bonding effect on the amide-I
frequency shift implicitly suggest such energetics. In water, the
external H-bonding of the NH of the peptide unit to the oxygen

of water leads to additional stabilization. Quantum mechanical
calculations of the isolated dialanine show thatgH€5) form

is still one of the most stable forms. That result is supported by
the observation of the C5 form in CLlIt is interesting that the
externally H-bonded trans form is not found in® It is
suggested that the dialanine prefers a conformation that would

1 SR : N
8-180 -150 <120 -80 -60 -30 0 30 60 90 120 150 180

produce a large permanent dipole moment, so that it can be D
solvated well. In fact, thexr conformer in HO does have a  Figure 9. Magnitude of electrostatic coupling between amide-I modes
large permanent dipole moment. of dialanine as a function op andy dihedral angles. The contour

The electrostatic coupling is determined by the distances spacing is~0.5 cnt?,
between and orientations of the peptidee@ groups which
dominate the dipole derivatives. Such a conformational depen-conformation, where the transition dipoles are parallel, gives
dence can be seen on the coupling contour map shown as dise to the largest coupling. In contrast, the extended forms C5
function of ¢ andy dihedral angles (Figure 9). The relevant and R that have the €O bonds closer to a displaced
conformations are marked in the contour map. Bhkelical antiparallel geometry also give rise to a small coupling strength.
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Furthermore, a perpendicular orientation of dipoles as in the g g y T T T T
CT7eq form, has the smallest electrostatic coupling strength. A)

Such a distinction in coupling strengths between conformers
is evident from the simulation (see Figure 4). | there are
two very well-separated distributions, a broader distribution at
10 cnt! and a sharp distribution at3 cn 1, corresponding to
the ag and R conformations, respectively. In C{however,
there is a strong sharp distribution at low coupling strength,
corresponding to C5, and a small peak at a slightly higher
strength, corresponding to gy/conformations. As we have
shown below, the distinction between conformations in LCl
can be made from the differences in mean amide-I frequencies.

The mean amide-I frequency of each end of the solvated
dialanine is determined by whether the=O from that end
forms a H-bond. Slnce the hlgher frequen.Cy amlde_l mOde anses 1600 1610 1620 1630 1640 1650 1660 1670 1680 1690 1700
from the acetyl end of the peptide, the internal H-bonding in Amide I frequency (cm-1)

CCl, contributes a downshift of 18 cmhto the higher frequency
amide-l band (Figure 7B). Thus, the different conformers in
CCl, can be isolated in terms of the shift of the acetyl amide-I.
In water, almost all conformations of dialanine form external B) r . T T . . . .
H-bonding. It is evident from Figure 7A, that H-bonds at both

ends produce a similar shift, about, 24 @mThe first peak in -
the g(r), which contributes to the frequency shift in our
H-bonding model, is identical for both ends. The similarity of -
the distribution of frequency shift due to H-bonding found at
both ends of the molecule supports our earlier reasoning that
whatever conformations that are preferred in water maximize
the H-bonding to the solvent.

The distribution of frequency fluctuations contributes to the
amide-| infrared line shapéd.The final amide-I frequency is L ]
calculated by subtracting the H-bond frequency shift from the
momentary frequency for each dialanine configuration. Figure
10 shows the final frequency distribution for dialanine igCH
and CCl}. If the amide-I spectral dynamics can be described in

. P . . . 1620 1630 1640 1650 1660 1670 1680 1690 1700 1710 1720
the slow modulation limit, the calculated frequency distribution Amide | Frequency (cm-1)
can be related to IR line shap&>2 The slow modulation limit
Corresponds to the line Shape due to the amide-] mode be|ngF|gUre 10. Amide-I frequency distribution for dialanine |n29 (A)
allowed to vibrate in the static potential created by a fixed and CCl(B).
configuration of rest of the degrees of freedom, and averaging
is done over the fully anharmonic distribution of initial

configurations. Any differences in the frequency distribution than that of the amino end in C{b that the flexibility of the

betwee_n the ends in A must arise from the frequgncy C=0 from the acetyl end is restricted by the tendency to form
fluctuations caused by the solvent-induced changes in internal.

coordinates. This conclusion is supported by the results in Figure'(?ter_rt]f’lI ) H-bonr(]:ilng. _gh? bo"%“f"” Eontrlztggor_}hpf dt.?fls %7
9 which indicate that the acetyl end of dialanine gives rise to a Istribution to the amide-1 band is about 0. THIS difiers from

larger frequency distribution than the amino end. The results t€ experimentally determined contribution of 70% of the C7
suggest that the amide-I mode atoms from the acetyl end of theform in CCL.%2 The experiments involved a linear-IR study that
molecule have larger displacements from the mean structureconsidered the frequency range between 3200 and 3508 cm
since the time-independent INM approach we carried out is a One possible reason for the discrepancy is the choice of the
tractable indicatd®52of the molecular motions responsible for ~ force field parameters that are generally developed with the aim
the generated frequencies. In fact, calculations of the fluctuationsOf producing an energy minimum ak.?° Table 2 lists some of

of the internal coordinates that participate in the amide-l motion the characteristics of the amide-l frequency distribution of
indicate that, specifically, the CA-EN bending coordinate  dialanine in HO and CCJ. Frequency distributions from both
fluctuations of the two ends are significantly different. One ends in HO and the amino end in C&lwere reasonably
possible reason for the differences in flexibility of the two ends represented by Gaussians. The acetyl end distribution in CClI
could be that the terminalNH from the amino end, being more  required a sum of two Gaussians. The overall asymmetry of
accessible to the solvent, more readily forms H-bonds with the the frequency distribution seen in both G@hd HO, which

Probability

Probability

One possible reason the acetyl end distribution is narrower

oxygen of HO restricting its flexibility. arise from the internal coordinate fluctuations of dialanine is
(48) Moore, P.; Space, B. Chem. Phys1997, 107, 5635-5644. an indication of collisions due mainly to the repulsive part of
(49) Ji, X.; Ahlborn, H.; Space, B.; Moore, P. B.; Zhou, Y.; Constantine, the Lennard-Jones potentf@l>* The Gaussian representation

R 0 e PO L2 S8 U2 gy, eV be uselul n Some applicaons, but n this paper he
(51) Ahlborn, H.; Ji, X.; Space, B.; Moore, P. B. Chem. Phys1999 simulation results are used explicitly.

111, 10622-10632.
(52) Ahlborn, H.; Space, B.; Moore, P. B. Chem. Phys200Q 112, (53) Neel, JPure Appl. Chem1972 31, 201-225.

8083-8088. (54) Yamaguchi, TJ. Chem. Phys2000Q 112, 8530-8533.
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Table 2: Characteristics of the Amide-I Frequency Distribution of é(—w W) =
Dialanine in HO and CCJ2 !

1 1
CcCly H,0 Z -
et SIRF K
[0 02 o [0 02 o =T2\i(w, + v — 7(13 i(w— o) - V(lg
(cm™)  (em?) (ps?h) (cm?) (cm?) (ps?) 1
Internal Coordinates D+
aminoend 1645 15 072 1649 11 06 i(0,— (@ — Agd — 759
acetylend 1687 8 0.54 1690 26 1.0 1 1
Hydrogen Bonding ﬂ _
amino end — — — 24 15 0.7 Sli(w. + o) — Ol itw. — w.) — ™
acetylend 18 75 1.63 24 15 0.7 (@, 0~ Vaof NI 1 w = Vi
Total Frequency Distribution D(5)
amino end 1645 15 0.72 1625 30 1.0 i(0, — (0, — Ay) — (m)
acetylend 1687 (80%) 8 053 1667 49 1.3 0= (0m = D) ~ 721

1668 (20%) 40  1.19

aTabulated values are obtained by fitting the distributions to Where t_he i_nhomogeneous averaging based on the results of the

Gaussians. For the definition of acetyl and amino ends, see Figure 2.Simulation is represented @D Furthermorequ andyz are
the total dephasing rates arising from population decay in the

Two-Dimensional IR Spectra.The 2D-IR response functions ~1—0 and 2-1 transitions, respectively. The first term in eq 5
have been discussed elsewh®$é2141%nd so only a summary corresponds to the diagonal peaks and the second term to the
is given here. We simulate the 2D-IR spectrum that correspondsCcross-peaks. The 2D spectrum exhibits resonance peaks at the
to the coherent nonlinear spectroscopic method introduced byfundamental frequencies of the exciton stateg and at
Asplund et af and discussed in detail by Mukamel and co- frequenciesdx — A shifted by the diagonal anharmonicity
workers1? The method involves a sequence of two IR pulses &nd having opposite phase. In the cross-peak region, pairs of
and is analogous to NMR-COSY. For this case, the vibrational f€S0nance peaks show up (again having opposite sign) which
response is limited to the = 0, 1, and 2 levels of each &€ Now separated by the off-diagonal anharmonitigy,
oscillator. In the weak coupling limit, where each excitation is 1 "€ 2D-IR measurements are based on nonlinear techniques
predominantly localized on one individual peptide site, the which permit the effec_ts of |nhomogeneous dlstrlbutlt_)ns_ to _be
excitation energies depend on the diagonal and mixed mode€xtracted. The 2D-IR signal from an inhomogeneous distribution
anharmonicitiesA and Axm respectively. These anharmonici- of vibrational frequencies representing the range of chemical

ties can be related to a coupling Hamiltonian by the following environments and structures of the amlde;-l groups was com-
simple expressioris puted from the set of frequencies obtained from the MD

simulation. The averaging also incorporated the shifts due

A=A H-bonding for each configuration. A fixed, nonfluctuating mean
kk value of Ay = 16 cnT?l, obtained from experimerftson
ﬁz N-methylacetamide, was used in the simulations. The off-
Ay = 4A 5 (4) diagonal anharmonicity\r, was calculated from eq 4 for each
(0= ) configuration of the simulation. The dephasing rates are

approximated asyi10 = 1/(2T1) andy2; = 3/(2T1) whereT; is

whereA is the known diagonal anharmonicity of each of the vibrational population relaxation time far= 1—0. We have
amide-l modef the excitation exchange coupling between the used a value of Th = 1 ps?! because studies of model
two modes, andvk and wn, are the corresponding vibrational compounds, peptides, and proteins have shown that the amide
frequencies. In this approximation, anharmonicity of the amide-I population relaxation is always in this range.
mode is needed for the nonlinear interaction which eventually  Simulated 2D-IR spectra, Ab{S—w.w;} and Re
produces the 2D-IR signals. There can be other contributions{S—w.,wy}, shown in Figure 11 illustrate several of the
to Axm from mechanical effects which will not be considered important structural and dynamical findings. Information about
here. the frequency and coupling distributions can be discerned from

The frequency domain expression used to simulate the 2D-the 2D-IR spectrum and evaluated. The diagonal peaks have
IR spectrum corresponds to the complete photon echo field @n elliptical shape, with their longest axis in the = o,
generated from two vibrators by three IR pulses. The three IR direction. The inhomogeneous distribution of a set of correlated
pulses, 1, 2, and 3, incident at time intervalgetween 1 and  transition frequencies shows up only on the diagonal axis of
2, andT between 2 and 3, generate a fi@et; 7,T) for t = 011 the_z 2D-IR spectrumd; = w;). I_Derpend|cular to this dlag_onal_
For the case off = 0, the IR field emitted in the direction ~ @Xis the peaks may show no inhomogeneous broadening (..,
—ki + ko + ks for a system of vibrators involves a number of there Is line narrowmg). and can be optimally resolved. The
Feynman path® The two-dimensional infrared spectrum is experiments show preC|§er these effects: the dlggonal peaks
obtained from the double Fourier transformkt; 7,0) alongr B and C from the expenmental_ spectrum .ShO\.Nn in Figure 1a
andt yielding a two-dimensional spectrum map ©f versus are elongated along the = w, direction, indicating that there

wt. We consider the 2D-IR spectrum of the particular set of IS a dlstrlbutlton OLS:;UC'[UFS; f'XIEd ort1hthe tltr.ngl scalelof ttThe
distributions obtained from the simulations. The irreversible tmeas'?ren;en, anc efm a'gngi edan - Il.agona a de
relaxation of each component state is introduced through ransition frequencies of the amide-i modes IS lin€ narrowed.

parameters. The expression in the frequency domain for the 2D- . The c_ontril_nuti(_)n of inhomogeneous b_roadening to t_he_transi-
IR spectrum then simplifies to tion of d|ala}n|ne in CCJ _and HO can be discerned quall_tatlvely
by comparing the profiles of the diagonal peaks in Figure 11.
(55) Hamm, P.; Lim, M.; DeGrado, W. F.; Hochstrasser, RIMChem. Overall, the amide-I frequencies of dialanine exhibit higher
Phys.200Q 112, 1907-1916. inhomogeneity in HO than in CCJ. The profiles of diagonal
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Figure 11. Simulated 2D-IR spectra, AbS(—w.,wy)}, of dialanine in HO (A) and CC} (B). The real part o (—w.,w)} also plotted for dialanine
in H,O (C) and CCJ (D). Increasing 2D-IR signal, expressed in arbitrary units, is represented by color gradient from blue to red.

peaks in CCJ are qualitatively similar with evidence of slight cross-peak between A and B is typical of a strong interaction
inhomogeneity of the lower frequency diagonal peak. hbOH and a broad distribution.
as expected, the higher frequency diagonal peak is much more The nature of different conformers that exist igCHand CCJ
elongated reflecting the larger inhomogeneous frequency dis-can be discerned from the relative coupling strengths obtained
tribution at the acetyl end as calculated earlier. We identified from the real part of the 2D-IR spectrum, {f&—w.,w¢)}, shown
the higher flexibility of acetyl end compared to the amino end in Figure 11, plots C and D. Each diagonal and cross-peak
of dialanine to be giving rise to a broader structural distribution appears in the 2D spectrum as a pair of a negative (blue) and a
as a possible reason for the difference in the inhomogeneity positive (red) signals that are separated by the anharmonicities.
between the two amide-I transitions. The results for acetyl- Although two bands are not seen in ABS(—w.wi)} the
proline-NH, dipeptide (Figure 1) show that the inhomogeneous difference in sign of the anharmonically shifted transition allows
distributions of the two amide-I transitions are different. The itto show up in R€S—w.,wy)}. Cross-peaks occur vy, om}
simulations suggest different flexibility for the two ends as the and{wx, (wm — Akm)}. SinceAxmis small for dialanine in CG]
explanation for this result. the cross-peaks with opposite signs are closer to each other in
It is evident from Figure 11, a and b, that the cross-peak the real part of the 2D-IR spectrum. However, inQH where
region is much more intense for dialanine in ¢@lan HO. Axm is large, there are strong cross-peaks with opposite signs
This arises because the coupling distribution that gives rise tothat are well separated. The frequency separation of these
cross-peaks is wider (or more inhomogeneous) yOHWe cross-peaks is a measure of the coupling, So, from the
know from our analysis that the coupling distribution inCH Re[S—w.,m)}, the signatures of the large coupling strength
is due to multiple conformers. The spectrally integrated cross- conformer,ag, is apparent in kD and those of the low coupling
peak intensity is the important parameter in determining the strength conformers, G4 and C5, are manifested in CCl
magnitude of the coupling, not the apparent intensity of the Furthermore, the extensive cross-peak region signals the pres-
cross-peak. The experimental spectrum in Figure 1 also showsence of the additional conformer Rvith low coupling strength
several cross-peaks that must be indicative of coupling betweenin H,O. Figure 1 b shows the real part of the experimental 2D-
the modes that are being probed. The simulations suggest thatR spectrum. We can now see that the cross-peaks D and G
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which arise from coupling of mode A with B and C have a A) o
large mixed mode anharmonicity\xm compared to those
couplings that arise from interaction between modes B and C.

The simulations can help to isolate the transitions that lie

150-......,‘.

underneath the inhomogeneously broadened amide-I band. They 0
indicate that the high-frequency diagonal peak arises from two 60
transitions in CCj, but both of them are not apparent in the 30

diagonal peak profile. Since the acetyl end is coupled to the W oo
amino end, a pair of cross-peaks occurs for each of the two
different acetyl end transitions. So that while the pair of diagonal
bands from the acetyl end are not resolved in the diagonal

-30
-60f

region, they can be discerned in the cross-peak portion of the oop
2D-IR spectrum. This powerful capability of 2D-IR has been -120
taken advantage of in recent experiments in which the different -150

dependencies of the diagonal and cross-peaks on polarization 1891 mim -1;0 ';n o ﬂ R 150 o
of the IR fields were utilized to isolate the cross-peak spec- ’

trum 1519 One such spectrum is shown in Figure 1c where the
intensities from the diagonal peaks are greatly diminished. B)
Furthermore, the cross-peak F, not apparent in the Abs
{S(~w.wy)} shows up clearly for certain polarizations. The
simulation confirms that the existence of these multiple cross-
peaks arises from overlapping transitions of different conformers
hidden within the diagonal peaks.

From the experimental spectrum shown in Figure 1c, it was
possible to obtain values for the angles between the vibrational
transition dipoles of modes that produce cross-peaks H and
I (35 and ~10, respectively). These experiments measure
P,(cos O)[] where 6 is the angle between the vibrational
transition dipoles. Each observed value of the ensemble average
[P>(cos O)Ucan correspond to two possible angles. From the
simulation data, averaging over the whole spectrum, we obtained ’ _: _ :

[P,(cos O)values of 0.27 and 0.09 for dialanine in® and 150 -120 90 -60 30 0O

CCl,, respectively, corresponding in each case to two possible D

gngles petween the V|brat|qnal transition dipoles. Addltl.onal Figure 12. ¢—1y map of (P»(cosd)Cand coupling of dialanine in 40
information such as coupling strength and conformational (A) and CC} (B). The solid dark lines show th@(cos 6)1+-0.03.
distribution from theory can be used to choose the angle that the solid gray lines show the mean coupling magnitGigs:1 cn .
corresponds to the correct conformer. We have illustrated in The dashed lines are provided as a visual aid indicating the most
Figure 12 how to refine the possible conformations that give probable conformational region (for details refer to Figure 3).

rise to a specific cross-peak by relatifB,(cos 0)to the

Ramachandran angles. Figure 12 A and B show the areascoefficient,&, between the distributions for the acetyl (ac) and
in $—w conformational space that would give rise to the amino (am) ends amide modes from:

P,(cos §)J= 0.27 £0.03 for O and 0.09+0.03 for CC}.

Also shown in the plot is the region of tlge-y conformational Do, 0,0
space which correspond to the calculated coupling of=10 &= T (6)
cm for H,0 and 2+1 cnit for CCl,. It is evident from the VDo, by,

figure that the right or left-handed alpha helical regions OH

and the C5 and C7 conformational regions in £€2itisfy both where, for exampledwac = wac — [ad s the deviation of the
constraints. However, only the right-handedhelical and C7eq indicated frequency from the mean. We figd= 0.3 for

are favored over their symmetrical counterparts since the dialanine in HO. Such a correlation between the amide-l modes
conformational space at room temperature is further restrictedis not detectable in a linear-IR spectrum. However, the differ-
by the relative free energies of the conformers. The dashed linesences between the 2D-IR spectra in different frequency quad-
in the plot show the most probable conformational regions as rants, Ab§S(—w.,wy)} and Abg S(+w.,wy)}, does manifest the
calculated from MD simulations. Since the valueB$(cos6)0 effects of correlation between the inhomogeneous frequency
is expected to be different at different points on the 2D-IR distributions2® The diagonal peaks that are elongated in the
spectrum, it can be also utilized in isolating conformers that Abs{S(—w,wy)} due to inhomogeneity appear as circular peaks
have similar coupling strengths. This kind of refinement process in Abs{S(+w-,wy)} if the inhomogeneous distributions of
that takes into account the normal-mode analysis, energeticsfrequencies are not correlated. Figure 13 A shows the
coupling and [Px(cos )0 was considered in providing a AbS{S+twwy} of dialanine in HO. TheS(+w.,wy) signal was

qualitative picture of possible conformers in acetyl-proline- Simulated using an expression similar to that given in ref 56.
NH, from the 2D-IR spectr Some of the terms leading to the transfer of intensity from the

The correlation between fluctuations of the different amide-I cross-peaks to the diagonal peaks were neglected here. Com-

frequencies can also be evaluated. The frequency distributions (56) Ge, N.-H.; Zanni, M. T.; Hochstrasser, R. NL Phys. Chem. A
obtained from the MD simulation predict the correlation 2001 In press.




2D-IR Spectroscopy for Dipeptide Structure Dynamics J. Am. Chem. Soc., Vol. 123, No. 5112897
The calculations indicate no correlation of the fluctuations
A) from H-bonding at different ends of the molecule igH More
than 80% of the correlation between these two ends arises from
the instantaneous normal-mode frequency fluctuations of di-
alanine. Therefore the correlation between the amide-I frequen-
cies must arise mainly from through bond (mechanical) coupling
of the peptide units. We have considered the manifestation of
the above two interactions, separately, on the amide-I frequency
region of the 2D-IR spectrd (+w.,wy)}. Figure 13, B and C,
shows the AbES(+w.,wi)} spectra for inhomogeneous amide-I
frequency fluctuations arising from H-bonding and internal
coordinate motions of dialanine, respectively. As expected, the
figure shows near circular diagonal and cross-peaks for the first
case and not for the second. In Figure 13B, for the H-bonding
case, both diagonal peaks have equal intensities indicating that
the frequency fluctuations are statistically independent at both
ends of the molecule. Figure 13C shows a difference in intensity
between the diagonal peaks indicating that the amino end (lower
frequency) has a narrower distribution. The uncorrelated H-
bonding case shows intense and circular cross-peaks, whereas
the intensity and the circularity are diminished when correlations
are included, as evident from Figure 13C. An additional
influence of correlation on cross-peaks is that the cross-peaks
are displaced more from the diagonal when the fluctuations
become more correlaté8This example shows how the 2D-IR
spectra,{ S(+w.,wy}, can be used to distinguish between
correlated and uncorrelated transitions.
Vibrational Energy Transfer Between Peptide Units.We
now consider the contribution of energy transfer between the
two amide modes of dialanine which is determined by both the
- fluctuations in the site frequency gap and the coupling between
Fboo et 1020 160 10 e e s amide-l modes. Fluctuations in coupling can be calculated
t directly from the solvent induced structure fluctuations which
are found to be statistically independent of the frequency
fluctuations obtained from the normal mode calculations for each
of the structures. The 35 crhgap between the amide-lI modes
validates a localized representation. Therefore, we may use
Fermi’s golden rule to obtain the energy-transfer ra{éw),
for a given frequency gapw,

1580 1600 1610 1620 1630 1640 1650 1660 1670 1680 1690

¢

B) 1700

1690
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1670
1660
OJT 1650
1640
1630
1620

1610

1

K(Aw) = f%z [ BOBOE o,
KAw)I= [ KAw)Q(Aw)d(Aw) (7)

where [B(0)5(t)dis the correlation function of the solvent-
induced fluctuations in the electrostatic coupling energy and
630 1640 1850 1860 1670 1840 1880 1700 1710 1720 ER(A(U)[“S the average over the frequency gap probab|||ty
distribution, Q(Aw), which gives the rate of energy transfer in
Figure 13. Simulated 2D-IR spectra, AbS(+w-,w,)}, of dialanine f[he Sl(_)W mod_ula_tlon limit. The_ large frequency gap due_to
in H,0 (A). Also shown are the spectra with frequency fluctuations SOtOPIC substitution of the amino end of the molecule shifts
arising only due to H-bonding (B) and internal coordinate fluctuations K(Aw)Uinto the nanosecond regime. These estimates justify
(C). Increasing 2D-IR signal, expressed in arbitrary units, is represented excluding the energy transfer between acetyl and amino ends
by color gradient from blue to red. from the calculations of the 2D-IR spectra (i.&(Aw)0< y).
However, for dialanine that contains t4#C=0 groups, we
pared to the AbSS—w.,wy)} spectrum, the diagonal peaks are find the slow modulation limit energy transfer time constants
elongated along the off-diagonal axis. However, the diagonal to be shortened to 100 ps and 3 ns inCHand CCj,
peaks are not quite circular, evidencing the correlation. The respectively. The order of magnitude difference between these
strength of Ab§S(+w.,wy)} spectrum is also an indication of rates implies that conformations in GCéxperience a low
the width of a distribution. For example, the inhomogeneous coupling region with a narrow distribution. Thus, the vibrational
frequency distribution from the amino end shows up with an energy-transfer rate between peptides depends heavily on the
intense diagonal peak and prominent cross-peaks. Very recennature of conformations that exist in certain solvents. When the
experimental measurements which compared the nonrephasindi-bond frequency shifts are incorporated into the frequency gap
and rephasing 2D-IR spectra of acetyl-proline ;NH D056 for H;O, the time constant decreases significantly to 10 ps,
have the characteristics illustrated in Figure 13. indicating the importance of uncorrelated H-bond fluctuations
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for vibrational energy transfer. The frequency fluctuations that end. We have also illustrated the nature and origin of the
arise from correlated internal coordinate motions do not correlation between the frequencies of the acetyl and amino ends
influence the energy-transfer rate. Both site frequency fluctua- of the dialanine. The simulation of the 2D-IR spectrum of
tions and site coupling fluctuations will be needed to analyze dialanine in HO also was utilized to show that there is no
the vibrational energy-transfer rate when the states are closercorrelation from H-bonding at different ends of the molecule.
and there is fast modulation. For example, the Redfield density The distinction between different relaxation mechanisms will
matrix formalism can be used in association with the correlation require more complex pulse sequences than those simulated
functions obtained from the simulations to compute energy- here.
transfer rates in terms of the spectral densities for the site The origins of several 2D-IR experimental signatures were
frequency difference, coupling, and the correlation factérs.  identified. For example: the appearance of cross-peaks due to
electrostatic coupling between modes; the elliptical shape of
Conclusions the diagonal peaks due to isolation of homogeneous width from
the inhomogeneous width along the anti-diagonal axis; the
separation of the diagonal and cross-peaks in the real part of
the spectrum due to diagonal and mixed-mode anharmonicities;
the existence of multiple cross-peaks due to different conformers
and the appearance of more circular diagonal pea&sti,,wy)
spectra due to uncorrelated inhomogeneous distributions of
frequencies. Furthermore, we showed how the 2D-IR spectrum
can be interpreted to identify the underlying structural and
dynamical information. For example: how to interpret multiple
cross-peaks from different conformers; how the differences in
the elliptical shape of the diagonal peaks can be related to
differences in the structural fluctuations between the modes;
how the relative cross-peak intensities can be related to coupling
strengths and distributions of different conformers; how the
differences between the spectra in different frequency quadrants
can be used to identify correlation between frequencies from
different parts of the molecule; how to utilize the angular factor
along with coupling strength at different points on the polarized
2D-IR spectrum.
S Finally, the theoretical interpretation of the 2D-IR spectrum
is an evolving process. The CHARMM force field-based
molecular dynamics simulations can model 2D-IR spectra
without relying on phenomenological parameters. It will be
important to compute the vibrational frequency autocorrelation
function which decays due to structure fluctuations. Even though
classical force field methodology is a reasonable cost-effective
way to obtain the frequency shifts it has several drawbacks.
The empirical force field being used does not include all the
anharmonicity of high frequency intramolecular modes. Only
. . N that part that is mediated through other low-frequency modes
d'St'nCtl.y different from unity indicating that the freql_Jency or through modes that are directly interacting through anhar-
fluctuations at the acetyl end influence those at the amino end. ;) ,ic terms or nonbonded interactions is incorporated. It also
The simulations provide insight into how the underlying neglects most of the charge flux influence on the frequencies.
conformational distributions and preferences are manifested in\ye have compensated by incorporating the influence of the
the amide-1 region of nonlinear-IR spectra. The 2D-IR spectrum \iprational transition dipole interaction between amide-I modes,
in H20 shows cross-peaks which are well separated correspond+.equency shifts due to internal and external H-bonding and an
ing to a high coupling strength conformerz. The frequency  gyperimentally measured value for the amide-I diagonal anhar-
separation of these cross-peaks is a measure of the coupling. 'Pnonicity. To predict dynamics, a more accurate evaluation of
is not apparent either from the linear spectra or from diagonal e yiprational frequency will be necessary. An ab initio

peak profiles in CCGlthat there are two amide-| transitions in  c5icylation or a specially parametrized empirical potential
the high-frequency region. However, they are discerned in the ¢,nction might suffice.

computed cross-peak portion of the 2D-IR spectrum. The

profiles of the acetyl and amino end diagonal peaks insCCl  Acknowledgment. We thank M. Zanni for useful discussions
are qualitatively similar with evidence of slight inhomogeneity and for providing the experimental 2D-IR spectra shown in
of the lower frequency diagonal peak. In®i as expected, the  Figure 1 and N.H. Ge for discussions on rephasing/nonrephasing
higher frequency diagonal peak is much more elongated 2D-IR spectra. This research is supported by grants from NSF
reflecting the broader distribution of structures for the acetyl and NIH.

From this study we were able to gain insight into the
underlying conformational distributions and preferences of
solvated dialanine and the way they are manifested in the 2D-
IR spectra. Two different sets of dialanine conformations with
very little p—1 overlap dominate in the solvents® and CCJ.

In water, thear and R conformations are most stable, whereas
in carbon tetrachloride, the C5 and &Zonformations are the
stable ones. Two main factors determine the conformational
preferences of dialanine: the competition between intra- and
intermolecular H-bonding, and the favorable solvation condi-
tions, that is, conformations with large dipole moment are
favored in polar solvents.

We obtained the dependence of the amide-I frequency on
H-bonding, vibrational coupling, and solvent-induced internal
coordinate fluctuations in two solvents. Normal mode calcula-
tions on isolated dialanine indicate that the higher frequency
amide-I transition is mainly from the acetyl end of the dipeptide.
We have calculated the amide-l frequency distribution for
solvated dialanine from the instantaneous normal-mode analysi
of the peptide configurations obtained from the simulation
trajectories and from the H-bond frequency shifts introduced
empirically. The differences in the vibrational frequency
distribution of the amide-l band arise from solvent induced
fluctuations of the conformers rather than the shifts induced by
H-bonding. In water, we find the acetyl end of dialanine to be
more flexible than the amino end. The distribution of electro-
static coupling between the amide-I modes calculated from our
simulations indicates a clear distinction between conformers.
The correlation coefficient for the two amide fluctuations is also
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