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Abstract: We investigate the sensitivity of femtosecond Fourier transform two-dimensional infrared
spectroscopy to protein secondary structure with a study of antiparallel -sheets. The results show that 2D
IR spectroscopy is more sensitive to structural differences between proteins than traditional infrared
spectroscopy, providing an observable that allows comparison to quantitative models of protein vibrational
spectroscopy. 2D IR correlation spectra of the amide | region of poly-L-lysine, concanavalin A, ribonuclease
A, and lysozyme show cross-peaks between the IR-active transitions that are characteristic of amide |
couplings for polypeptides in antiparallel hydrogen-bonding registry. For poly-L-lysine, the 2D IR spectrum
contains the eight-peak structure expected for two dominant vibrations of an extended, ordered antiparallel
pB-sheet. In the proteins with antiparallel S-sheets, interference effects between the diagonal and cross-
peaks arising from the sheets, combined with diagonally elongated resonances from additional amide
transitions, lead to a characteristic “Z"-shaped pattern for the amide | region in the 2D IR spectrum. We
discuss in detail how the number of strands in the sheet, the local configurational disorder in the sheet, the
delocalization of the vibrational excitation, and the angle between transition dipole moments affect the
position, splitting, amplitude, and line shape of the cross-peaks and diagonal peaks.

Introduction intrinsic to all proteins and is sensitive to conformation and
mesoscopic structure. Moreover, as a method with intrinsic time
resolution in the picosecond range, infrared methods can be

probing the kinetics of protein conformational change. The applied to study the. fast kingtics of protein conformational
amide vibrations of the protein reflect the couplings between changes accompanying protein foldihg.

the individual amide vibrations of the peptide units along the ~ Even with these potential advantages, such correlations are
polypeptide backbone. The strength of the couplings and the difficult to apply in the case of proteins with congested amide
energies of the local peptide vibrations are in turn dictated by ! spectra and traditional protein infrared spectroscopy remains
the protein conformation and hydrogen bonding to the peptide @ largely qualitative method. Its limitations as a quantitative
units. These couplings give rise to delocalized (or excitonic) tool for revealing structural details about protein conformation
vibrational states that involve many amide vibrations, leading have two primary origins. First, infrared (IR) spectra of proteins
to infrared transition frequencies that are characteristic of are generally broad and featureless due to overlapping contribu-
different secondary structurés? Extensive qualitative evidence ~ tions from many vibrations, thereby hiding any structural
correlates characteristic amide | absorption frequencies with theselectivity of the resonances. This is partially because the amide
presence ofr-helices (1650 cnrl), B-sheets £1640 cnr! vibrations of proteins are susceptible to local configurational
and =1680 cnt?), and random coils+1640-1650 cntl).4-6 variation in the protein that results in inhomogeneous broadening

Infrared spectroscopy is thus an appea"ng probe because it |§)f the absorption line Shapes. Second, the quantitative relation-
ships linking the frequency and amplitude of IR resonances to

The infrared spectroscopy of protein amide transitions offers
a powerful tool for the study of protein conformation and for

ll\uﬂassac?t‘us?tté Institute of Technology. the underlying protein structure are not entirely understood.
niversity of Groningen. - . - -
§ Present address: Technology and Policy Program, MassachusettsDeveIOpIng models for t_he V|brat|o_nal s_pect_roscopy of _prOte'nS
Institute of Technology. requires an understanding of amide vibrational couplings and
! Present address: Department of Chemistry, University of lowa. ~ of peptide electronic structure including intermolecular interac-
U Present address: Department of Chemistry, University of California,
Berkeley.
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tions that influence it, such as hydrogen bonding. For testing In the following, we outline the origin of thg-sheet 2D IR
such models, traditional IR spectroscopy is not a sensitive probe.spectra in terms of the vibrational couplings of polypeptides in
Some improvement in selectivity is possible with vibrational antiparallel hydrogen-bonding registry and the conformational
circular dichroism, which draws on the noncentrosymmetric variation in such structures. This discussion draws on compari-
nature of protein structure. sons between our experimental results and the predictions of a
A number of the difficulties of studying proteins with ~recent theory for the 2D IR spectroscopyfbsheets:! Specif-
traditional IR spectroscopy can be overcome with femtosecond ically, we discuss below how the position, splitting, amplitude,
two-dimensional infrared (2D IR) spectroscopy. In a manner @nd line shape of the cross-peak and diagonal peaks can be
analogous to Fourier transform 2D NMR spectra, 2D IR spectra "élated to (a) the size of the sheet, (b) the strength of vibrational
spread the vibrational resonances over two frequency dimen-couplings within the sheet, (c) the extent of delocalization of
sions, revealing couplings between vibrations through the the vibrational excitation,_(d)_ conformational variation of th_e
formation of cross-peaks in the spectrém! For small p-sheet, and (e) the projection angle between the transition
molecules, these 2D IR spectra have been used to obtaindiPole moments foS-sheet vibrational transitions. The results
information on three-dimensional structure and conformational €ad us to conclude that 2D IR spectroscopy is a sensitive
variation by modeling the coupling between vibrational coor- Measure of protein AB-sheet structure. We also suggest that,
dinates of the molecul¥: 14 2D IR spectra also help overcome although the structural information obtained is not atomistic in

inhomogeneous broadening and even characterize the underlying'@ture, by probing delocalized vibrations 2D IR spectroscopy
structural variatio31516 Using these characteristics, 2D IR is an effective measure of conformation, and its sensitivity to
spectra of peptides have been described in terms of delocalized!iSOrder in short-range interactions makes it a probe of
vibrational states arising from multiple coupled oscillatrs heterogeneity. It therefore has the potential to become an

. . o . important structural probe of protein kinetics and dynamics in
To investigate the sensitivity of 2D _IR s_pectroscc_)py tq pro_tem solution with a picosecond time-window.

secondary structure and the delocalization of amide vibrations,
we report on the 2D IR signatures of antiparallel (AP3heets
in the amide | spectral range. Experiments were performed on
a model polypeptide, poly-lysine, in an AP3-sheet conforma- and used without further purification. The molecular weight (MW) was
tion and three globular proteins with ARsheet domains. AP~ approximately 70 006150 000 Da. Poly-lysine samples were dis-
B-sheets were chosen because they are an abundant seconda]f9"’e?1 n EO and ;”‘”r?wed to I””dergo hydrogedeuterium exchange i
structure in globular proteins and constitute a biologically Of 2 - The pD of the sample was adjusted to 12.2 by adding sma
. . . . 2 amounts ©1 M NaOD and/o 1 M DCI. The sample concentration
important class of mesoscopic structure involved in protein . -

. _ . " was 22 mg/mL (2.0% w/w). Concanavalin A (Con A, source: jack
aggregation and fibril form"_"“o*ﬁ Additionally, IR spectra  poan 237 residues, MW 26583, Protein Data Bank ID 1NLS),
indicate that APj-sheets, with two amide | transitions, oné riponuclease A (RNase A, source: bovine pancreas, 124 residues,
strong between 1610 and 1640 chand another weak transition 13 674, PDB ID 1FS3), lysozyme (source: chicken egg white, 129
between 1680 and 1700 ci should be more clearly resolved  residues, MW 14 296, PDB ID 132L), and myoglobin (source: horse
in the IR spectroscopy than other secondary structt#®®ur

Methods and Materials
Materials. Poly--lysine HCI was purchased from Sigma Aldrich

skeletal muscle, 153 residues, MW 16 935, PDB ID 1WLA) were also
2D IR experiments reveal the formation of cross-peaks betweenpurchased from Sigma Aldrich. Con A, RNase A, and myoglobin were
the two IR-active transitions of the ARsheet. The cross-peaks dissolved in phophatefD buffer at pD 7.6, and lysozyme at pD 5.5.
are clear and well-resolved for large exteng@sheets and Protein concentrations were approxmatelyS mg/mL. PD’s of the
become stretched out or elongated for smaller sheets. In proteinssampIes are (I:alculated Tcorzmg to pw'34?]68+ 1.0369pH. Al
interference effects between diagonal and cross-peaks, combine fotein samples were allowed to undergo hydrogeeuterium ex-

. e - - hange for 2 h.
with contributions from disordered regions and other secondary 1R Measurements. Samples were held in a home-built, temper-

structures, lead to a “Z"-shaped contour profile in the 2D IR atyre-controlled cell with 1-mm thick calcium fluoride windows and a
amide | correlation spectrum that is a characteristic indicator 50.um path length. The optical densities of the samples weBe2.

of the presence of AB-sheet secondary structure. The FTIR spectra were obtained using a Mattson Infinity Gold FTIR
spectrometer with a spectral resolution of 2érand a RO solvent
background. The FTIR spectrum of PLys was recorded &tCL6AIll

of the other protein FTIR spectra were taken at ambient temperature

(8) Keiderling, T. A.Curr. Opin. Chem. Biol2002 6, 682.
(9) Zanni, M. T.; Gnanakaran, S.; Stenger, J.; Hochstrasser, R. Rhys.
Chem. B2001, 105 6520.

(10) Woutersen, S.; Hamm, B. Phys.: Condens. Matt&2002 14, R1035. (20°C). .
(11) Khalil, M.; Demirdaven, N.; Tokmakoff, AJ. Phys. Chem. 2003 107, 2D IR Spectroscopy.The details of the 2D IR spectrometer, the
5258. principles used to obtain 2D IR correlation spectra, and the structural

(12) Woutersen, S.; Hamm, B. Chem. Phys2001, 114, 2727. Zanni, M. T;
Stenger, J.; Asplund, M. C.; Hochstrasser, R.BWphys. J2001, 80, 38.
Zanni, M.; Ge, N.-H.; Kim, Y. S.; Hochstrasser, R. roc. Natl. Acad.
Sci. U.S.A2001, 98, 11265.

(13) Woutersen, S.; Mu, Y.; Stock, G.; Hamm,R®oc. Natl. Acad. Sci. U.S.A.

2001, 98, 11254,

(14) Golonzka, O.; Khalil, M.; Demirthen, N.; Tokmakoff, AJ. Chem. Phys.
2001 115 10814.

(15) Zanni, M. T.; Gnanakaran, S.; Stenger, J.; Hochstrasser, R. Khys.

Chem. B2001, 105 6520. Woutersen, S.; Pfister, R.; Hamm, P.; Mu, Y.

G.; Kosov, D. S.; Stock, GJ. Chem. Phys2002 117, 6833.

(16) Demirdawen, N.; Khalil, M.; Tokmakoff, A.Phys. Re. Lett. 2002 89,
237401.

(17) Hamm, P.; Lim, M.; Hochstrasser, R. M. Phys. Chem. B998 102
6123.

(18) Woutersen, S.; Hamm, B. Chem. Phys2001, 115 7737.
(19) Searle, M. SJ. Chem. Soc., Perkin Trans.2D01, 7, 1011.
(20) Miyazawa, T.J. Chem. Phys196Q 32, 1647.
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and dynamical information content of these spectra have been described
in detail elsewheré:??> Here, we summarize those features of the
spectroscopy relevant to the discussion of the data below.

In Fourier transform 2D IR spectroscopy, three femtosecond mid-
IR pulses resonant with the amide | transitions are crossed in the sample.
The short pulses have a sufficiently broad spectral bandwidth such that
they are resonant both with the fundamental= 0—1) amide |
transitions, as well as with the transitions between the anharmonically
shiftedv = 1—2 transitions. These pulses sequentially drive absorption

(21) Cheatum, C. M.; Tokmakoff, A.; Knoester,Jl. Chem. Phys2004 120,
8201.

(22) Khalil, M.; Demirdoven, N.; Tokmakoff, A.Phys. Re. Lett. 2003 90,
47401.
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and stimulated emission processes between:the 0, 1, and 2 P S —— tee 0 0 meemmme—— , pemmme——— .
vibrational states. Following each pulse, the system evolves freely |} H 2
during three sequential time intervats, The third field stimulates the i
radiation of a background-free nonlinear signal field. We characterize ~ :
the coherent vibrational excitations sampled during the two time periods
following the initial excitation and following the final pulse during the
radiation of the signalg andrs), and we represent these as a 2D Fourier
transform spectrum i, and ws.

Our experiments were performed with 90 fs mid-IR pulses=(6
um) with a fwhm bandwidth of 160 cn.'*23 Three independently
timed pulses were focused into the sample with incident wave vectors
ka, kb, and k. to generate the signal field along the phase-matched 1
directionks = —kat+kptKe. In practice, the time-profile of the radiated H
signal field is characterized by heterodyne detection. After the sample, Figure 1. (Left) A top-down view of the unit cell (6.88 A« 10.08 A) for
the signal field was temporally and spatially overlapped with a fourth an idealized pleated antiparalf@isheet, where £bonds to the side chains.
local oscillator pulse, focused into a 190-mm monochromator, and are oriented out of the plane.' The four local amm!e | transitions (primarily
dispersed by a 40-lines/mm grating onto a 64-channel mercury CO s_t_retch_ with CN s_tretchlng and C_CN. _bendlng) are labeled. In the

. ’ 2 transition dipole coupling model, the significant couplingg)(between

cadmium-telluride (MCT) array detector at the focal plane. In this  amide | vibrations areiis = 19 cnl, Loya= Liz= —7.4 cn?, Lys= 1.5
detection scheme, the monochromator acts to effectively Fourier cm, Ls, = L1» = 1 cmi 121 (Right) The amplitude and phase of the local
transform the heterodyned signal field with respectsdeading to a amide | vibrations contributing to the dominant infrared acéiveanda+
spectral resolution of-4 cnt in the ws dimension. A series of such  eigenstates are shown, together with the orientation of the unit vectors along

interferograms are collected by sweepingo a delay of~3 ps with their transition dipole moments.

3 fs steps. Timing delays were controlled with Aerotech ANT-50L 20 ) ) ) ) )
stages, which have a resolution of 10 nm (0.067 fs) and were found to ture> These observations, which have been reviewed in detail,

have an accuracy of 300 nm (2 fs) and a repeatability of 50 nm (0.33 form the basis for our vibrational exciton model of the traditional
fs). The resulting €;,ws) 2D matrix is Fourier transformed along to IR and 2D IR spectroscopy of amide | transitions arising from
obtain the corresponding 2D spectrum inys). The final 2D IR idealized antiparallel (APj-sheetg! (The amide | vibration
correlation spectrum has absorptive line shapes as a result of summingfor a peptide unit is roughly 80% CO stretching vibration, with
two independent, complementary spectra (rephasing and nonrephasthe remaining motion in out-of-phase CN stretching and CCN
ing).** These differ in the phase acquired by coherences during  geformatiort) Building on the approaches of Miyaza##dSand
exp( Q) for reph_asmg and exp(<ry) for no_nrephasmg._ The phasing Chirgadze?® AP f-sheets angB-hairpins of a given size and
of the 2D correlation spectrum follows previously described procedures . . - .
geometry were constructed with a lattice of unit cells containing

to match a dispersed pumprobe measuremefttFor the experiments f id hich i d llel and
shown herez, = 0. The entire experimental setup is purged with dry our peptide groups, which are replicated parallel and perpen-

air to minimize the effects of atmospheric water absorption. The sample dicular to the polypeptide strand. Within the unit cell, pictured
concentrations were adjusted to correspond to a peak optical densityln Figure 1, the four peptide units were positioned such that
of <0.2. The intensity of each beam is adjusted by wire-grid polarizers the torsion angles along the backbone apgyf = (—160C°,-

and half-wave plates to ensure equal excitation power at different 118°), and the interstrand separation between O and N along
polarization conditions. Protein 2D IR spectra were taken in the crossed linear G=0-+-H—N hydrogen bonds is 3.04 A. The vibrational
polarization geometry (ZZYY). Polarization-dependent anisotropy eigenstates for these sheets were calculated as a set of coupled
measurements were made by comparison of matched measurements iBpnharmonic oscillators. The amide | vibrational potential at the
parallel (ZZZZ) and crossed geometries. peptide units was represented with a set of degenerate anhar-
monic oscillators with a fundamental frequeney, = 1675

cm! and a site anharmonicity & = w19 — w21 =16 cnTl,

A. Model for f-Sheet 2D IR Spectroscopy. Vibrational Couplings between these oscillators were calculated from
States offf-Sheets.The conformational sensitivity of protein  transition dipole interactions using Krimm'’s parametrization for
infrared bands was first shown in the pioneering works of Elliot the magnitude, position, and orientation of the dipdl&he
and Ambrose, who established empirical correlations betweenstrongest interactions are dictated by the proximity of the amide
folded and extended forms of synthetic polypeptides and their dipoles and the general alignment of the transition dipoles
vibrational transitiong® These studies were followed by the perpendicular to the direction of the strands.
primary theoretical analyses of amide | vibrations in relationto  Characterization of the vibrational eigenstates (or exciton
conformation of proteins by Miyaza®®®and Krimm?27 who states) for this model allowed certain predictions to be made
described how absorption patterns in amide | spectra can beregarding the amide I IR spectroscopy of ABheet structureX.
explained by the symmetry of the structure and short-range For the unit cell, there are four vibrational eigenstates which
couplings between the amide | vibrations. The relatively strong involve the permutations in phases for the four vibrational
couplings between the many amide | vibrations of the polypep- coordinates. These are labeladt, a—, s+, ands—, wheres
tide backbone interact, leading to collective vibrations (exciton anda refer to symmetric (in-phase) and antisymmetric (out-of-
states) characterized by the symmetry of the secondary strucphase) stretching of the<# and 2-3 pairs, and for tha states,

+ and— refer to in-phase and out-of-phase evolution, respec-

A
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Results and Discussion

(23) 2D7eﬂgg'wen, N.; Khalil, M.; Golonzka, O.; Tokmakoff, Opt. Lett.2002 tively, of oscillators 1 and 2. The infrared oscillator strength is
(24) Hybl, J. D.; Ferro, A. A.; Jonas, D. M. Chem. Phys2001, 115, 6606. carried primarily by the strong— transition and the weaker

(25) Elliott, A.; Ambrose, E. JNature195Q 165 921. Ambrose, E. J.; Elliot, a+ transition. For |argerﬁ_shee’[5, the IR spectrum is still
A. Proc. R. Soc. London, Ser. ¥951, 205, 47.

(26) Miyazawa, T.; Blout, E. RJ. Am. Chem. Sod.961, 83, 712.
(27) Krimm, S.; Abe, Y.Proc. Natl. Acad. Sci. U.S.A972 69, 2788. (28) Chirgadze, Y. N.; Nevskaya, N. Biopolymers1976 15, 607.
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dominated by transitions @+ anda— vibrational states. These

states represent the same phase relationship between amid

oscillators as the unit cell, involving the asymmetric vibration
of the nearest-neighbor interstrand dimers such as-t#ephir,

and either in-phaseH) or out-of-phase-) oscillation between
the nearest amide | oscillators along the strands. In the limit of
an infinite sheet, tha+ anda— modes correspond to the
(0,r) and v(,0) modes of Miyazaw& The fundamental
transition energy to the+ state is roughlyvat ~ 1680 cn1?,

and its frequency and amplitude are insensitive to the size of
the sheet. Th@a— mode is sensitive to the dimensions of the
sheet, red-shifting fromw,- = 1655 cnT! to an asymptotic
value of 1635 cm! as the sheet grows perpendicular to the

strands. These observations suggest that spectral broadening .

the a— transition will be affected by conformational variation
within AP 3-sheet structures to a far greater extent tharathe
transition. Calculations show that the- transition dipole
momentu,- is oriented roughly perpendicular to the strand
direction. The angle between it and the transition moment for
the a+ modeua+, which also lies in the plane of the sheet,
varies from@ = 41° for the unit cell tod = 65—70° for extended
sheets.

The size-dependent trends in the energies of ffsheet
vibrational states can be rationalized in terms of the geometry
of the amide | transition dipoles in the AB-sheet and the

wy/2nc (em')

1630

1660
w,/2nc (cm™)

1690

o,/2rc (em™)

Figure 2. Calculated infrared (top) and 2D IR correlation spectra (bottom)
for an idealized extendeflsheet composed of a8 3 lattice of the unit

cells in Figure 1. Calculations are for (a) periodic boundary conditions and
(b) open boundary conditions. The 2D IR calculations assume a crossed
polarization (ZZYY) condition. We have used Lorentzian line shapes with
a width of (@)y = 4 cmt and (b)y = 2.5 cntl. Positive features are
shown in red, and negative features are shown in blue. Equally spaced
contours are plotted betweenl0% and 10% of the— diagonal peak
maximum.

The first dimensiomw; represents the frequency of the initially
excited fundamental transition, and the second dimension
represents the transition from which the signal was finally

strongest short-range couplings. For a unit cell, the energy shift "adiated following interactions with the second and third pulses.

of thea— anda+ states can be expressed in terms of the various
couplingsL; between amide | vibrationsandj: Ea+ — Aw1o
= —(Lis + L2 £ (L Lp9/2P (Lo~ Ly)% The a—
frequency shift is dominated by the strongest couplings, the
roughly 20 cnt interstrand interaction between nearest amide
| carbonyls,L14, and somewhat weaker interstrand interactions
(L2a & =7 cnY). The addition of each additional strand to a
sheet also adds further strong interstrand amide | couplings,
leading to further delocalization of the amide | excitation and
concurrent red-shifts of tha— band. The other couplings in
our model are relatively weak. The intrastrand coupling=
L34~ 1 cm ! lies within the range of values7 to +9 cm?)
obtained from ab initio calculations on dipeptides and for the
range of ¢,ip) associated with ARB-sheets922:30Within the
transition dipole coupling model, the magnitudes of all interac-
tions between unit cells along the polypeptide strands<ste
cm L,

Features of 2D IR SpectraIn principle, 2D IR spectroscopy
can be used to reveal the split anda— transitions, even when

The positive peaks arise from signals radiated from the
fundamental { = 1) at+ anda— transitions. The negative peaks
are radiated from the = 2—1 transitions, for which transitions
from thev = 2 overtones (two quanta aft or a—) contribute

to the diagonal peak and transitions fram= 2 combination
bands (bi-exciton with one quantum in boti and a—)
contribute to the cross-pedk3! While underlying couplings
cannot be deduced from traditional IR spectra of fundamental
transitions, the formation of cross-peaks in the 2D IR spectrum
is a direct indication of the vibrational couplings between the
local peptide vibrations leading to tlee+ anda— vibrational
transitions. The overall magnitude of the amide | couplings is
reflected both in the frequency splitting between #e and

at stateswar o = (war — wa-) and in the splitting of the
cross-peak in the; dimensionA,+ o—. The anharmonic splitting
Aat o represents the energy shift of the doubly vibrationally
exciteda+/a— combination band relative to the sum of the
anda+ fundamental energies and is thus a direct measure of
the coupling between the peptide uriitd#31The value of the

the traditional IR spectrum is congested. Figure 2 shows anharmonic splitting of the diagonal and cross-peaks also reflects
calculated linear-IR and 2D IR correlation spectra for an the number of oscillators over which the excitation is delocal-
idealized extendef-sheet obtained from a 8 3 array of AP ized,N. For a set of degenerate amide | oscillators with a site
B-sheet unit cells, using the methods described in ref 21. For anharmonicityA, the splitting between the negative and positive
calculations with periodic boundary conditions, which include lobes of the diagonal peak is expected to scalévaéswhen

all of the couplings within the 3« 3 sheet but otherwise treat  this quantity is greater than the line widgt?! In the 2D IR

the sheet as infinite, the IR spectrum shows two transitions, spectrum of a massively delocalized excitation, such as that
the dominant— line atwa— = 1633 cnt! and thea+ line at calculated in Figure 2a, the oppositely signed peaks of the
wa+ = 1681 cntl. The 2D IR correlation spectrum reveals these doublet are closer to coincident and interfere leaving a node in
resonances through four peaks, two diagonal peaks and twothe spectrum for those values of equal to the fundamental
cross-peaks, each of which is split into an oppositely signed transitions. In this limit, the splitting of the diagonal peak is

doublet displaced along the; dimension.

approximately equal to the line widih

(29) Torii, H.; Tasumi, M.J. Raman Spectros&998 29, 81.
(30) Ham, S.; Cho, MJ. Chem. Phys2003 118 6915.
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(31) Golonzka, O.; Khalil, M.; Demirdeen, N.; Tokmakoff, APhys. Re. Lett.
2001, 86, 2154.
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The cross-peak amplitude has considerably higher intensity
than thea+ diagonal peak and clearly reveals the existence of
the weaka+ transition. The amplitudes of the peaks in the 2D
IR spectrum scale nonlinearly in the transition dipole moniént.
For a spectrum of two coupled vibratiobsindc, the amplitude
scales roughly agw,|* and|uc|* for diagonal peaks, angy|?|uc|?

for cross-peaks. Therefore, cross-peaks between strong and weak
transitions can be used to reveal those transitions hidden in the

linear spectrum. This is further illustrated in Figure 2a, where
cross-peaks are observed betweeratharansition and the very
weak, out-of-planes+ transition atws: = 1705 cntl. The

amplitude of the cross-peaks also depends on the projection of

the input field polarizations onto the transition dipole moments
that lead to the peak:33By measuring the variation of the cross-
peak amplitude for different polarizations of the input fields,
the relative orientation of the transition moments can be
determined~14

Figure 2 also shows the linear-IR and 2D IR spectra calculated
for a finite 3 x 3 sheet using open boundary conditions that
include the effect of mixed-symmetry eigenstates that result from

the edges of the sheet. The same two dominant split peaks are

observed, now at 1641 and 1681 Thmalthough each now
shows shoulders from other transitions. The dominant transitions
still retain the phase relationship between oscillators observed
in the unit cell. The additional transitions still involve asym-
metric vibrations of the strongly coupled interstrand dimers, but
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Figure 3. (a) FTIR spectrum of poly-lysine at high pD. 2D IR correlation
spectra of PLys for the (b) parallel (ZZZZ) and (c) crossed (ZZYY)
polarization geometries. Nineteen equally spaced contours are plotted
between—20% and 20% of the peak maximum. Slicesuat= 1680 cntt

may have phase relationships between the dimers that vary from(dashed line) are plotted for (d) ZZZZ and (e) ZZYY. The projection angle

the ideala— and a+ states of an infinite ordered sheet. To
distinguish the strong peaks in the spectrum for finite or
disordered sheets that may result from overlapping transitions
of slightly varying symmetry from tha— anda+ designation
used for the unit cell, we label thera— and a+. The
calculations also show that edge effects in the finite system lead
to additional transitions in the 1661665 cnt! region2%28:34
These peaks do not correspond to any of the transitions found
in the unit cell, but result from states of mixed symmetry
character. They also lead to additional cross-peaks with.the
and o+ resonances.

It should be noted that, in addition to the magnitude and
orientation of the transition dipole moments, the amplitudes of
the peaks in the 2D IR spectrum are also influenced by
interference effects between resonances, particularly when th
peak splittings and line widths are comparable. In Figure 2, the
cross-peak observed far; > w3 has a higher amplitude than
that forwi1 < ws. This is a result of the constructive interference
along thew; axis between positive and negative features of the
diagonal and cross-peaks doublets. More generally, in congeste
spectra such as those with additional transitions involving states
of mixed symmetry at~1660 cnT?l, these same constructive
interference effects will lead to the observation of ridges along
w1, Whereas such overlap will destructively interfere alang

B. 2D IR Spectroscopy of Poly:-Lysine. To test the
predictions of the vibrational exciton model for extended
p-sheets, we first measured the 2D IR spectra of pelysine
(PLys). At pH> 10 and temperature 30 °C, PLys shows IR
and UV circular dichroism spectra consistent with those of an
extended ARB-sheet conformatio?f:*6 Similar to the theoretical

(32) Khalil, M.; Tokmakoff, A.Chem. Phys2001, 266, 213.

(33) Hochstrasser, R. MChem. Phys2001, 266, 273. Golonzka, O.; Tokmakoff,
A. J. Chem. Phys2001, 115 297.

(34) Kubelka, J.; Keiderling, T. AJ. Am. Chem. So2001, 123 6142.

betweenuq+ andu,- is determined from the observed cross-peak amplitude
ratio in these slices.

predictions for an extended sheet, the FTIR spectrum of PLys
(Figure 3a) shows two distinct amide | resonances with narrow
line widths ¢/ = 8 cnT* HWHM), one strong, lower frequency
transition at 1611 cm' and one weak, higher frequency
transition at 1680 cmt. The position and amplitude of these
resonances are consistent with the predictions fortheand

o+ resonances of an infinitg-sheet although with somewhat
stronger couplings and lower site energies than our model. The
extreme red-shift of the— band is consistent with other studies
of B-sheet aggregaté&3’ Additionally, the sharm— anda+
resonances sit on top of a broad low-amplitude feature that peaks
at 1635 cn1!, which has been attributed to a range of short

Sength chaings

The 2D IR correlation spectrum of PLys, shown in Figure
3b and 3c for parallel and crossed polarization geometries,
reveals features that are expected for an ordered extended

éf—sheet. The features in the spectrum can be described in terms

of the position, amplitudes, and line shapes of the resonances.
Clear cross-peaks are seen betweertheanda+ resonances

at (wy,w3) = (1611,1680) and (1680,1611) cf Much like

the model calculation, an eight-peak structure is observed, as
would be expected when vibrational couplings lead to two split

(35) Susi, H.; Timasheff, S. N.; Stevens, L. Biol. Chem.1967, 242, 5460.
Chirgadze, N. Y.; Shestopa, B. V.; Venyamin, S. Bfopolymers1973
12, 1337.

(36) Jackson, M.; Haris, P. I.; Chapman, Blochim. Biophys. Acta989 998
75

(37) Byler, D. M.; Susi, H.Biopolymers1986 25, 469. Surewicz, W. K;
Mantsch, H.Biochim. Biophys. Actal988 952 115. Kalnin, N. N.;
Baikalov, I. A.; Venyaminov, S. YBiopolymers199Q 30, 1273. Ven-
yaminov, S. Y.; Kalnin, N. NBiopolymers199Q 30, 1259. van Stokkum,

I. H.; Linsdell, H.; Hadden, J. M.; Haris, P. I.; Chapman, D.; Bloemendal,
M. Biochemistryl995 34, 10508. Silva, R. A. G. D.; Barber-Armstrong,
W.; Decatur, S. MJ. Am. Chem. So®Q003 125, 13674.
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vibrational transitions. The formation of these cross-peaks
confirms the assignment of tle- anda+ transitions and is a
clear marker of ARB-sheet structure. Even in congested spectra
where peaks are predominantly clustered along the diagonal axis
these off-diagonal features should be resolved.

reveals the existence of the weak transitieh. This arises from
the scaling of the cross-peak amplitude in the square of the Concanavalin A Ribonuclease A
transition dipole moment of the two transitions. Although this
scaling relationship does significantly help in revealing weak
features, we do not see any evidence of cross-peaks to the ven
weaks+ transition predicted ab > 1700 cnt? in Figure 2a.

A comparison of the cross-peak amplitudes in the parallel \n
and crossed polarization configurations can be used to determine
the projection angle between the- ando+ transition dipole
moments of PLy314Also shown in Figure 3 are slices far
= 1680 cn1! from the polarization anisotropy measurement.

From an analysis of both cross-peaks in parallel and crossed Lysozyme Myoglobin
polarization configurations, we obtain a cross-peak amplitude Figure 4. Ribbon diagrams of the four proteins investigated.

ratio of 0.82+ 0.15. This ratio correlates with a projection angle

of § = 65° + 10°, which agrees well with our predictions for  remains in the dominani+ ando— f-sheet transitions. The
large finite sheets. A value of70° is expected for extended  cross-peaks, on the other hand, are broadened parallel to the
systems with greater than eight stradti¥he value ofo and w1 axis. This can be attributed to three effects: inhomogeneity
the error bars can also be confirmed by separately analyzingof the o— transition, a cross-peak splittiny,+ .- < y, and

the peak amplitude ratios in the constituent rephasing and constructive interferences in the wings of the line shapes
nonrephasing spectra, as described in the Supporting Informa-between the positive and negative lobes of the diagonal and
tion. cross-peaks.

The large splitting between the fundamental resonances C. 2D IR Spectroscopy of f-Sheets in Proteins. To
wa+q- IS consistent with the expectation of strong interstrand jnvestigate the 2D IR spectroscopy of APsheets in proteins
amide | couplings in an ordered ARsheet structure. At the  of varying 8-sheet content and size, we chose three globular
same time, the splitting of the diagonal and cross-peaks is onproteins, concanavalin A (Con A), ribonuclease A (RNase A),
the order of the vibrational line widtAa—; Aeta- < 8 CnT?) and lysozyme (see Figure 4). These proteins contain 46%, 32%,
and less than the amide | anharmonicity, leading to a node onand 6% APS-sheet, and 0%, 18%, and 31&helix structure,
resonance alon@s. These observations suggest a considerable respectively. Con A is the most extended system, with two
delocalization of the vibrational transition in the direction relatively flat six-stranded APS-sheets. RNase A has two
perpendicular to the strands. Because the diagonal peak splittingjomains that vary from two- to four-stranded regions. Lysozyme
A+ has reached the limiting value of this delocalization is  has a small three-stranded /sheet region. We also studied
probably spread over several strands. Within our idealized myoglobin, with 74%a-helix content, as a system with no
model, the measurement 6f = 65° is also consistent with  g.sheets. The 2D IR correlation spectra of these four proteins
delocalization of greater than eight strands. This suggests thatare given in Figure 5 together with their FTIR spectra.
for polypeptides and aggregated proteins that self-assemble into 1o FTIR spectra show that, going from the exclusively AP
AP f3-sheet structures, the amide | vibrational excitations can f-sheet system Con A to exclusivatyhelix system myoglobin,
be delocalized over nanometer distances. This is a result ofy, peak amide | transition frequency blue-shifts from 1635 to

stroqg interstrand couplings in a sheet with an.ord.ered and 1650 cnt! and the absorption lines in general become more
relatively planar geometry and only weak energetic disorder to symmetric. This trend is expected with increasinghelix

the peptide vibration due to a very regular hydrogen-bonding conient. Nevertheless, it is difficult to correlate the spectral
geometry between strands. _ _ profiles observed in FTIR spectra with different structural
An elongated feature is observed on the diagonal @is{  elements present in this series of four proteins. In the FTIR
w3) peaking at 1640 crt, which corresponds to the broad gpecira, the two-peak structure indicating the presence of an
background feature observed in the FTIR spectrum. Its 2D IR Ap g-sheet is only evident in Con A, which shows a second,
line shape is a diagonally elongated ellipsoid, indicating an \yeak resonance at 1693 chAlthough RNase A has 32% AP
inhomogeneous line shape® This arises both from disordered f-sheet content, only a weak shoulder is observed in the high-

or loop regions of the polypeptide strands and from the frequency edge of the amide I spectrum, while no such shoulder
additional $-sheet transitions shown in Figure 2b that are g present in lysozyme with 6.2% ARsheet.

expected for finite sheets. Although narrow, the line shapes of
the diagonabi+ ando.— resonances are also slightly elongated
along the diagonal axis, showing that some inhomogeneity

The 2D IR spectra show considerably more structure and
allow the-sheet features not apparent in the FTIR spectra to
be discerned. Con A shows the formation of cross-peaks

(38) Tokmakoff, A.J. Phys. Chem. 2000 104 4247. Hybl, J. D.: Christophe,  PEWeeN the strong and the weak amide | modeaatug) =
Y.; Jonas, D. MChem. Phys2001 266, 295. (1636,1698) and (1698,1636) ch indicating that the two
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Figure 5. FTIR spectra and crossed-polarization 2D IR correlation spectra
of the amide | transitions of (a) concanavalin A, (b) ribonuclease A, (c)
lysozyme, and (d) myoglobin.

vibrations arise from the ARS-sheet structure. Anisotropy

measurements of the cross-peak amplitude variation in parallel

and crossed polarization configurations reveal that for Con A
the apparent projection angle= 67° + 7°. The projection

angle determination, which in this case must account for the
background intensity, involves separate analysis of the ampli-

tudes in rephasing and nonrephasing spectra and is describe

further in the Supporting Information. Most of the spectral
features observed in the FTIR spectrum contribute to the
diagonally elongated features along the diagonal axis=

w3). These are both thé-sheet diagonal peaks, as well as the
disordered and turn regions, similar to the case of PLys. The
cross-peak line shapes exhibit broadening characteristics similal
to those of PLys, with the cross-peak at {»3) = (1636,1698)
cm! elongating alongvy. This is partially due to inhomoge-
neous broadening of the— resonance, leading to constructive
interference along; between a series of peaksaj = 1698
cmL. Similarly, the cross-peak ab{,w3) = (1698,1636) cm!

is strongly elongated along; at ws = 1625 cnt! due to the
same constructive interferences with the negative lobe of the
o— diagonal peak. Additional cross-peaks may also arise
between the+ resonance and the additional weak ARBheet
resonances at1660 cnt?, such as those observed af; {w3)

= (1663,1640) cm! in Figure 2b, which could heighten the
elongation effect. In the 2D IR amide | correlation spectrum of
proteins, the overall effect of cross-peak formation and elonga-
tion alongw; for the features of the AB-sheet, combined with

additional resonances along the diagonal at 1650'cieads
to a “Z"-shaped pattern or contour profile.

With decreasings-sheet size and content, the 2D IR cross-
peaks are no longer clearly defined doublets, but rather elongate
alongw; into ridges. The 2D IR spectrum for RNase A (Figure
5b) shows three features along the diagonal axis:atheand
o+ resonances of thé-sheet, and a shoulder near 1650¢m
presumably arising from the-helices. Thex— resonance peaks
at~1636 cnt! and appears inhomogeneously broadened. This
leads to a strong positive cross-peak ridgedigr= 1685 cnt?!
and parallel trough from negative going resonances®at
1675 cntl. The same constructive interference effects along
w1 observed in Con A and PLys together with additional features
on the diagonal lead to a “Z"-pattern in RNase A. Even though
lysozyme (Figure 5c¢) is predominantly-helix and the 2D
spectrum is dominated by the diagonally elongatetielix
resonance(s) near 1650 cina ridge or shoulder is observed
for wz = 1685 cn1?, indicating the presence of the APsheet.
This observation is further verified when compared to the same
region of myoglobin (Figure 5d), an exclusivetyhelix protein,
which does not exhibit any ridge formation at all but has a
diagonally elongated figure-8. Although the FTIR spectra for
lysozyme and myoglobin are very similar in their shape and
show no evidence of the+ ando— resonances, their 2D IR
spectra are clearly different and reveal the underlyirgheet
content in lysozyme.

D. The Role of Conformational Disorder. Origin and
Spectral Signatures of Disorder.The strong elongation of the
diagonalo.— peak in the3-sheet-containing proteins indicates
an inhomogeneous frequency distribution. As opposed to the
relatively large, orderefl-sheets in PLys, thg-sheet structures
found in the proteins show considerable conformational varia-
tion, which in turn leads to variation of amide | transition
frequencies. Elongation of the cross-peaks in the manner
observed in the protein 2D IR spectra is also expected for
inhomogeneous broadening in a system of coupled vibrations.
CIi:or distributions, the cross-peak will stretch in a manner that
reflects the statistical correlation of the frequency shifts between
the a+ and a— transitions'!1® The modeling of idealized
pB-sheets indicates that tlhe- transition frequency is sensitive
to the number of strands and the magnitude of the interstrand
couplings, whereas the+ frequency is not! It is therefore
rexpected that the cross-peak will elongate to reflect a broad
distribution ofo.— frequencies and a narrow distributioncof
frequencies. The 2D IR spectrum can be interpreted as arising
from a sum over many displaced resonances. Because reso-
nances in 2D IR correlation spectra are oppositely signed
doublets displaced alongs, this stretching effect is expected
to be observed along; for the w; < w3 cross-peak. For the
second cross-peak fotw; > ws, destructive interferences
between the oppositely signed contributions to a series of peaks
along w3 will reduce or eliminate the effect.

There are a number of possible origins to the variation of
a— frequencies observed in these spectra. Most likely, these
arise from local configurational variation of tiflesheet within
the native protein structure, but configurational disorder within
the ensemble or dynamic effects such as structural or dielectric
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Figure 6. Histograms for the occurrence of interstrand distances along
the CO--HN hydrogen bondRcn, and NOC interstrand angles along the
CO---HN hydrogen bond®noc, for the 136 hydrogen-bonded residues
involved in the formation of ARS-sheets in the proteins studied in this
work; taken from refs 4245.

fluctuations can also affect the spectréiti® These effects

ultimately lead to variation in the amide I transition frequencies
at the individual amide sites (diagonal disorder) and variation
in the coupling between them (off-diagonal disorder). Within
these proteins, thé-sheet structure varies locally by the number

absorbance (a.u.)

1655 1680

frequency (cm™)
Figure 7. Calculated FTIR spectra of a planar APsheet with six strands
and 36 peptide groups. Normalized IR spectra are shown for calculations
of (red) one ideal structure with periodic boundary conditions, (green) the
same structure with open boundary conditions, and (blue) open boundary

conditions averaged over random variation in position of amide | transition
dipoles.

deviation of 0.2 A, whilg® = 153 with a standard deviation
of 13°. Presumably, these variations will have the largest effect

of strands present, the interstrand geometry, and the curvatureon the short-range interstrand peptide interactidng).(Also
of strands. For example, RNase A is characterized by distortedfor the somewhat weaker intrastrand interactiohgy)( the
pB-sheets that vary between two and four hydrogen-bonded variation inab initio calculated coupling strengths for the range

strands, depending on location. Variation in the number of

of (¢,3) commonly associated with AB-sheets can vary by

strands influences the extent of delocalization of the vibrational 30%29:30.46

excitation and the red-shift of the— transition. Additionally,
regions may vary by solvent exposure. Variations in the

To illustrate how small conformational disorder influences
line-broadening in the amide | IR spectroscopy, we simulated

interstrand spacing, curvature, and solvent exposure all influencethe IR spectrum of an extendgdsheet under the influence of
the strength and number of hydrogen bonds to the peptide groupszaussian disorder. (Direct calculations of 2D IR spectra of

making up the sheet, which act to shift the local amide |
resonance frequency by tens of ¢hi® The size of this effect

[-sheets with 36-100 oscillators and explicit structural disorder
are prohibitively time-consuming at this point, and the numerical

suggests that static or dynamic variation in hydrogen-bonding and analytical theory of these effects is the subject of ongoing

conformation should be the dominant source of diagonal
disorder, although the influence of conformation and through-

work.) The IR spectrum of an idealized APsheet of 36 peptide
units arranged with six strands and six peptide units per strand

bond effects on local electronic structure must also be consid-\yas calculated using transition dipole coupling between amide

ered.
Conformational variation within th8-sheets, whether static
or dynamic, will also affect the strength of coupling between

| vibrations! Off-diagonal disorder representative of small
variations in interstrand spacing was introduced by randomly
displacing the position of each amide | transition dipole in the

amide oscillators. Curvature in the strands or variation in the x v andz directions, relative to its origin on the=€0 bond
interstrand hydrogen-bonding distances and angle are expecteg) 868 A from the carbon. The displacements were chosen from

even for a unique protein structure wifhsheets that deviate

a random Gaussian distribution with a standard deviation of

from planar‘.‘l These effects influence the orientation of amide 0.173 A’ equiva|ent to the variation iﬁ_sheet interstrand
| transition moments and Separation of peptlde units, both of distances observed in the Crysta| structure of Con A. The

which give rise to off-diagonal disorder. For the proteins studied
here, we illustrate the considerable variation in interstrand
spacing and orientation in Figure 6. Drawing on the/ABheet

Hamiltonian for the one-quantum amide | states was diagonal-
ized, yielding the energy eigenvaluds, The transformation
that diagonalizes the one-quantum Hamiltonian also transforms

C=0---H—N hydrogen bonds observed in the crystal structures the transition dipole moments,, into the eigenbasis. The linear-

for the proteins studied hefé; 4> we plot a histogram of €N
distances Rcn) and NOC angles®). Interstrand spacing for
these systems has a mean valuBRaf\(= 4.1 A with a standard

(39) Williams, R. B.; Loring, R. F.; Fayer, M. Ol. Phys. Chem. B001, 105,
4068. Merchant, K. A.; Noid, W. G.; Akiyama, R.; Finkelstein, I. J.; Goun,
A.; McClain, B. L.; Loring, R. F.; Fayer, M. DJ. Am. Chem. So2003
125, 13804.

(40) Torii, H.; Tasumi, M.J. Raman Spectros¢998 29, 537. Ham, S.; Kim,
J.-H.; Lee, H.; Cho, MJ. Chem. Phys2003 118 3491. Kwac, K.; Cho,
M. J. Chem. Phys2003 119, 2247.

(41) Salemme, F. RProg. Biophys. Mol. Biol1983 42, 95.

(42) Weisgerber, S.; Helliwell, J. R. Chem. Soc., Faraday Trank993 89,
2667

(43) Olivéira, K. M.; Valente-Mesquita, V. L.; Botelho, M. M.; Sawyer, L.;
Ferreira, S. T.; Polikarpov, Trans. Eur. J. Biochen2001, 268 477.

(44) Chatani, E.; Hayashi, R.; Moriyama, H.; Ueki, Arotein Sci.2002 11,
72

(45) Ry'pniewski, W. R.; Holden, H. M.; Rayment, Biochemistry1993 32,
9851.
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IR spectrum is then calculated froA{w) = —ImY;|ui|%/(w —

Ei/h + iy), where the sum extends over the eigenstates and the
dampingy is set to 4 cmt. Figure 7 shows the amide | spectrum
calculated as an average of 140 000 disorder realizations.

For the IR spectroscopy of an ideal APsheet, thea— and
a+ transitions appear at 1637 and 1678¢érfor the case of
periodic boundary conditions. As seen in Figure 2b, in the finite
system calculated with open boundary conditions, edge effects
lead to an additional transition of mixed character in the 1660
1665 cnt? region. Additionally, thex— transition is blue-shifted
and shows a shoulder from additional resonances of somewhat
different symmetry than tha— state.

(46) Hamm, P.; Woutersen, Bull. Chem. Soc. Jpr2002 75, 985.
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For the case of disorder in the position of the transition dipole, delocalization numbeN, this observation indicates that the
the corresponding IR spectrum shows thatdRetransition is p-sheet excitations are far more delocalized in the case of Con
weakly affected by conformational variations, in terms of both A, given that the magnitudes of the amide | couplings are
central transition frequency and line width. On the other hand, equivalent. In turnN depends on the disorder.
the line shape of the— transition is broadened as a result of The apparent increase in the degree of delocalization for the
its sensitivity to conformational variation and edge effects. This AP j-sheets of increasing size appears to reflect decreasing
result indicates that configurational or energetic disorder will disorder for the larger sheets. Qualitatively speaking, larger
lead to a broad distribution @b, while thew+ is narrow in extended APpS-sheets tend to be closer to planar, whereas
comparison. This helps confirm the origin of the cross-peak line significant twist is found in smaller oné$#-4"Deviations from
shape in the 2D IR spectra of PLys, Con A, and RNase A. A the idealized structure can be expected to lead to a decrease in
distribution of w,— will lead to awi < w3 cross-peak that  the interstrand amide | couplings and variation in the interstrand
stretches out alongs = wq+. Symmetrically, thew; > ws hydrogen-bonding geometry, both of which act to localize the
cross-peak would stretch along, yet the destructive interfer-  excitation. This helps to explain the monotonic decrease in the
ences between the positive and negative lobes of the cross-peakvq+ o Splitting observed in the 2D IR spectra with decreasing
would act to suppress this effect in favor of the constructive sheet size. An analysis of the intramolecular structural param-
interferences to the,— diagonal peak. Presently, we have only eters of the AR3-sheet domains using the X-ray structures of
treated the example of off-diagonal disorder, but we expect that Con A2 RNase A} and lysozym# reveals that the average
the addition of diagonal disorder to the energy of the amide | value of the intramolecular hydrogen-bonding angle between
oscillators will further heighten the effects seen here. This is the strands decreases as the percentage ofsAReet de-
confirmed by Cho and co-workers, who have investigated the creases: from 157n Con A, to 148 in RNase A, and to 138
role of diagonal disorder on amide | spectra and delocalization in lysozyme. Smaller hydrogen-bonding angles imply weaker
in proteins® Their results show a monotonic decrease in the hydrogen bonds and higher amide | frequencies, which is evident
amide | delocalization with increasing diagonal disorder, ac- in the blue-shifts of the stronger amide | transition going from
companied by a symmetric broadening of the features in the Con A to lysozyme.

IR spectrum. A quantitative determination of the degree of delocalization

Sheet Size Dependence of Disorder and DelocalizatioFhe across the strands will require more detailed models of short-
excitonic vibrational states of thsheet structures will localize ~ 'ange amide | couplings that account for variation in hydrogen-
when the variance in the configurational and energetic disorder bonding geometry, but qualitative comparisons with our ideal-
in the peptide sites exceeds the coupling strength betweenized model would suggest that in Con A this would be at least
vibrations. For the case of AB-sheets, the strength of three or four strands. This can be compared with calculations
interstrand couplings is considerably more than the interactionsf the extent of delocalization ¢f-sheet excitations in Flavi-
along the strands. This suggests thatfesheets with modest ~ doxin, which suggest that such excitations can be delocalized
local configurational variation within the sheet, such as changes OVer tens of oscillators and other secondary structurdso,
in hydrogen-bonding geometry from the distortion of sheets, in 2D IR studies of small proteins, delocalization lengths on
vibrational excitations should initially localize in the dimension the order of 8 A were determinédiand the delocalization length
along the strands. However, they may remain delocalized acrossietérmined for amide | vibrations in anhelical peptide was
multiple strands, in a direction either perpendicular or diagonal found to be approximately one turn or four peptide units of the
relative to the strands. When the nearest neighbor interstrandh€lix'® The f-sheet delocalization length should also be
dimer pairs (such as-44 in Figure 1) remain strongly coupled, ~'eflected in the projection angle between the- and o+
the delocalization direction will be dictated by the couplings ransitionsg. In the case of Con A, the value 6f= 67" & 7°
between dimer pairs, which lie in diagonal directions in the plane SPans the range of projection angles betwegnandp. that
of the sheet. For proteins such as RNase A in which the numberOUr calculations associate with four or more strands.
pf strands in a sheet v_aries within the protein, this would resu_lt Concluding Remarks
in a number of IR-active states along the strands that vary in
the extent of delocalization across multiple strands. This would ~ Two-dimensional IR spectroscopy of the amide | transitions
be observed as a distribution of observee- resonance  Of PLys andg-sheet-containing proteins indicates that this
frequencies. For high disorder comparable to the strongestmethod can be used to gain considerable insight fhtheet
interstrand couplinglLi4), the excitation would localize on the ~ Structure and structural variation for proteins in solution. This
1—4 dimers. information is viewed through the delocalized amide | vibra-

The 2D IR spectra give some insight into delocalization of tional excitations associated with the secondary structure.

the g-sheet vibrational excitations in the protein systems. For Analys!s C_’f thg peak posmons, amplitudes, a_nd I|nle shapes
the extendeg-sheet system Con A, the node of the cross-peak allows insight into the size of the sheets, the orientation of the
doublet alongys lies at the fundamer,ltal frequenay., whereas transition moments, and the degree of structural disorder in the

in the case of the smaller three-stranded sheets of RNase A’sheet. The two dominant IR-active transitions of an/Agheet,

the positive cross-peak ridge lies on resonanceat wos. o+ anda—, can be observed in 2D IR spectra as cross-peaks,

Additionally, the apparent line widths alongws are narrower even when not apparent in the traditional FTIR spectrum.
in the case of the Con A cross-peak. These observationslnterference effects between the resonances that form the

highlight the much smaller cross-peak-doublet splittiag.(o. diagonal and cross-peaks together with additional features along

P ) L
<4cm ) in the case O_f Con A. B(a_cause this Spll'[.tlrlg should (47) Stanger, H. E.; Syud, F. A.; Espinoza, J. F.; Giriat, |.; Muir, T.; Gellman,
roughly scale as the ratio of the amide | anharmonigitp the S. H.Proc. Natl. Acad. Sci. U.S.2001 98, 12015.
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the diagonal lead to a characteristic “Z"-shaped signature for development of general models for protein vibrational spec-
AP f-sheet secondary structure. Favorable comparisons to thetroscopy is now an area of renewed interest and rapid ad-
predictions of a simple model for the amide | vibrational vances»10.2148

spectroscopy of APS-sheets indicate that the interstrand 2D IR spectroscopy and other nonlinear-IR techniques should
interactions are considerably stronger than the intrastrandprovide both meaningful tests of such models and, ultimately,
interactions. This suggests that it is possible to relate the positiondetailed investigative tools for protein research. While the
of cross-peaks to the number of strands in the sheet. The positiorstructural information obtained in IR spectroscopy is not
of the peak is related to thet/o.— transition splittingwe+ o, atomistic in nature, it does probe delocalized or collective
which is strongly influenced by interstrand couplings. Beyond coordinates that can be sensitive to mesoscopic structure and
describing vibrational couplings, the cross-peak line shape is conformation. Additionally, as a fast time-scale probe, vibra-
related to the energetic and conformational disorder of the sheettional spectroscopy reveals structural information transiently
such as variations in hydrogen bonding or other conformational with a picosecond window. These characteristics are those
variations within the sheet and from one sheet to another. optimal for studies of fast kinetics and dynamics of protein
Additionally, the amplitude of the cross-peak can be related to conformational changes.

the orientation of thex+ ando.— transition moments, and the

frequen_cy _sphttlng of the cro_ss-pgak IS a measure of the Minhaeng Cho for sharing their calculations of intrastrand amide
delocalization length of the amide vibrations of the sheet. . .
| couplings from refs 46, 29, and 30, respectively. We thank

These observations are based on trends for the few proteins . . . . .
. . . . “Joel Eaves for his advice on the Gaussian disorder calculation,
studied here. A more complete picture of the relationship

between spectral features afiesheet structure, including the Matt DeCamp for experimental aSS|stanc_e , and Arend Dijkstra
. L : . for conversations on the nature of amide | eigenstates for

underlying vibrational couplings, should be further scrutinized . ; .
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examples presented here indicate that 2D IR spectra on amideand the David and Lucile Packard Foundation for their fellow-

| bands offer a sensitive measuretheet content and more ship support.

detailed structural variables. Quantitative modeling of these  Supporting Information Available: Details of the data
spectra relies on further development of general models for analysis for determining thes../u,— projection angle in
vibrational couplings in proteins. This is particularly the case concanavalin A. This material is available free of charge via
for short-range interactions (where the transition dipole coupling the Internet at http://pubs.acs.org.

model has limited success), through-bond interactions, and the
influences of hydrogen bonding. Additionally, simplified ana-
lytical models and numerical methods of introducing the effects (48) Gerber, R. B.; Brauer, B.; Gregurick, S. K.; Chaban, GPklysChemComm
of structural and energetic disorder in such calculations are 2002 142. Gerber, R. B. C., G. M. Gregurick, S. K. Brauer, B.

. X e Biopolymers2003 69, 370. Choi, J.-H.; Ham, S.; Cho, M. Phys. Chem.
needed. Even with the considerable complexity involved, the B 2003 107, 9132.
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