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Abstract: Ab initio based calculations of force fields and atomic polar tensors are used to simulate amide I
infrared absorption spectra for a series of isotopically substituted (Ac-A12-NH-CH3)n peptides clustered in an
antiparallelâ-sheet conformation having a varying number of strands,n ) 2-5. The results demonstrate that
the anomalous intensity previously reported for the isotopically shifted amide I in13C labeled peptides is due
to formation of multistrandedâ-sheet structures in this conformation. Computations show that the characteristic
widely split amide I mode forâ-sheet polypeptides as well as this anomalous intensity enhancement in
isotopically substitutedâ-sheet peptides grows with increasing sheet size. For sheets of five strands, qualitative
and near quantitative agreement with experimental amide I intensity patterns is obtained for both labeled and
unlabeled peptides. The strongest transitions primarily represent in-phase coupled modes of the13C labeled,
next nearest neighbor amides on the inner strands of the multistrandedâ-sheet. Long-range transition dipole
coupling interactions do not promote the13C amide I intensity enhancement. Understanding of the IR intensity
mechanisms with this level of detail for the isotopically labeled peptides permits design of site-specific probes
of â-sheet folding and unfolding dynamics.

Introduction

The â-sheet conformation is the second most abundant
secondary structure in globular proteins and is critical to the
formation of many structural motifs that lead to specific protein
functions. Despite this importance,â-sheet structure and forma-
tion have not until recently been studied as intensely as have
those of theR-helix. The reasons for this have been manifold,
but two fundamental impediments stand out.

First, well-defined peptide models forâ-sheet formation that
have a reasonable range of solubility have not been identified.
Theâ-sheet structure, though classified as a secondary structure
type, in fact involves tertiary or even quarternary interactions,1,2

similar to those that lead to intermolecular aggregation. Control-
ling that interstand bonding to get a specific, unique structure
has proven to be difficult, although several examples now exist
of peptides whose properties indicate they form 2 and 3 strand
hairpins or sheetlike segments, at least transiently, as part of
dynamic equilibrium.3-7

Second, the structures ofâ-sheets found in proteins, as well
as those made with peptide models, are highly variable. Beyond

the central difference of parallel versus antiparallel orientation
of the hydrogen-bonded strands, the sheets exhibit a wide
distribution of strand lengths and various types and degrees of
twists,8 though predominately right-handed (which in turn makes
the strands left-handed). Furthermore, all strands in proteins are
distorted on their ends to form loop or turn structures.

In the past decade, since the highly aggregatedâ-sheet
structures were identified as symptoms of amyloid and prion
diseases,9,10 the importance of understanding the dynamics and
energetics ofâ-sheet formation has become more urgent. Thus
development of techniques that have a high sensitivity toâ-sheet
formation and can sense structures in fluctuation between
conformational states has important biomedical as well as
biophysical applications.

Infrared (IR) spectroscopy is often used for detection of
â-sheets2,11,12since their most intense amide I band (amide Cd
O stretch) component is sharply shifted down in frequency (to
∼1620-30 cm-1) from typical helical and coil values, and a
weak sideband appears at much higher values (∼1680-90
cm-1). While it has been common to attribute this lower
frequency to increased H-bond strength, this work will show
that it has another origin, in large part due to vibrational coupling
of residues. Beyond this, the narrow, intense band seen in
â-sheet polypeptides and some denatured proteins at 1610-
1620 cm-1 is usually interpreted as being indicative of ag-
gregated, antiparallel structure.2
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Unfortunately, these frequency and intensity patterns cor-
respond to global averages and do not yield any site resolved
information. However, selective13C isotopic labeling13-16 can
add site-specific resolution to the vibrational spectra via both
the frequency shift and intensity variation of the labeled
vibrations. Strong, anomalous enhancement of the13C compo-
nent of the amide I absorption has been observed for alternately
doubly labeled antiparallelâ-sheet peptides, while sequential
or single labels give rise to weaker effects which none-the-less
are easily detected and more intense than the statistical weight
of labeled residues would suggest.17,18 Isotopic intensity en-
hancement and frequency shifts have an important pragmatic
effect: if well-understood, they can be used to probe site-specific
structural aspects of a protein (or peptide) enriched with
relatively few selected labels and yet provide a good experi-
mental signal-to-noise ratio (S/N).

Brauner et al.18 simulated the amide I spectra for their
â-forming polypeptides, K2(LA)6, assuming formation of iso-
topically labeled pairs ofâ-strands and using an empirical
coupled oscillator model that incorporated both through-bond
and transition dipole coupling (TDC) between the CdO groups.
With a single set of adjustable parameters representing the
coupling constants, dipole moments, and unperturbed amide I
frequencies, they obtained an excellent fit to the experimental
data for several isotopomers. The anomalous enhancement in
intensity for the labeled part was attributed by these authors18

to a significant contribution of the unlabeled (12C) amide groups
coupled by the through-bond and TDC interactions to the13C
labeled amide vibrations.

We previously demonstrated16,19that the amide IR absorption
and VCD spectra forR-helical oligopeptides can be simulated
with good accuracy using a transfer method of molecular
property tensors obtained from an all atom, ab initio quantum
mechanical calculation.20 We here present simulations of IR
absorption spectra for multistranded, largeâ-sheets (up to 65
amide groups) using this same approach. However, accurate
â-sheet modeling is more complicated than that for anR-helix,
first due to the lack of a reliable structural model. Second, if
all important interactions are to be included, such modeling
requires ab initio calculations on much larger peptide systems
due to their multistranded nature. Simulations of large multi-
strandedâ-sheets presented here are based on fully quantum
mechanical (density functional theory, DFT) property tensor
calculations for “minimal” two- and three-strandedâ-sheet
peptides needed for the transfer, which, nevertheless, may be
the largest peptide systems for which ab initio vibrational spectra
have been computed.

Empirical treatments ofâ-sheet vibrational spectra, particu-
larly by Krimm and co-workers,21,22 suggested the importance

of TDC between amide I modes. The quantum mechanical force
field (FF) includes TDC, therefore it is implicitly present in
our transferred FF for local interactions, i.e., within the range
of the small fragment which is chosen as a source of parameters.
However, the interactions between the parts of the large
molecule beyond the size of this fragment are completely
neglected. To assess the importance of such long-range cou-
plings from a nonempirical basis, we test the effects of adding
a TDC correction to the transferred FF19 that is based on the
same, small molecule ab initio calculation.

Methods

Experimental Details. Isotopically labeled samples of K2L*A*(LA) 5

and K2LA*LA*(LA) 4 prepared as C-terminal amides (an asterisk marks
the residue that is13C labeled on the amide CdO) were kindly pro-
vided by Prof. Richard Mendelsohn. The unlabeled peptide K2(LA)6,
C-terminal amide, was synthesized at the University of Illinois at
Urbana-Champaign Protein facility. The latter was purified using HCl
as an HPLC mobile phase to eliminate the trifluoroacetic acid (TFA)
that forms an IR-interfering contaminant in most solid-phase synthesized
peptides. The samples were deuterium preexchanged in an excess of
deuterated ethanol overnight at room temperature, lyophilized, and
redissolved in deuteriotrifluoroacetic acid (TFE-OD) at an approximate
concentration of 10 mg/mL (∼7 mM) for spectral measurements. FTIR
spectra were measured on a BioRad-Digilab FTS-60 in a semipermanent
IR cell (Specac) consisting of CaF2 windows and a Teflon spacer with
path length of∼100µm. For each sample, the spectrum of the solvent
(TFE-OD) was obtained first. Then the solvent was removed from the
cell, which was subsequently refilled with the sample solution, to
minimize effects of path length changes due to reassembling the cell.
Absorbance spectra were calculated using the empty instrument
spectrum as the reference, and solvent absorbance spectra were
subtracted from the corresponding sample absorbance spectra. Ad-
ditionally, the residual TFA signal for the K2L*A*(LA) 5 and K2LA*LA*-
(LA)4 samples was eliminated by subtracting the spectrum of TFA in
TFE-OD solution, prepared so that the absorbance of the interfering
TFA peak matched that of the residual TFA peak in those samples. To
check for concentration and solvent dependencies, the same set of
experiments was carried out in deuterated methanol at a concentration
of ∼1 mg/mL using a 200µm path length.

Calculations. Two-, three-, four-, and five-stranded antiparallel
â-sheet peptides, with a nominal strand sequence of Ac-A12-NH-CH3

(A ) Ala), were constructed using coordinates from the crystal structure
of the â-sheet form of poly-L-alanine.23 Spectral simulations for the
unlabeled and three isotopically labeled species Ac-A12-NH-CH3,

Ac-AA*A*A 9-NH-CH3, and Ac-AAA*AA*A 7-NH-CH3 of each mul-
tistrand assembly (2, 3, 4, and 5 strands) were used as models for
experimentally measured K2(LA)6, K2L*A*(LA) 5, and K2LA*LA*(LA) 4,
respectively. Spectra for other isotopomers were also simulated as
auxiliary tests of the results. Amide I IR absorption spectra were
simulated by transfer of the ab initio force fields (FF) and atomic polar
tensors (APT) in Cartesian coordinates20 calculated at the DFT BPW91/
6-31G** level. These high-level calculations were for smaller, two-
and three-stranded antiparallelâ-sheet peptides, based on Ac-A-A-NH-
CH3 strands with local (φ, ψ) geometries identical to those used to
construct the target, large polypeptides. The two-stranded smaller
peptide FF and APT tensor values were transferred onto the two-
stranded longâ-pair. The three-, four-, and five-stranded largeâ-sheet
FF and APTs were transferred from the three-stranded smaller peptide.
In these cases, the middle strand atomic tensors were assigned to atoms
on the inner strands of the large sheet structure, and those from the
outer strands were transferred to the outer strand residues. Quantum
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chemical calculations were performed using Gaussian 98.24 Analytical
harmonic FF and APT were computed for partially optimized geom-
etries, where main-chain torsional angles were constrained to the
experimental values.23

After transfer of the parameters19,25 to the longerâ-sheet models,
calculations of projected vibrational frequencies, dipolar (D) strengths,
and isotopic substitutions were performed using programs written in-
house. To remove the spectral interference from the C-H deformation
modes of the rigid (fixed rotamer)-CH3 groups, deuterium was
substituted for all methyl hydrogens. Even though all simulations are
presented for N-protonated peptides, to test for deuteration effects
several N-D substituted calculations were also carried out. Spectral
band shapes for simulated spectra were obtained by assigning Lorentzian
line-shapes to all transitions with a uniform width of 8 cm-1 and the
area proportional to the dipole strengthD.

Since the force constants are not known for the large molecules with
respect to atom pairs beyond those encompassed in the small “frag-
ment”, these are normally set to zero. To test for any impact of these
long-range interactions on the spectra, we approximated them by TDC,
computed from ab initio APT values:19

for all pairs of atoms (A, B) whose force constants are absent in the
transferred FF. Hereqλ

A, λ ){x,y,z} are Cartesian displacements of the
atom A, ε is a dielectric constant, which was chosen as 1 (maximal
effect),R is the distance between atoms A and B,ej are the components
of a unit vector from atom A to B, and∂µi/∂qλ are the components of
the APT.

Results

Experimental Spectra.Measured amide I′ FTIR spectra for
the K2(LA)6, K2L*A*(LA) 5, and K2LA*LA*(LA) 4 peptides in
TFE-OD are shown in Figure 1 and are in full agreement with
previously published results.18 Identical IR spectra were also
obtained in deuterated methanol at∼10 times lower concentra-
tion. The unlabeled K2(LA)6 peptide gives rise to an amide I′
band shape reflecting that expected for aâ-sheet, with an intense
band at∼1624 cm-1 and a weak one at∼1689 cm-1. In the
sequentially (K2L*A*(LA) 5) and alternately (K2LA*LA*(LA) 4)
labeled samples, the12C contribution shifts up in wavenumber
to ∼1628 and∼1634 cm-1 with the 13C band appearing at
∼1606 and∼1608 cm-1, respectively. The relative intensity of
the 13C band is∼26% of the total for the sequentially labeled
species, while for the alternately labeled ones it is anomalously
enhanced to∼40%. Both are much more intense than would
have been expected for only 2 of 14 residues being labeled.
The weak band at∼1550 cm-1 is a residual amide II absorption
that suggests incomplete H/D exchange.

Unlabeled (Ac-A12-NH-CH3) Peptide Simulated Spectra.
Calculated amide I IR spectra for an unlabeled Ac-A12-NH-
CH3 â-strand peptide forming 2-, 3-, 4-, and 5-stranded sheets

(referred to asS2-5, respectively) are shown in Figure 2. The
S2 simulation predicts an amide I band shape similar to the
characteristicâ-sheet amide I absorption pattern,12,26 with the
low-frequency main maximum and much weaker high-frequency
maximum. However, these peaks are only∼37 cm-1 apart as
opposed to the∼65 cm-1 seen experimentally, and the high-
frequency peak is too intense compared to the main maximum.
With an increasing number of strands, the simulated low-
frequency peak shifts down in frequency, such that the splitting
increases (up to∼57 cm-1 in S5), and becomes more intense
compared to the high-frequency peak, so that the overall band
shape converges to the experimental pattern. InS3, S4, andS5
a third maximum appears between the other two, but its relative
intensity decreases with the sheet size.

The most intense amide I transitions arise from modes where
each particular amide CdO vibrates out-of phase with those
sequentially (thus in-phase alternately) on the same strand, and
in-phase with the CdO from the amide hydrogen bonded to it
on the other strands. This results in a strong net transition dipole
oriented approximately perpendicular to theâ-sheet axis and
corresponds to theν⊥(π, 0) modes in Miyazawa’s original
notation for infinite, symmetricâ-sheet models.23,27Even though
Miyazawa’s model is not rigorously applicable to our case of
finite â-sheets, the outlined basic phase relationships can be
clearly identified, and therefore this simple notation is used here
for approximate characterization of the normal modes. This
relative phasing of CdO stretches is illustrated in Figure 3 for
selected modes ofS2and in Figure 4 forS5. These schematic
plots of the CdO stretching amplitudes are for the modes that
most significantly contribute to the amide I band shape. In Figure
3 the high frequency (1711.4 cm-1) mode is the strongest within
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Figure 1. Experimental FTIR spectra of theâ-sheet peptides: (a)
unlabeled K2(LA)6, (b) sequentially doubly labeled K2L*A*(LA) 5, and
(c) alternately doubly labeled K2LA*LA*(LA) 4.
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the secondary, high-frequency maximum, and the two, nearly
degenerate, low-frequency modes (∼1674 cm-1) dominate the
main amide I maximum. In Figure 4, theS5modes dominating
the secondary maximum (1708.5 cm-1) and the main maximum
(1650.7 cm-1) are shown, along with the strongest mode
contributing to the third, central maximum (1674.8 cm-1). The
ν⊥(0, π) character of the mode corresponding to the high-
frequency (near 1710 cm-1) maximum in both theS2 andS5
can be clearly seen.

Although it is not evident from Figures 3 and 4, due to their
greatly simplified picture of the normal modes (effectively one-
dimensional), the predicted transition dipoles of the high-
frequency vibrational modes are weak but polarized approxi-
mately along the direction of the strands, as would be expected
for νII(0, π). On the other hand, the two most intense normal
modes, contributing to the main maximum, predicted∼1674
cm-1 in S2 (Figure 3) and∼1650 cm-1 in S5 (Figure 4), are
clearly predominantlyν⊥(π, 0) modes. InS5, the most intense
normal modes near the main maximum are more localized on
the inner strands of the sheet with the greatest amplitudes on
the middle strand. The modes corresponding to the other two
maxima (1674.2 and 1708.5 cm-1 in S5, Figure 4) show larger
amplitudes for the outer strand amides. A similar CdO
amplitude distribution can be seen inS3 and S4. The modes
around the central maximum computed at∼1675 cm-1 for S3,
S4, andS5have complicated phase relationships, with contribu-
tions from bothν⊥(π, π) andν⊥(π, 0) phases. Finally, a number
of modes with little intensity, most of which are not seen in the
simulated spectra plots, correspond, at least locally, to theν(0,
0) combination. The central maximum, which is not experi-
mentally observed in these modelâ-sheet peptides, is predicted
to lose intensity for larger sheets. These central modes may not

be apparent in multiple-strandedâ-sheet polypeptides, but may
be significant in proteins which have shorter, more distorted
â-sheets.

The above qualitative description of the amide I normal mode
patterns generally holds for the vibrations of the unlabeled
groups in all the isotopically labeled peptides we have simulated.
In particular, the main maximum (later referred to here as the
main12C or unlabeled maximum) always arises due toν⊥(π, 0)
type vibrations primarily on strands near the center of the sheet.
Therefore, in the following we shall focus mainly on the isotopic
labeling effects.

Sequentially Doubly Labeled (Ac-AA*A*A 9-NH-CH3)
Simulated Spectra.Simulated amide I IR spectra for the doubly
labeled peptides, Ac-AA*A*A9-NH-CH3, in antiparallel sheets
of 2, 3, 4 or 5 strands (denotedSII 2-5, respectively) are shown
in Figure 5. Compared to the unlabeled peptides, the main
12C maximum is higher in frequency, and has a broadened shape.
In SII 2 the 13C peak arises from two nearly degenerate normal
modes, each corresponding to the out-of-phase vibrations
(ν⊥(π, 0)) of neighboring labeled amide groups on each strand.
In SII 3 two 13C maxima correspond to the out-of-phase
vibrations of the labeled pair on the middle strand (lower
frequency) and both labeled pairs on the outer-strand (higher
frequency). InSII 4 andSII 5 the mode ordering has changed, as
there are only seven (out of eight possible) and nine (out of
ten), respectively, localized13C modes below the main maxi-
mum. The remaining13C mode is “distributed”, i.e., there are

Figure 2. Simulated amide I IR for the unlabeled Ac-A12-NH-CH3

â-strand peptide in (a) 2-stranded (S2), (b) 3-stranded (S3), (c)
4-stranded (S4), and (d) 5-stranded (S5) antiparallelâ-sheet conforma-
tion.

Figure 3. Plot of relative amide CdO bond stretching amplitudes in
the 2-stranded antiparallelâ-sheet (S2) for 1711.4 (top), 1674.4
(middle), and 1674.2 (bottom) cm-1 amide I normal modes. The 1711.4
cm-1 is the strongest mode near the high-frequency secondary
maximum, the 1674.4 and 1674.2 cm-1 are nearly degenerate, most
intense modes are at the main amide I band maximum. Positive values
correspond to bond stretching, negative to bond contraction.

Anomalous Infrared Amide I Intensity Distribution J. Am. Chem. Soc., Vol. 123, No. 25, 20016145



vibrations of one or more13C groups involved in a number of
high-frequency12C transitions. The amide I band shapes for
SII 5 andSII 4 are qualitatively very similar. The maximum of
the 13C component consists of the nearly degenerate, out-of-
phase motions of the labeled neighboring groups on the inner
strands with amides having the same orientation being in-phase.

TheSII 4 andSII 5 simulations are closer to the experimentally
observed band shapes than are those forSII 2 or SII 3. The relative
intensity of the13C band is in both cases about 23% of the total
and the splitting between the12C and13C maximum decreases
from 35 cm-1 in SII 4 to 33 cm-1 in SII 5. The former is already
very close to the experiment (26%), while the latter overesti-
mates the experimental value of 23 cm-1. The full dispersion
of the amide I (highest12C to lowest13C) is ∼90 cm-1, very
close to the experimental spread from 1693 to 1606 cm-1.

Alternately Doubly Labeled Ac-AA*AA*A 8-NH-CH3 Simu-
lated Spectra.The simulated amide I IR spectra for the alternate
doubly labeled peptides, Ac-AA*AA*A8-NH-CH3, in â-sheets
of 2, 3, 4, and 5 strands (labeledSI-I2-5, respectively) are
shown in Figure 6. The enhancement of the13C band with
respect to the population of the label is apparent in all cases. In
addition, the broader, less intense character of the12C main band
is also evident in the simulations. Both the main12C peak and
the 13C peak are shifted to higher frequency compared to
sequentially labeled derivatives.

In SI-I2 the 13C band is well-resolved from the unlabeled
maximum and is broad due to frequency differences between
the hydrogen-bonded (inward pointing) and non-hydrogen-
bonded vibrations of the labeled pair. InSI-I3 the 13C amide I

sideband is again broad consisting of two intense modes. The
most intense13C component is also the most intense transition
in the whole spectrum. InSI-I4 the amide I band shape becomes
qualitatively different compared to that inSI-I3. The13C band
results in a narrow peak with the highest intensity in the entire
amide I band. Nearly all of this13C band intensity arises from
a single mode with the largest contribution from the labeled
groups on the two inner strands. The next strongest, highest
frequency13C mode from the outer-strand labeled amides is so
close in frequency to the12C modes that it contributes to the
apparent intensity of the main12C band. Strong “anomalous”
enhancement of the13C amide I sideband is clearly predicted
from this ab initio simulation. The simulated amide I forSI-I5,
qualitatively similar to that ofSI-I4, has an even more intense
13C band. Furthermore, its low-frequency12C transitions are
stronger than those in the middle of the amide I contour,
resulting in a more uniform band shape in closer agreement
with experiment.

Schematic representations of the two most intense12C normal
modes (1660.4 and 1652.3 cm-1) and the two most intense13C
normal modes (1648.2 and 1625.2 cm-1) are shown in Figure
7. The 1648.2 cm-1 mode is within the band envelope of the
main 12C maximum, while the most intense amide I normal
mode, 1625.2 cm-1, is responsible for the anomalously strong
intensity of the13C isotopic sideband. This 1625 cm-1 mode is
dominated by in-phase vibrations of the13C labeled groups,
which in this model are all pointing in the same direction. The
labeled pair on the center strand has the largest amplitude. There
are contributions from the unlabeled groups, but they are
relatively small for the lowest energy modes. The phase pattern
involving all groups, i.e.,12C as well as13C labeled ones,
corresponds to the intenseν⊥(π, 0) mode. In this way the12C
amide vibrations, even though much weaker in amplitude, have

Figure 4. Plot of relative amide CdO bond stretching amplitudes in
the 5-stranded antiparallelâ-sheet (S5) for 1708.5 (top), 1674.8
(middle), and 1650.7 (bottom) cm-1 normal modes, which correspond
to the strongest modes near the high-frequency maximum, the central
maximum, and the low-frequency main amide I maximum, respectively.
Positive values correspond to bond stretching, negative to bond
contraction.

Figure 5. Simulated amide I IR for the sequentially doubly labeled
Ac-AA*A*A 9-NH-CH3 â-strand peptide in (a) 2-stranded (SII 2), (b)
3-stranded (SII 3), (c) 4-stranded (SII 4), and (d) 5-stranded (SII 5)
antiparallelâ-sheet conformation.
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a relative phase that adds to the overall transition dipole moment.
The 1648.2 cm-1 mode has a similar phase pattern but is
dominated by the outer-strand amide vibrations. The two intense
high-frequency modes have predominantlyν⊥(π, 0) character
and their largest contributions come from12C motions on the
center strands of the sheet. Minor contributions of the13C groups
can be seen for the higher frequency, 1660.4 cm-1 normal mode,
often with a phase shift. The 1652 cm-1 mode has major
intensity contributions from the strand ends rather than the
centers of the three central strands.

The agreement between theory and experiment again im-
proves as moreâ-strands are included in theâ-sheet model. In
this case, the dramatically enhanced intensity of the13C labeled
peak is still underestimated: about 28% and 30% inSI-I4 and
SI-I5, respectively, compared to more than 40% in the experi-
mental spectrum. Furthermore, the splitting between12C and
13C maxima is slightly overestimated (∼28 cm-1 in bothSI-I4
andSI-I5 compared to an experimental value of 26 cm-1). Also
the 12C intensity distribution is somewhat more complex than
seen experimentally.

Transition Dipole Coupling. Comparison of the amide I
band shape for theSI-I4 peptide calculated with the addition
of a TDC correction (solid line) as compared to the normal
transfer result (dashed line) is shown in Figure 8. The long-
range TDC correction does not significantly change the amide
I band shapes or the normal mode distributions. The TDC
correction, in fact, leads to a slightly worse underestimation of
the 13C labeled band intensity than does the noncorrected FF.
Therefore, the long-range TDC interactions do not seem to be
significant and, specifically, do not improve theâ-sheet amide
I band shape predictions.

Discussion

Our simulated band shapes are in good agreement with
experimental observations, considering that very little is known
about the detailed structure of the model peptides studied
experimentally. We note that peptides were N-protonated in our

Figure 6. Simulated amide I IR for the alternately doubly labeled
Ac-AA*AA*A 8-NH-CH3 â-strand peptide in (a) 2-stranded (SI-I2), (b)
3-stranded (SI-I3), (c) 4-stranded (SI-I4), and (d) 5-stranded (SI-I5)
antiparallelâ-sheet conformation.

Figure 7. Plot of relative amide CdO bond stretching amplitudes in
the alternately doubly13C labeled, 5-stranded antiparallelâ-sheet (SI-I5)
for (from the top) 1660.4, 1652.3, 1648.2, and 1625.2 cm-1 amide I
normal modes. Black bars represent the13C labeled residues. Positive
values correspond to bond stretching, negative to bond contraction. The
first two modes correspond to the two strongest12C transitions, the
last two to the two strongest13C transitions. The 1648.2 cm-1 mode
appears in the main12C band envelope, and 1625.2 cm-1 is the most
intense amide I mode inSI-I5.

Figure 8. Comparison of simulated amide I IR with TDC correction
(dashed line) and uncoorected (solid line) for the alternately doubly
labeled Ac-AA*AA*A 8-NH-CH3 peptide in the 4-strandedâ-sheet
(SI-I4).
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simulations, while the experiments were performed in deuterated
solvent, and the samples were preexchanged, and therefore (at
least mostly) deuterated. Test simulations showed only minor
differences between amide I band shapes for N-protonated and
N-deuterated peptides. These included small frequency shifts
of most components in the band and some small intensity
variations. By no means would these alter the agreement
reported above with the experimental results. Although the
agreement of our simulations with experiment is not as precise
as that of Brauner and co-workers,18 our approach used only
the results of ab initio calculations which had no adjustable
empirical parameters beyond the choice of the method. Our
agreement with experimental band shapes would certainly have
been better had we scaled the calculated frequencies or the force
field, or even used different line-widths for spectral components
in our simulations. However, such an approach contains little
additional physical insight. The limitations of our FF are clear,
with the vibrational frequencies being too high compared to
experiment, even though compared to our previous ab initio
calculations on the helical peptides they are surprisingly
close.16,19,25Unfortunately, overestimation of amide I frequencies
seems to be a common pitfall of ab initio DFT calculations that
can correlate to a short CdO bond length. This specific aspect
can be modified by alteration of the basis set (Kubelka and
Keiderling: to be submitted for publication). Aside from this
absolute error, the relative frequencies within the amide I and
the corresponding normal mode ordering can still give a reliable,
useful picture for interpreting the IR spectra.

Polypeptide â-Sheets Consist of Extended, Multiple-
Stranded Structures.This ab initio based computational study
demonstrates that the observed “characteristic”â-sheet band
shapes, as seen in oligo- and polypeptideâ-sheet models,
actually arise from extended, multistrandedâ-sheets. In the
unlabeled peptides both the frequency splitting between the low-
and high-frequency peaks and their relative intensities in the
simulated amide I converge to experimental values with an
increase in the number of strands used in the simulation. While
the two-strand simulation has approximately the correct shape,
the frequency splitting is too small and the high-frequency peak
too intense. The correlation between the amide I component
splitting and increasing size of theâ-sheet is in agreement with
the study of Chirgadze and Nevskaya,28 who used a set of
dipole-coupled oscillators having aâ-sheet geometry to empiri-
cally simulate the amide I spectra. The necessity of a multiple-
strandedâ-sheet model to explain the experimental band shapes
is most clearly demonstrated in the alternately doubly labeled
peptide simulations. The anomalous intensity enhancement of
the 13C-labeled vibrations (whereby the13C mode dominates
the amide I intensity) qualitatively only approaches that found
experimentally for the four- and five-strandedâ-sheet models
in our computational tests and cannot be seen in the simple
two-stranded model. In our hands, these peptides failed to
dissolve at these concentrations in TFE unless sonicated for
several hours, and then resulted in gel-like solution implying
more extended structure had formed. The presence of a small,
residual amide II absorption at∼1550 cm-1 for these peptides
(dissolved in TFE-OD) also suggests multiple strand formation,
which could protect inner-strand amide groups from deuterium
exchange.

There seems to be no reason to limit association for these
K2(LA)6 peptides to only two strands. If strands were to align
in an exact antiparallel fashion, the leucine side chains on

neighboring strands would point alternately above and below
theâ-sheet plane, thus causing no packing hindrance. The same
arrangement would occur if the strands were offset by two
residues, so the two Lys residues at the end terminus were not
paired with the neighboring strands, leading to improved
solvation of charged residues. If two strands associate in this
fashion, three or more could just as easily associate in the same
fashion, resulting in multistranded structures of varying sizes.
While Brauner et al.18 report no solubility problems in methanol
at somewhat lower concentrations, the spectra they obtained
are virtually identical with ours, implying the same basic peptide
structure occurs under both conditions. This observation is
consistent with the fast convergence of the simulated amide I
band shapes with respect to the number of associatedâ-strands.
While significant changes in the simulated amide I band shapes
occur between the two-, three-, and four-strandedâ-sheets,
addition of the fifth strand yields an amide I band shape
qualitatively similar to the four-stranded as well as to the
experimental band shapes. Therefore we do not expect signifi-
cant qualitative simulated band shape changes to occur upon
addition of more strands to the structure. Thus while our model
assumes only a small number of strands to explain the observed
spectral patterns, large aggregates could yield similar results.

Historically, IR, Raman,and CD spectra of theâ-sheet form
of poly-L-lysine (at high pH and∼60 °C), which has an amide
I IR pattern very similar to that of K2(LA)6, has been taken as
a “standard” for â-sheets.12,29,30 However, soluble globular
proteins rarely absorb below 1630 cm-1 and have continuous
absorption through the amide I region, normally attributed to
their heterogeneous structures.11 It has been suggested that the
broadly “split” peptideâ-sheet amide I IR band shape is due to
aggregated, extended strands, stabilized by strong intermolecular
hydrogen bonds.2,26 This is also consistent with the same band
shapes being characteristic for some thermally denatured,
aggregated proteins.31 A different spectral amide I pattern is
expected for short strands, such as found in globular proteins
as well as for modelâ-hairpins and 3-strand sheet models, now
being synthesized by a number of researchers.4,32-34 The length
and structure effects on spectra can explain in part whyâ-sheets
in proteins give rise to different amide I IR frequencies and
band shapes than doâ-sheet polypeptides. It further calls into
question the use of assigned frequency components in the IR
for structural analyses.2,35,36Specifically our spectral simulations
predict that for distorted or less extensiveâ-sheets there will
be a contribution to the amide I IR absorption between the
extrema of the exciton splitting that directly overlaps frequencies
characteristic of helices and random coils.

On the basis of our results it seems likely that the model
peptides studied here adopt a conformation similar to that of
the extendedâ-strands, represented by crystalline poly-L-
alanine.23 This is consistent with the observation that the larger
the â-sheet becomes, the less it generally twists.8 Our spectral
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simulations of twistedâ-sheet peptides, and sheets with shorter
strands such as those found in proteins, show that their amide
I band shape is sensitive to the degree of twist. In particular,
for twisted sheets the most intense12C transition is significantly
higher in frequency and the full exciton splitting less than for
the extended models discussed here (Kubelka and Keiderling:
to be submitted for publication). The13C band also shifts higher
in frequency, but not so much. Therefore, to get the large
splitting “characteristic” of the polypeptideâ-sheets and correct
relative frequencies in the13C-labeled spectra one needs
multiple-strand ensembles of relatively regular, extended con-
formations. In such a 2-fold symmetric chain geometry, maximal
exciton splitting of the amide I mode results as reflected in our
simulations.

Isotopic Frequency Shifts.The low-frequency shift of the
13C-labeled sideband in isotopically labeledâ-sheet peptides
from the unlabeled maximum (∼20 cm-1) is smaller than would
have been originally expected (∼40 cm-1) based on masses of
C isotopes. However, as our simulations point out, the true
characteristic amide I frequency of theâ-sheet peptide is not
this low-frequency amide I maximum∼1620-1630 cm-1, but
rather∼1640-1650 cm-1 (approximate mean of exciton split
components). The low frequency forâ-sheets, which is often
assumed to be due to increased hydrogen bond strength, is
instead due to much stronger exciton splitting in the extended
chain. This is further enhanced by interstrand coupling resulting
in a split of the amide I by 50-70 cm-1, while for example the
R-helix amide I split is only∼5 cm-1. The13C labeled modes,
as we have also shown in our simulations, are also distributed
over a range of frequencies (e.g. 1621-1648 cm-1 in SI-I5)
that is narrower than that for the12C, since there are only two
labeled amides per strand. The13C modes still have the
characteristicâ-structure intensity distribution, with the main
maximum at the low frequency and a weaker one at higher
frequency. The positions of both the12C and the13C band
maxima are then primarily dependent on the exciton splitting
of these modes acting relatively independently, whose extent
is dependent on the number and positions of the labeled residues.

Hydrogen bonding does play an important role in increasing
the exciton splitting of the amide I forâ-sheets, but it is one of
introducing a coupling to the next chain rather than affecting
the CdO bond strength (which would shift the centroid of the
exciton band). As can be seen for the 2-stranded simulations,
there is much less overall splitting predicted for both the
unlabeled (Figure 2) and labeled (Figures 5 and 6) peptides than
for the multistranded case where all the central residues are
hydrogen bonded to another chain. This is consistent with our
simulations of extended peptides with no hydrogen bonding
which yield even less exciton splitting (Kubelka and Keiderling,
to be submitted for publication). This coupling to another strand
is just what the empirical parameters of Brauner et al.18 achieved
in their simulations. Thus there is a consistency between these
two models even if interpretations of the resultant effects are
different.

Isotopic Intensity Enhancement.The physical basis for the
isotopic intensity enhancement effect that is derived from our
simulations is different than that suggested by Brauner et al.,18

who attributed the enhancement of the13C-labeled part to the
participation of 12C amide motions. While we observe a
relatively small degree of mixing of the unlabeled amide
vibrations into the internal13C modes, it would not account for
the large intensity of the labeled modes. Despite this, the
anomalous isotopic enhancement of intensity seen experimen-
tally is apparent in our simulations for the multistranded sheets,

which agree with experiment to an almost quantitative degree.
The origin of this enhancement seems to come from a single,
predominantly13C mode, whose largest amplitudes are on the
center strand or strands of the multistranded structure. Interac-
tions with the neighboring strands must cause the large
amplitude to concentrate in relatively few amide groups in the
sheet center. We have computationally investigated the influence
of different positions of the alternate label pairs within the sheet.
All tested label positions evidenced enhancement of the13C
band; however, sheets constructed with irregularly placed pairs
of labels, as would occur if the strands had no regular alignment,
showed much weaker enhancement than did the regular cases.

Effect of Long-Range TDC.To address the problem of the
long-range couplings, which are necessarily neglected in the
transferred FF, we added the parameter-free TDC correction,
which uses just the APT values obtained from the same ab initio
calculation. The results imply that neglect of the longer range
interactions did not cause substantial errors, which agrees with
earlier empirical results.28

We cannot distinguish between the through-bond and TDC
coupling contributions between locally coupled amide I modes,
such as those within the repeating unit of the infinite antiparallel
â-sheet,22 since the quantum mechanical force field contains
both, as well as higher order electrostatic couplings. However,
including the TDC correction explicitly for the far off-diagonal
part of the FF makes the predicted intensities worse (Figure 8).
By contrast, this correction was shown to slightly improve the
results of the IR absorption and VCD simulations of isotopically
labeledR-helical peptides.19 In the R-helical case, where the
amide transition dipoles are nearly parallel and therefore their
interaction is maximized, TDC probably represents better
approximation for the long-range interactions. For theâ-sheet,
on the other hand, where transition dipoles of alternating amide
orientations virtually cancel, this approximation is probably
inadequate.

Conclusion

We presented simulations of amide I IR absorption spectra
of multistranded oligopeptideâ-sheets based on ab initio (i.e.
using no empirical and/or adjustable parameters) quantum
mechanical calculations and transfer of molecular property
tensors. The results provide an alternative explanation of the
13C isotopic enhancement effect in the modelâ-sheet peptides,
that of arising from the aggregated nature of the extended
oligopeptideâ-strands. We demonstrate that the relative intensity
of the13C-labeled part of the amide I increases with the number
of associatedâ-strands. The most intense13C-labeled transitions
are normally localized within labeled residues on thecentral
strands of the multiple-strandedâ-sheet. The13C results support
the same conclusions for unlabeled peptides whose amide I band
shape, namely the splitting between the high- and low-frequency
maxima, converges to the experimentally observed “character-
istic” â-sheet pattern with an increasing number of strands. They
also confirm that the origin of the “low frequency”â-sheet
amide I bands is exciton coupling and not primarily H-bonding
strength. Therefore, our calculations provide a fundamental
understanding of the hypothesis that the “standard”â-sheet IR
spectrum as commonly found with polypeptide models arises
from multistranded clusters of extendedâ-strands and explains
why it poorly reflects proteinâ-sheet spectra. With the distinct
spectral signature for such multistranded structure formation and
the isotopic sensitivity as a new added diagnostic forâ-sheet
formation on a local, site-specific basis, time-dependent IR
methods could provide a powerful tool for studying dynamics
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of â-sheet formation. Finally, this study demonstrates the
usefulness of ab initio based spectral simulations in structural
interpretation of the experimental peptide vibrational spectra.

Acknowledgment. This work was supported by the Petro-
leum Research Fund, administered by the American Chemical

Society (35443-AC). We thank Prof. Richard Mendelsohn,
Rutgers University, for suggesting and discussing the problem
as well as providing selected isotopically labeled samples for
study.

JA010270X

6150 J. Am. Chem. Soc., Vol. 123, No. 25, 2001 Kubelka and Keiderling


