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Isotopic substitution with13C on the amide CdO has become an important means of determining localized
structural information about peptide conformations with vibrational spectroscopy. Various approaches to the
modeling of the interactions between labeled amide sites, specifically for antiparallel two-stranded,â-forming
peptides, were investigated, including different force fields [dipole-dipole interaction vs density functional
theory (DFT) treatments], basis sets, and sizes of model peptides used for ab initio calculations, as well as
employing models of solvation. For theseâ-sheet systems the effect of the relative positions of the13C isotopic
labels in each strand on their infrared spectra was investigated. The results suggest that the interaction between
labeled amide groups in different strands can be used as an indicator of localâ-structure formation, because
coupling between close-lying CdO groups on opposing chains leads to the largest frequency shifts, yet some
alternate placements can lead to intensity enhancements. The basic character of the coupling interaction between
labeled modes on opposing strands is independent of changes in peptide length, water solvent environment,
twisting of the sheet structure, and basis set used in the calculations, although the absolute frequencies and
detailed coupling magnitudes change under each of these perturbations. In particular, two strands of three
amides each contain the basic interactions needed to simulate larger sheets, with the only exception that the
CdO groups forming H-bonded rings at the termini can yield different coupling values than central ones of
the same structure. Spectral frequencies and intensities were modeled ab initio by DFT primarily at the BPW91/
6-31G** level for pairs of three, four, and six amide strands. Comparison to predictions of a classical coupled
oscillator model show qualitative but not quantitative agreement with these DFT results.

Introduction

Vibrational spectra, IR and Raman, have long been used to
determine average secondary structure characteristics in peptides
and proteins.1-4 Like electronic circular dichroic (ECD) struc-
tural studies, the limited resolution of vibrational spectra
normally provides sequence-averaged structural information in
comparison to the localized details derivable from NMR and
X-ray diffraction. Since optical spectra can provide inherently
fast measures of structure and are generally applicable to all
protein and peptide systems, increasing their information content
is of wide interest. Vibrational spectra, in contrast to electronic
spectra, have distinctive frequency shifts due to isotopic
variation, which can be used to give site-specific characteristics
to certain bands for selectively labeled peptides. In the past
decade a number of studies have appeared where isotopic
substitution was used to obtain better structural insight with IR
spectra.5-21

Isotopic labeling of the amide group has an important impact
on vibrational spectra, because it causes a shift of absorption
frequencies and thus allows separation of transitions associated
with the labeled residue from those of the rest of the molecule.
Thus the properties of this transition reflect the local stereo-
chemistry of the labeled group and its environment. For IR

absorption spectra of peptides and proteins, the amide I mode,
primarily CdO stretch, has been the dominant diagnostic band
used for structural studies.13C labeling of the CdO in the amide
linkage shifts its frequency down by∼40 cm-1, usually
resolving the contribution of such labeled residues from the rest
of the 12C amide I envelope. Such markers can be straightfor-
wardly incorporated into peptides by substituting commercially
available amino acids containing stable isotopes into normal
solid-state synthesis procedures.22 Even greater frequency shifts
can be achieved with13Cd18O labeling;23,24this, however, would
increase the material cost significantly. Studies of protein-
protein interactions have also been proposed by use of uniform
labeling for one member of an interacting system so that the
changes in each protein/peptide could be monitored sep-
arately.25-27

We have previously studied infrared absorption (IR) and
vibrational circular dichroism (VCD) of a series ofR-helical
peptides to determine localized sites of unfolding and the degree
of coupling between various sites in the sequence9,14 and have
modeled these with quantum mechanically determined spectral
parameters computed for smaller oligomers with constrained
(φ, ψ) angles and transferred onto larger peptides with the same
conformation.28-30 The degree of coupling between amide
groups is the essential physical interaction that makes amide
vibrational spectra capable of determining conformation for a
polymeric system. Coupling parameters are central to interpreta-
tion of data used in recently proposed structural techniques that
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combine Raman polarization and IR data (even including
VCD)31-33 and are vital for the new 2D IR studies that both
measure coupling and develop dynamic pictures of protein
structure.34-40 In a recent example, isotopic substitution of
helical peptides was used to help determine site-specific
coupling.23 Helices and their interresidue interactions are now
fairly well understood, but similar questions withâ-sheets are
more difficult to resolve, due to their greater heterogeneity and
multistranded nature, and they provide natural targets for
applications of isotopic labels and their coupling.

A method of growing interest for studyingâ-sheet formation
is to make sequences that form stableâ-hairpins.41-44 Since the
turn in the hairpin can be designed synthetically, these monomer
forms allow one to place labels in specific positions in the
â-sheet part of the molecule, while avoiding complications due
to aggregation and interhairpin interactions. Interactions between
various sites can be monitored by the spectral response that
develops. This paper will focus on simulating vibrational spectra
for model two-strandedâ-structures, which reflect the confor-
mation of the strands in hairpins, by use of established
theoretical methods to systematically investigate the impact of
possible coupling patterns between labeled CdO groups. These
results provide a basis for interpretation of previous experiments
as well as suggest convenient labeling schemes for design of
modelâ-sheet peptides. Our initial studies of unlabeled hairpins
stabilized byD-Pro-Gly-based turn sequences45,46or by hydro-
phobic collapse of tryptophan (Trp) residues47 showed the
spectra of the unlabeled sequence to be complex but capable
of being qualitatively simulated by theory. Recently we have
prepared and successfully theoretically modeled labeledâ-hair-
pins that have differentiable intensity patterns dependent on the
type of coupling between the cross-strand labels.48 All these
results suggest the possibility of using isotopic substitution for
structural studies on a broader variety of model systems.

Background

Our computational methods for peptide spectral simulations
have emphasized use of ab initio quantum mechanical methods
to obtain both force fields (FF) and spectral intensities.29 For
large peptide simulations, we have transferred these results from
fragments to the larger molecules.28-30 The basic principle
behind this method is to use the best practical theoretical level
to calculate the strongest interactions, those between neighboring
and near-neighboring residues, which are connected through the
polymeric chain or by hydrogen bonding. However, vibrational
spectra have traditionally been simulated with empirical FF, and
some recent studies of isotopically labeled peptides have taken
a simpler approach, focusing on the coupling between oscilla-
tors. Electric dipoles and coupling parameters in these models
are often determined empirically or with the aid of ab initio
computation on very simple systems.49,50,68,69These couplings
are intrinsic to the ab initio approach as well, but the reduction
to the oscillator model can provide a simplified physical model
to aid understanding of the coupling phenomenon.

Any two CdO chromophores interact and can be ap-
proximately modeled classically by two coupled oscillators (CO)
with isolated (monomer) frequencies,ω1 andω2, and vibrational
transition dipole moments,µ1 andµ2.20 If isolated, the system
of the two oscillators vibrates with new coupled frequencies of

whereV is a coupling interaction energy,51 which has been often
modeled as a simple dipole-dipole interaction for the vibrational

dipole moments (then termed transition dipole coupling, TDC)
but is not limited to that. In the case of identical oscillators,ω1

) ω2, the interactionV causes an energy splitting of 2V between
the two coupled (symmetric and asymmetric,ω+ and ω-,
respectively) vibrational modes, and results in a significant
redistribution of spectral intensity. In real systems,ω1 andω2,
even for chemically identical chromophores, are often only
approximately equal, because of the influence of the environ-
ment. Indeed, this CO method has proven insufficient for
vibrational analysis of close-lying, strongly interacting bonds
and inferior to full ab initio prediction of the coupling based
on a complete molecular harmonic force field, especially for
detailed simulation of amide I splittings, isotopic substituent
intensities, amide I-II interactions, and VCD band shapes.10,28,52,70

Thus, even when the CO methodology can provide a good
qualitative description of chromophore interactions for special
cases,53,79 more accurate a priori benchmark calculations are
needed for definite validation.

The importance of understanding this interaction is enhanced
by isotopic substitution, as the labeled bands separate from those
of unlabeled groups and split primarily due to their relative
coupling, providing a unique focus for analysis. While the ratio
of stretching frequencies for unlabeled (ω12C) and labeled (ω13C)
species would be inversely proportional to the square root of
reduced mass for a diatomic molecule, for the amide I in an
isolated amide group, this ratio is computed to be slightly higher
(∼1.026, corresponding to a shift of∼43 cm-1) because the
CdO stretch mixes with other motions. In peptides, with
multiple amide groups, complex coupling patterns may arise,
making the normal modes vary from this simple model, but
13C labeling does serve to isolate the local modes of the labeled
residues to a significant extent.14 The value of this simple
prediction is reflected in that the experimental differences seen
between unlabeled (ω12C ∼ 1650 cm-1) and labeled (ω13C ∼
1610 cm-1) amide I modes are clearly detectable. The corre-
sponding weakness is evidenced by the smaller variances that
are found with different substitution patterns and structures, as
will be discussed in this work.

Calculations

Ab Initio Models. The initial models used for the antiparallel
â-sheet structures were based on averaged (idealized) torsion
angles,{æ, ψ, ω} ) {-138°, 135°, 180°}.54 An overview of
the geometries and calculational methods used can be found in
Table 1 and Figure 1. All these structures have two hydrogen-
bonded strands but vary in length and presence of solvent, either
by including explicit waters or an effective field.55 In addition,
a set of pairs of twisted four-amide strands, with structures taken
from our previous paper,56 were used to test the impact of twist
on coupling.

To obtain a sensible force field for higher-frequency modes
without a large number of imaginary force constants, the bond
lengths and angles of these structures were relaxed by quantum
mechanical energy minimization, while the torsion angles were
constrained either directly (for structures a and b) or via the
normal mode optimization method (for structure c).57 Density
functional theory (DFT) computations at the BPW91/6-31G**
level were chosen as the primary method for FF determination
because the BPW91 functional58,59 with this basis set provides
good vibrational frequencies with reasonable computational cost
for the amide modes of prime interest.60 Hybrid functionals,
often chosen for vibrational spectral studies, do not improve
the amide I and II frequencies, which are of interest here, yet
lead to much longer computational times, limiting the size of

ω( ) [ω1 + ω2 ( x(ω1 - ω2)
2 + 4V2]/2
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peptide we can consider at the ab initio DFT level. The Gaussian
set of programs61 was used for all ab initio computations. Force
fields and intensity parameters for largerâ-sheets were obtained
by our Cartesian tensor transfer method29 by transferring
parameters from the ab initio results for the smaller fragments
described above to the longer peptides of interest (see Table
1). It might be noted that Choi and Cho62 have independently
developed a somewhat hybrid approach where ab initio-
calculated spectral parameters for single residues are transferred
onto peptides of various structures. This is a distinctly different
approximation from our transfer method using model oligo-
peptides, in that our method computes local interactions and
couplings at an ab initio (DFT) level before transfer.

Unless explicitly noted otherwise, spectra presented here were
simulated for the N-deuterated peptides, which corresponds to
the way they are normally measured in aqueous solution.1,6,9,28

Deuteration of solvent additionally removes the coupling and
spectral overlap of water vibrations with the amide I mode by
shifting the water bending absorption maximum from∼1640
cm-1 (for H2O) to ∼1195 cm-1 (for D2O).28,63,64

Empirical Modeling. Various TDC models have been used
for description of vibrational properties of peptides (and gen-

erally polymers with weakly interacting chromophores).8,20,52,65-69

We tested the performance of this approach in comparison with
the ab initio results. For these TDC calculations, the size of the
monomer dipole moment was set to 0.48 D to correspond with
the average ab initio values. An unperturbed transition frequency
of 1650 cm-1 was used. The dipole-dipole interaction term
was calculated by use of the vacuum permittivity (εr ) 1). As
recommended previously,20 the dipole moment for the13CdO
stretching vibration was placed on the carbonyl carbon, so that
the vector deviated by 20° from the CdO bond toward the CR
atom.

Results

Model Testing.To determine the best approach to modeling
â-sheet structures, we have investigated the effect of various
fragment sizes and different calculational levels. In addition we
studied the effects of solvation on the spectral response.

Our initial studies of pairedâ-strands10,70,71 used ab initio
calculations for (Ac-Ala2-NHCH3)2, each strand containing three
amide groups, the minimum number that allows computation
of the coupling between terminal and central amides and

TABLE 1: Main Structures and Computational Levels Used for the Modeling

structure (φ, ψ) NSa NAb computational level

2 × 3, Figure 1a (-139°, 135°) 2 3 HF/6-31G**
BPW91/6-31G
BPW91/6-31G*
BPW91/6-31G**
BPW91/6-31G**
BPW91/6-31++G**

2 × 3, Figure 1b (-139°, 135°) 2 3 BPW91/6-31G** (explicit waters)
2 × 6, Figure 1c (-137° f -140°,

133° f 136°)c
2 6 BPW91/6-31G**

2 × 13, Figure 1d (-139°, 135°) 2 13 transfer from Figure 1a,c structures
2 × 13, Figure 1e (-139°, 135°) 2 13 transfer from Figure 1b structure (explicit waters)

a NS, number of strands.b NA, number of amide groups in each strand.c Variation in (φ, ψ) due to normal mode minimization of 2× 6.

Figure 1. Model antiparallel planar two-strandedâ-sheets for spectral simulations; all the peptides fit the formula (Ac-Alan-NHCH3)2, wheren +
1 is the number of amides in a strand. (a) Two triamide strands (2× 3); (b) two triamide strands plus 12 waters of hydration (2× 3‚12H2O); (c)
two hexaamide strands (2× 6); (d) two 13-amideâ-strands (2× 13); (e) two 13-amideâ-strands plus waters of hydration (2× 13‚H2O). Twisted
models (2× 4) were taken from a previous study (see Figure 7).56
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encompassing the two types of hydrogen-bonded rings found
in an antiparallelâ-structures. These models cannot encompass
longer-range intrastrand coupling at the ab initio level, although
it could be estimated by TDC methods.70 For a single extended
â-strand of eight residues, we showed that the amide I (and II)
IR spectra resulting either from a fully ab initio calculation or
by transfer of parameters from a triamide strand were effectively
identical when simulated with realistic band shapes.71

To determine if this apparently local dominance of interac-
tions held with the addition of longer range cross-strand
coupling, we have now computed DFT spectral parameters for
two hexaamide strands, (Ac-Ala5-NHCH3)2, here termed 2×
6, constrained to an antiparallel conformation (Figure 1c). The
comparison of the amide I IR spectra obtained by this full ab
initio 2 × 6 calculation, with that obtained by a transfer
(symbolized as 2× 6 r 2 × 3) onto that same structure from
the shorter original calculation, 2× 3 or (Ac-Ala2-NHCH3)2

(Figure 1a), are shown in the upper part of Figure 2 as cases a
and b, respectively. After convolution with realistic line widths,
the ab initio-determined intensity envelopes are qualitatively
similar except that the ab initio 2× 6 result has higher
frequencies, thus 2× 6 r 2 × 3 results in a main amide I
feature∼20 cm-1 lower than 2× 6, with an apparent increase
in dispersion of modes. This suggests that the critical couplings
are represented in the 2× 3 model, even though other forces
result in some frequency shift from the 2× 6 result.

In the bottom part of Figure 2, the results of transferring the
2 × 3 and the 2× 6 parameters to a longerâ-sheet model
(Figure 1d), with 13 amides in each strand, yield the cases shown
in Figure 2c, 2× 13 r 2 × 6, and Figure 2d, 2× 13 r 2 ×
3, respectively. The average frequencies for the 2× 13 r 2 ×
6-based calculation are again higher by almost 20 cm-1 as
compared to the 2× 13 r 2 × 3-based result, since the
frequencies reflect the FF, but the band shapes are nearly
identical, reflecting the couplings. The most intense maximum
is separated from the higher frequency maximum by∼30 cm-1

in each 2× 13 model. The basicâ-like intensity distribution
pattern is maintained in each calculation with the bulk of the
intensity in one or two low-frequency modes corresponding to
out-of-phase motion of CdO groups on sequential residues.
Beyond the amide I′, the other modes such as amide II′ and
amide III′ are very similar between the two FF. Thus, other
than amide I average frequency, the length of the fragment used
to obtain parameters for transfer had very little effect on the
spectral shape of a longer polymer, suggesting local interactions
are dominant.

To investigate the effect of computational level on these
spectral simulations, the 2× 3 antiparallelâ-structure spectral

parameters were computed at the HF/6-31G**, BPW91/6-3IG*,
BPW91/6-31G**, and BPW91/6-31++G** levels. The results
for natural (nondeuterated) isotopic composition are compared
in Figure 3 for the wider region of frequencies containing the
amide I, II, and III vibrations. The unrealistically high amide I
frequencies obtained at the HF level (Figure 3a) are partially
corrected in the DFT calculations, which results in a large
frequency shift (down), as is known and was expected from
earlier work.28,72-75 An increase in polarization from 6-31G*
(comparison not shown) to 6-31G** with the BPW91 functional
had very little impact on the spectra in this region, for example,
it caused minor changes in separation of the in-phase and out-
of-phase amide modes. However, adding diffuse functions, i.e.,
6-31++G** (Figure 3c), does have a significant impact,
lowering the amide I frequencies to a range close to that which
is observed experimentally yet leaving the amide II and III about
the same. We also suppose that the diffuse functions (represented
by ++) describe the hydrogen bonding better. Their effect is
consistent with our previous study dealing with the impact of
altered basis sets that include more diffuse polarization func-
tions.76 Apart from this frequency shift and further concentration
of amide I intensity into one mode, thereby enhancing its
intensity, the spectral shape obtained with the biggest basis
remains similar. Obviously, calculation with the diffuse atomic
orbitals results in a much higher computer cost. Our experience
was, that for the 2× 3 peptide, computation of the harmonic
vibrational frequencies with an Intel Xeon 2.8 GHz processor
took 426 h with the 6-311++G** basis (774 functions), as
opposed to 14 h for the 6-31G** basis (620 functions).

The effect of an aqueous environment on the spectra is
important, and this points to a potential weakness of these
methods, which are essentially vacuum calculations. Including
solvent molecules places a large computational burden on the
simulations, limiting the size of the system one can consider
directly. We have shown with model calculations onN-
methylacetamide (NMA)76 that include explicit or implicit (in
this case the COSMO-polarized continuum model)55 solvent that
the amide I transition shifts down in frequency from the vacuum
result but is still high unless both are used. The same is
qualitatively true of longer (helical) extended peptides with
explicit waters of solvation.56 For helical peptides, the relative
distribution of intensity is maintained between vacuum and
solvent-containing calculations, implying that the interresidue

Figure 2. Simulated amide I′ IR spectra at the BPW91/6-31G** level,
all N-deuterated, for the model structures of (a) 2× 6 â-sheet DFT
result; (b) 2× 6 â-sheet transferred from 2× 3 DFT; (c) 2 × 13
â-sheet transferred from 2× 6 DFT; and (d) 2× 13â-sheet transferred
from 2 × 3 DFT.

Figure 3. Simulated IR spectra for the amide I, II, and III regions for
the ab initio computed 2× 3 N-H-containingâ-sheet (nondeuterated),
at the (a) HF/6-31G**, (b) BPW91/6-31G**, and (c) BPW91/6-
31++G** levels.
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coupling is not distorted by solvent. This is perhaps not
surprising, since inR-helices most of the CdO groups are
already H-bonded. For 31 helices the impact of solvent is bigger
since none of the CdOs are H-bonded in a vacuum. Incorporat-
ing solvent in a simulation for aâ-sheet conformation has both
effects: the CdO groups that point away from the other strand,
and thus are not H-bonded in a vacuum, will change character
on solvation, becoming fully H-bonded, while the inner ones
change much less. This suggests thatâ-sheet contributions
(diagonal force constant) to the relative frequency shifts will
not be the same for these two types of residues and relative
changes can occur.

To find out how the solvent perturbs the coupling patterns
in present models, we have computed spectra for the 2× 3
peptide with the same DFT level but including a COSMO
correction, as shown in Figure 4a. We have additionally
computed force field and intensity parameters for this molecule
with 12 waters of hydration included, which make up the full
first layer of inner hydrogen-bonded water, two per external
directed amide CdO, and one per external N-H and internal
CdO (Figure 1b). Due to the pucker of the sheet, these internal
CdO-H-bonded waters are all on one side of the sheet and
correspond to hydration patterns found in X-ray studies of
similar protein structures.77 The amide I′ frequencies obtained
for this 2× 3‚12D2O system (Figure 4b) now effectively match
the expected experimental frequency range for short, double-
strandedâ-sheets having an intense low-frequency feature
(arising predominantly from one out-of-phase mode) at∼1625
cm-1 and a weaker high-frequency band at∼1660 cm-1. After
transfer of these parameters to the 2× 13 model with explicit
waters (Figure 1e), the amide I dispersion appears reduced, much
as computed for the vacuum 2× 13 case, since the highest
frequency amide I modes, which involve terminal group
motions, have little relative intensity (Figure 4c). However, the
actual dispersion of modes is the same as for the 2× 3‚12D2O.

Isotopic Substitution Patterns. For the two-stranded six-
amide model antiparallel sheet, the spectral consequences of
placing 13C labels on various positions in the strands were
investigated more systematically. In Figure 5, absorption spectra
for different substitution patterns are simulated for13C labeling
on the 2× 6 model dimer. For the substitutions presented in
Figure 5 and Table 2, an arbitrary numbering of the carbonyl
carbon atoms is used, starting at the N-terminus of the peptide
chain, according to Chart 1.

Experimentally, antiparallel pairs with both strands labeled
on the same positions are the simplest result of forming aâ-sheet
from nonbonded strands. For such a structure, the labeled CdO
groups would be well-separated from each other unless they
occurred in the center of the strand. The spectra with the peptide
labeled on the same position in each strand but toward the ends
(Figure 5a,b) are similar to what is obtained for just a single
strand being labeled on an H-bonded CdO (Figure 5i), since
long-range coupling is very weak. When the labels are in the
central positions, where cross-strand coupling becomes impor-
tant, the pattern changes more (Figure 5c).

Due to the even number of residues in our model oligopeptide,
2 × 6, and itsC2 symmetry, substituting the center positions
makes the labeled residues form a large (14 atoms) H-bonded
ring. All the 13CdO IR intensity in this case is in the higher
frequency out-of-phase component, which is split about 6 cm-1

from its symmetric (in-phase) partner. The low intensity for the
in-phase13CdO coupling makes sense here since the local
transition dipoles cancel each other due to lying close to the
plane and havingC2 symmetry. If the center H-bonded ring
were the alternate smaller (10-atom) type, the coupling would
have been stronger,∼15 cm-1 in our example (Figure 5f), and
the lower frequency component would be the more intense (in
this 2 × 6 model peptide, small rings must be simulated by
choosing a nonnatural labeling pattern). This reversal of coupling
makes the large and small ring structures differ in their apparent
13C peak frequency by∼10 cm-1, which is in excellent
agreement with our results for labeledâ-hairpins.48 From the
computed splitting of the13CdO modes,∆ω ) 2V, the coupling
constant between the labeled positions can be estimated for use
in the coupled oscillator approximation or for comparison with
the coupling constants that would result by fitting data from
various experimental sources or from computing the TDC that
would result from the structures used.

Figure 4. Simulated IR spectra for (a) 2× 3 peptide with the COSMO
model and (b) 2× 3‚12D2O peptide, which includes 12 explicit water
(D2O) molecules. (c) Result of subsequent transfer of 2× 3‚12D2O
parameters onto the model 2× 13‚D2O â-sheet with explicit waters,
all proton-exchanged, i.e., D2O and N-deuterated.

Figure 5. Amide I absorption pattern for the 2× 6 modelâ-sheet
with different 13C isotopic substitutions, as calculated at the BPW91/
6-31G** level. (a-c) Cross-strand H-bonded CdO residues, with the
same position in each strand, where (c) forms a large, 14-atom ring;
(d, e, h) outer-directed CdO groups; (f) small, 10-atom H-bond ring
inner-directed CdO; (g, h) close-lying coupling of in- and out-pointing
CdO; (i, j) single labels.
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When a parallel set of computations is done for the same
peptide structure but with a force field transferred from the 2
× 3 triamide, (Ac-Ala2-NHCH3)2, the same patterns resulted
with the exception of the quantitative values for the splittings.
With a 2 × 3 transferred FF, the apparent coupling constants
were actually comparable for the large and small ring construc-
tions (see Table 2). This may arise from the fact that the small
molecule, 2× 3, though including an example of large and
small rings, has them both on ends, including terminal residues.
In the 2× 6 molecule, there are three large rings, two on both
ends and one in the middle. The terminal ring splitting is larger,
9.9 cm-1, than for the center ring, 6 cm-1. This end value is
very close to what is obtained for the same ring in the 2× 6 r
2 × 3 case (9.4 cm-1). This same sort of test is not possible for
the small ring, but the pattern supports end effects as being
important and provides a further rationale for our use of a 2×
6 model for the coupling constant estimation. These coupling
constants are thus more sensitive than the overall band envelope
to the size of the fragment oligopeptide used for transfer, and
these results expressly argue against attempting to use such
simplified models for determining interstrand coupling interac-
tions to a high degree of precision. The sign and order of
magnitude are correct with the short peptides, but finer detail
requires longer peptide models.

Taking a different point of view, if we go even further from
a “natural” alignment of labels and just ask what happens if
two labels have different relative positions in two H-bonded
strands, we can simulate outer and inner labels which couple
to create strong dipolar transitions (Figure 5g,h). Here if two
labels are lined up, the splitting is as strong as for a small ring
(11.3 cm-1), and if offset by one residue, the splitting is about
half that value (7.4 cm-1). All of this supports proximity and
dipole coupling as being important factors in the overall
interstrand coupling. This importance of dipole coupling is
presumably why such dipole-based calculations have succeeded
in the past. However, when modes involving adjacent (or nearly
so) bonds are coupled, the dipole approximation will be
inadequate.28,70,72 In Table 2 are listed values for the dipole-
coupling-induced splitting computed with the geometrical
relationships given by the 2× 6 structures for the labeled CdO
groups (see Calculations). The consistency of coupling constants
for the 2 × 6 and 2× 6 r 2 × 3 results is clear and is

quantitatively better than for the TDC results. However, the TDC
does have the right qualitative variation.

Multiply Labeled Strands. As shown experimentally20 and
in our previous theoretical study,10 use of two labels on a single
strand of a multistranded sheet leads to decidedly different
intensity patterns if the labeled residues are sequential or
alternate in the peptide chain.20 Another situation where such
alternate labeling can occur is in monomer forms, when the
sequence folds back on itself to form a hairpin. In this case we
have explored various patterns of labeling and found, consistent
with the above 2× 6 model results, that those labeled CdO
groups that are closest together couple the strongest, even across
strands. The formation of a small H-bonded ring with two
labeled CdO groups results in the largest shift (and lowest
absolute frequency) of the13C band from the12C maximum, as
shown in the results in Figure 5f and Table 2. This is particularly
striking as compared to the larger ring in Figure 5c for the ab
initio hexaamide result.

This pattern is preserved when the 2× 6 FF is transferred to
the 2 × 13 â-structure as shown in Figure 6a,b. The13C
maximum for the small ring being lower in frequency than for
the large ring is due to the stronger coupling causing a larger
splitting between the13C modes combined with their lower
energy component having the bulk of the dipole intensity. This
pattern is consistent with various placements along the strands,
giving a coupling resulting in∆ω ∼11-15 cm-1 for four
different small rings (interior-pointing CdO groups) that were
computed. For the larger ring the splitting is less, but in this
case the higher frequency component is the more intense, which
results in the large apparent shift of the observed13C band, as
noted above and shown in Figure 6 and as we have seen
experimentally.48 This pattern persists for most positions in the
sequence for these larger H-bonded rings, giving∆ω ∼ 5 cm-1,
with the exception of a ring formed with the end groups, which
has an enhanced coupling, giving∆ω ∼ 9 cm-1, as noted above.
We have tested this characteristic here for our 2× 13 models,
but it holds just as well for a somewhat twisted hairpin with a
type I′ â-turn (structure taken from intestinal fatty acid binding
protein, PDB 1IFC).48 Thus the frequency shift can be viewed
as characteristic of the size (or type) of internal H-bonded ring
formed and can be used to determine the alignment of strands.
For a hairpin structure, this sort of pattern can also imply the
generic type of turn that is formed, since the label positions are
known from the synthesis design. The relative13C-12C intensity
is diagnostic as well, since the smaller ring has less intensity,
though its13C band is shifted more. The larger ring, by contrast,
with its smaller separation for the intense component, appears
to borrow intensity from the12C modes and get enhanced, much
as in the case of the alternate13CdO labeling discussed

TABLE 2: Comparison of the DC and ab Initio Models for the 13CdO Stretching Interaction

∆ωa (cm-1) Db (debye2)

label position
(13C pattern)c dd (Å)

ab initio
2 × 6

ab initio
2 × 6 r 2 × 3 TDC

ab initio
2 × 6

ab initio
2 × 6 r 2 × 3 TDC

a (1-7) 18.59 0.11 0.18 0.17 0.16/0.00 0.12/0.05 0.23/0.00
b (5-11) 12.78 0.01 0.63 0.24 0.22/0.00 0.26/0.00 0.23/0.00
c (3-9) 5.81 6.0 8.2 2.9 0.27/0.00 0.27/0.00 0.23/0.00
d (4-10) 6.66 -1.2 -1.4 -2.4 0.00/0.21 0.01/0.23 0.00/0.22
e (2-8) 10.45 1.32 0.59 0.34 0.24/0.00 0.23/0.00 0.23/0.00
f (3-11) 4.79 -15.3 -7.5 -18.6 0.01/0.16 0.00/0.18 0.00/0.23
g (3-10) 5.08 -11.3 -17.5 -15.7 0.02/0.16 0.06/0.13 0.02/0.20
h (2-10) 7.46 -7.4 -5.7 -4.71 0.04/0.15 0.00/0.20 0.00/0.22

a Difference between the frequency of the more and less intense IR bands.b Dipolar strengths for the higher/lower frequency bands.c Letters
indicate the label position as shown in Figure 5; numbers in parentheses indicate positions of the labeled13CdO, as in Chart 1.d Distance between
the carbonyl carbon atoms.

CHART 1: Numbering of the Carbonyl Carbon Atoms
in the 2 × 6 Dimer, from N to C Terminus
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previously.48 The key to this enhancement is coupling local
modes to the alternately out-of-phase modes in each strand and
coupling labeled CdOs across H-bonded strands so that the
dipoles constructively interfere.

Carrying this further, comparison of transfer of parameters
obtained from the 2× 6 calculation (Figure 6a,b) with those
from the 2× 3 with diffuse functions (Figure 6e,f) or the 2×
3‚12D2O (including a shell of waters) onto 2× 13 (or 2 ×
13‚H2O) structures (Figure 6c,d), shows qualitatively consistent
patterns for the isotopic modes, both large and small ring. The
relative frequency shift of the intense13C band from the12C
peak is characteristic of the H-bond ring formed in each method.
The 2× 3 model with no water (not shown) does seem to have
a slightly larger relative frequency shift for the13C modes, and
due to the end effects discussed above for the 2× 6 r 2 × 3
calculation, the coupling for labeled13CdO in large and small
rings with a 2× 3 source is more alike than for the 2× 6
source. The13C mode for the simulation with added water
actually occurs below 1600 cm-1, in qualitative agreement with
experimental results.48 These features in the explicit water
calculation are distorted, see Figure 6c,d, but the coupling
patterns are much like those seen in the 2× 13 r 2 × 3
calculations, the end effects making the coupling for large and
small rings comparable, all yielding∆ω ∼ 7-10 cm-1.
However, the large ring still has its out-of phase mode higher
in frequency, while for the small ring, the out-of-phase mode
is lower in frequency and more intense, which leads to the small
ring intensity maximum having a larger frequency separation
from the dominant12C modes, but less intensity than the large
ring, as seen in all the cases.

The alternate way of compensating for the solvent is use of
the COSMO correction for water dipole effect or inclusion of
more diffuse basis functions to improve the H-bond description
and presumably lengthen the CdO bond. The frequency is
known to correlate to the CdO bond length in amides.76,78-80

The effect of the 6-31++G** basis set on the 2× 13 r 2 ×
3 transfer is shown in Figure 6e,f. Again, since it is a 2×
3-based transfer, the large and small ring coupling constants
are roughly equal, with∆ω ∼ 8 cm-1, out-of-phase to higher
frequency, and∆ω ∼ 7 cm-1, opposite sign splitting, respec-
tively. Thus the pattern, large vs small ring relative intensity

and shift, is not affected by basis set, core frequency, or water
addition.

Effect of Twist. Real hairpins and most sheets are twisted
in a right-handed sense. To simulate the effect of this variation,
we incorporated isotope substitution in our previously reported
variably twistedâ-sheet models (as shown for the extremes of
R, the twist angle, in Figure 7).56 For the small ring formation
(center of the strands), although the spectra shift in frequency,
the splittings are almost impervious to twist, giving a12C
maximum at 1668-79 cm-1 and a13C peak at 1628-30 cm-1

as the angle between end CdO groups is varied fromR ) 140°
to -140°. For the large labeled ring simulation, the13C peak
frequencies and intensities are higher, ranging from 1636 to 42
cm-1 with a similar shift of the main12C, but these calculations
have added disruption of the12C modes since the symmetry is
disturbed to make a big ring. These results show that the concept
of large and small ring cross-strand coupling is maintained, with
the intense13C component of the small ring being the lower
one of the coupled pair. For the large ring, the intense coupled
component is the higher frequency one (making the13C mode
seem less shifted from the12C and more intense than the small
ring). Thus, even with twisting, the lower frequency and lower
intensity13C isotope shifted band indicates small ring formation.
While an effect of twist is seen on the frequencies, it is modest,
and, in both cases, the13C and 12C frequencies steadily and
smoothly increase as the twist angleR gets more negative, which
indicates that this frequency dependence must be an overall force
field effect and is not isotope-specific.

Discussion

These results show that the length and basis set are minor
perturbations on the basic amide spectral band shapes obtained
in a DFT-based simulation utilizing transfer of parameters from
smaller to larger peptide of the same secondary structure.
Molecular size used for the DFT calculation and the ability to
model internal vs terminal interstrand coupling may affect the
coupling constants between labeled sites more. None of these,
including solvation, has much impact on the band shape
observed, if one can correct for, or ignore, the basic frequency
error (always too high for CdO), which is a property of the
vacuum, ab initio calculations. In other words, if one seeks
explanation ofobserVable splittings and band shapes, vacuum
DFT is sufficient. If one wants absolute frequencies, a correction
is needed, and if one wants more precise couplings, longer
peptide models are needed to avoid end effects. Clearly,
including water or a solvent correction improves the frequencies
computed in comparison to the experimental results for model
â-sheet systems. Other research groups have shown this and
have correlated the shift to solvent electric field or bond length
effects at the CdO, which has been developed to an empirical
FF correction.78,79For our uncorrected DFT calculations, some
patterns have emerged around these computed amide I′ frequen-
cies.

For the unlabeled molecule, a typicalâ-sheet pattern arises,10

with a lower-intensity higher-frequency shoulder (in a vacuum
calculated at∼1720 cm-1) corresponding to the outer CdO
group vibrations and in-phase modes, and a stronger signal, with
a maximum in a vacuum at 1683 cm-1, originating from out-
of-phase coupling (between strands) of those (alternate in a
strand) CdO groups that form hydrogen bonds between the two
peptide chains. Labeling of one CdO group pointing inside the
sheet, thus H-bonded, results in a13CdO mode computed at
1645-1654 cm-1, separated from the most intense12C maxi-
mum by 30-35 cm-1. The unlabeled group absorbance is also

Figure 6. Comparison of shifts for two13C labels forming (a) large
and (b) small H-bonded rings in the 2× 13 r 2 × 6 BPW91/6-31G**
calculations, and the analogous (c, e) large- and (d, f) small-ring
situation for the 2× 13 r 2 × 3 transfer based on (c, d) the explicit
water model and (e, f) the BPW91/6-31++G** approximation. In each
case the intensity of the in-phase13CdO mode is too weak to appear
in the figure.
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perturbed by the labeling, so that the12C peak frequency shifts
to higher wavenumbers (computed at∼1691 cm-1), magnifying
the apparent isotope effect in the spectrum. This is due to
disturbance of in-strand coupling by the13C, leaving a discon-
tinuity in the 12CdO exciton band.

This separation is amplified when another label is present in
the other strand, due to interstrand coupling. Here, the coupling
between the two13CdO groups in a small (10-atom) H-bond
ring can cause the two modes to split by 15 cm-1 and build up
intensity in the lower-frequency out-of-phase component com-
puted at 1643 cm-1. For the larger H-bond ring (14 atom), not
only is the splitting smaller (6 cm-1) but also the intensity builds
up in the higher-frequency component computed at 1657 cm-1.
Thus these can be thought of as constructive and destructive
cases with respect to13C labeling, amplifying and damping the
isotopic frequency shift, respectively, but having the opposite
effect in terms of intensities. Both patterns can be used to iden-
tify â-sheet formation (according to the up- and down-frequency
shift as compared to the effect of a single label). While experi-
mentally the larger shift in the small ring is more convenient to
identify, in some cases the higher intensity in the larger ring
will be important (especially for relatively dilute labels).

Similar behavior can be observed for the substitution of the
carboxyl groups pointing to the outside of the two strands. A

single substitution (case j in Figure 5) gives a rise to a band
computed at 1658 cm-1, which is higher than the above values
due to not being H-bonded and which can be further amplified
by a constructive (in-phase, in this case) coupling of two
chromophores. Coupling two labels causes a split of 11 cm-1

with the lower-wavenumber component shifting to 1651 cm-1.
Outer- vs inner-carbonyl labeling is seemingly arbitrary for an
experimental situation with single strands aggregating, since the
option will depend on alignment of the strands and the real
frequencies will be affected by solvent shifts, so discrimination
will be difficult. For multiple strands these will be effectively
equivalent concepts. If one can select for labels on the inner
pointing groups, the apparent isotopic shift will be larger and
the coupling stronger, leading to larger splitting and enhancing
detection.

Such control is possible in hairpin model systems where the
turn residues are selected by design and the inner- and outer-
pointing CdO groups become separable. We have shown that
the computed patterns in such hairpins match those demonstrated
in these dimer strand computations, in other words, that the turns
do not perturb them significantly, and we have shown they also
fit observed isotope shifts and intensity distributions in model
labeled hairpin molecules.48 The shift pattern for the13C band
in designed hairpins is consistent with those in Figure 6, with

Figure 7. Absorption spectra: dependence of the amide I′ band13C isotopic effect on theâ-sheet twist angle for 2× 4 tetraamide model.56 The
twist (angleR) is defined as the torsional angle for the terminal CdO groups. Substitution sites are indicated in the sketch above the spectra but
form a small ring between the center residues (there numbered 2-3) or a big ring on the end (1-2). C2 symmetry (R ) R′) and the BPW91/6-
31G** level DFT method were used for the calculation.
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the spectra of labels in the large ring being less shifted and
more intense and those in the small ring being better separated
and less intense, and is relatively independent of position in
the strands.

The intensity patterns observed for these isotope coupling
models can be easily explained by visualization of the normal
mode coordinates. For example, in the case of labeled CdO
groups in the small ring, if both the CdO groups become shorter
or longer at the same time, this in-phase mode has cancellation
of the two transition dipole moments, leaving a weak residual
dipole. For out-of-phase coupling the dipole moments add up,
leading to a large net dipole and enhancement in the absorption
spectrum. The same pattern can be observed in the large ring,
except that the sign of the coupling constant is reversed so that
the intense out-of-phase mode shifts up in frequency, not down,
from the isolated13C label position.

Longer, Twisted, and Hydrated â-Sheets.We have used a
13-amideâ-sheet dimer as a computational model to study
effects of the computational level, hydration, and length effects
after transfer from a smaller DFT calculation to a larger uniform
system. The geometries of the vacuum and hydrated peptide
can be seen in Figure 1; its force field and dipole derivative
tensors were transferred from computations on smaller segments
both vacuum and solvent-corrected. The typical amide Iâ-sheet
profile is conserved for all the models, but hydration causes a
significant shift of the absorption frequencies toward experi-
mental values. The diffuse-function-containing basis set (6-
31++G**) for the 2 × 3 vacuum model leads to lower
frequencies and a better agreement with experiment than the
smaller polarized basis sets (6-31G**). Diffuse functions better
model H-bonding effects, which are important for interstrand
coupling that is here tested by isotopic labeling. Somewhat
surprisingly, the longer 2× 6 amide leads to a minor shift up
in frequency for the band maximum.

The effect of placing the large or small ring on the terminal
segments of the peptide was also investigated. Clearly, in both
cases placing the ring at the end causes a relatively minor
perturbation to the absorption profile, which suggests that use
of such labeling to detect experimentalâ-sheet formation has
wider potential. The large ring is affected more than the small
one.

The effect of the basis set on the large and small ring isotope
spectral patterns was explored. Apparently, except for the
frequency shift following the pattern found earlier, the patterns
are consistent; namely, the constructive and destructive cou-
plings for the small and large ring cases are conserved.

Finally, the effect ofâ-sheet twist on the coupling pattern
was simulated with a 2× 4 amide peptide with a series of twist
geometries that had been previously optimized at the BPW91/
6-31G** level.56 The twist does not significantly influence
absorption spectra of the nonsubstituted peptide and also does
not disturb the coupling. For both the large and small ring
patterns, variation from positive to negative values of overall
twist causes a minor increase of the13C band absorption (∼10%)
and the frequency (4-6 cm-1) but no change in the splitting.

Parallel sheet segments and differentiation of antiparallel and
parallel sheets were explicitly not addressed in this paper.
Previous work has shown these unlabeled structures can yield
differentiable IR patterns, if both form flat extended sheets.71

However, when such sheets are twisted, differentiation becomes
difficult. Perhaps with labeling, the coupling would be a means
of more positive differentiation. The design of comparable
experiments to test such labeling predictions is difficult, since
parallel hairpins (where one can control of strand content and

oligomerization) must be prepared by use of turn mimetics.
Alternatively, parallelâ-sheets can be obtained in proteins or
as multistranded structures, which will be addressed in a
forthcoming paper.

TDC Model. For several double isotopic substitutions, the
ab initio values of the frequency split of the two13CdOs and
their dipole strengths are compared to those obtained from the
coupled oscillator or TDC model in Table 2. It is apparent that
the sense of frequency splitting obtained by this semiempirical
method follows the ab initio relative ordering, although the
absolute values obtained differ by up to∼100%. Also, the
relative IR intensities (dipole strengths) of the two components
obtained by the TDC model are quite reasonable. This can be
explained by the relatively weak dipolar interaction between
the CdO chromophores, resulting from their large separation
(>5 Å) and the indirect nature of their connection via covalent
bonds. Thus much, but not nearly all, of the coupling interaction
arises from the dipole-dipole term on which the model is based.
Obviously, the model itself cannot describe finer intensity
variations (since the sum of the dipole strengths for the higher
and lower frequency bands must be constant) and is dependent
on arbitrary parameters. Thus, since the TDC model has the
correct sense, if the couplings are parametrized, good simulations
of the 13C mode patterns can yield qualitatively useful results,
as has been seen by others.20,53,81However, our ab initio results
show this dipolar interaction is only part of the picture and that
it leaves out the interaction, though higher order, with the12C
modes. Thus more subtle discriminations of intensity patterns
demand quantum mechanically based modeling.

Conclusions

We have demonstrated that the13C coupling across anti-
parallel â-sheet strands can be identified in the absorption
spectrum. The small ring coupling appears most convenient for
an experimental identification ofâ-sheet formation, giving the
biggest frequency shift from the12C bands, but larger ring
coupling yields intensity enhancement that can be the basis of
an alternate detection scheme. These patterns appear to be an
inherent property of the sheet structure, undisturbed by the
hydration and a modestâ-sheet twist.
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