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Abstract

Transition dipole coupling (TDC) is often regarded as a principal mechanism for vibrational coupling that is the basis for the conformational
sensitivity of amide vibrations in peptides and proteins. We have computationally tested the relative contribution of TDC to coupling of amide I
bands in model peptides. First, the amide I IR spectra were calculated for sizable peptides (up to 12 amides) in both a-helical and (3-sheet
conformations at the density functional theory (DFT) level. Second, the spectra were calculated using TDC to approximate long-range vibrational
coupling between the local (diagonal) vibrational parameters, which were transferred from DFT calculations on smaller fragments. The TDC
contribution was obtained using classical representations, but employed DFT-determined transition dipole moments of the fragments. Full DFT
simulations of the peptide vibrational spectra have greater dispersion than those obtained by TDC corrections, which reflects an underestimate of
amide coupling in the TDC, although this difference does decrease at long distances. If DFT computations are used for in-strand coupling, then
TDC does give reasonable interstrand coupling magnitudes for 3-sheet models. These systematic analyses show that TDC alone cannot account for

the vibrational interactions that give rises to the characteristic amide I band-shapes.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The past decade has seen a large growth in the use of
vibrational spectroscopic techniques to determine secondary
structure in proteins and peptides [1,2]. Although IR spectro-
scopy has been long a tool of peptide and protein chemists, the
development of Fourier transform IR (FT-IR) instruments with
exceptional signal to noise ratio and of computational methods
to enhance apparent resolution in measured spectra of
heterogeneous structures has stimulated its broader use for
structural questions. Similarly, continued advances in Raman
spectroscopy, including resonance Raman effects, have had
similar impact [3-7]. The basis of the sensitivity of the
vibrational spectroscopies to polypeptide secondary structure
arises from coupling between the amide vibrational modes
which is sensitive to the peptide backbone conformation (¢, ¥
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torsional angles) as well as to the hydrogen bonding. Recent
developments in femtosecond laser-based 2D IR methods
[8-10,11,12,13], site specifically isotope-labeled structure-
spectra studies [14-17,18,19,20,21], vibrational circular
dichroism (VCD) [22-25] and coupled IR, Raman and VCD
studies [3,4,26] have emphasized the need to establish reliable
understanding of the structural basis for vibrational coupling
between amides.

Vibrational coupling of sequential amide groups in a
polypeptide chain involves the interaction of vibrating atoms
through the electronic structure (bonds). In a classical picture,
such through-bond coupling can be viewed as ‘“‘mechanical”
(in the harmonic approximation, literally, as a spring).
However, the basis of longer distance coupling is much less
obvious, and might be largely dominated by electrostatic
effects, with dipolar coupling being the leading term. The latter
approximation has been the basis for several analyses of
spectral variations of peptide amide I vibrations (mainly amide
C=0 stretch) from which values for such coupling can be
derived, assuming the diagonal force field (FF) is understood
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and the specific modes observed can be assigned [11,27-30].
The latter is facilitated by isotopic substitution (for example by
means of >C on the amide C=0) which decouples the labeled
residues from the bulk of the peptide modes [20,21,27,31-34].

Peptides and proteins have two predominant types of
extended regular secondary structure, a-helices and [(3-strands.
The 3-strands are not autonomously stable, but form (3-sheets
that involve multiple strands, stabilized by cross-strand hydrogen
bonding. Prediction of the cross-strand amide vibrational
coupling in -sheet structures, which combined with the intra-
strand sequential coupling yields the characteristic, strongly split
B-sheet amide I absorption bands, has been particularly difficult.
In B-sheets the orientation of the polar amide groups is such that
dipole coupling may well dominate, but at the same time, the
cross-strand H-bonds provide a mechanical link that may impact
both the diagonal and off-diagonal force constants. Although the
a-helices apparently yield more uniform band-shapes, with less
detectable splitting, even for these structures the relative
contributions of hydrogen bonding and TDC to vibrational
coupling remain a topic of study [30,35,36].

In general, spectral splittings due to off-diagonal couplings in
real molecules will be convolved with non-degeneracies in the
diagonal FF for groups that are not structurally identical. Such
non-degeneracy can be approached in various ways, explicitly by
DFT computation of modes for realistic coupled peptides, or
implicitly by parameterization [27]. Simple dipole modeling
could never represent such non-degenerate effects, but TDC can
be added, ad hoc, to more realistic local FF modeling if desired.
However, in such a complex case, sorting out the contributions of
the diagonal and off-diagonal empirical FF approximations is
necessary, if one wants to interpret experimental data in terms of
coupling. This can be accomplished by careful comparison of
TDC and quantum mechanically derived vibrational couplings
for idealized structures whose end effects (non-uniformities) are
treated consistently.

Such a systematic theoretical test will allow us to evaluate
the degree of approximation being made when using the
computationally simpler models based on TDC or, conversely,
to establish the need to consider inter-amide couplings derived
from more expensive, yet more accurate density functional
theory, (DFT)-level quantum mechanical FFs. Computational
methods of determining peptide FFs have developed so that
highly reliable representations of IR spectra can be obtained for
small to medium-sized peptides using DFT methods. We have
extended these to longer peptides with regular structures by
means of a property transfer algorithm [37,38]. Transferred
DFT FFs have yielded quite accurate representations of helical
spectra, and by use of isotope substitution ('>C on the amide
C=0) have provided site-specific evaluations of amide I mode
coupling that fits experimental IR and VCD data exceptionally
well [18,20,21,32]. With model isotope-substituted systems,
specific sites having virtually degenerate diagonal FF
contributions can be singled out and decoupled from the rest
of the peptide chain. This permits quite focused evaluation of
coupling interactions [20]. For B-sheets we have had similar
success, when the computations were compared to systems with
extended flat sheet structures [39,40]. When sheets twist, the

spectra are highly variable and need more specific modeling.
However, for the test cases we have studied, the amide I
vibrational coupling between the [B-strands, as evidenced in
splitting of modes from isotopically labeled sites, is represented
fairly well by use of uniform model structures [21].

In this paper we investigate the contribution of TDC to the
inter-amide vibrational coupling derived from the DFT-level
quantum chemical simulations of the vibrational spectra for
model peptides forming helices and sheets. We directly
compare the spectra obtained by full DFT computations with
various approximations to them using DFT-level FF for small
fragments combined with TDC coupling to simulate the
longer range off-diagonal FF contributions. Putting DFT and
TDC approaches on the same foundation with local (intra-
residue and in some tests near-neighbor) coupling being
represented for the same structures with two theoretical bases,
provides a means of realistically evaluating the TDC
approximation. It might be noted that Torii and Tasumi have
previously reported that TDC only works for next near-
neighbor couplings [41]. This further underlines the
importance of putting the TDC approximation to a systematic
test. In this study we evaluate the contributions of TDC by use
of relatively high level (DFT) FFs and dipole moments for
test molecules (see below) that approach experimentally
interesting sizes. We do sequential calculations that gradually
introduce TDC corrections to the FF transferred from DFT
calculations on smaller fragments. The tests herein do not
make any assumptions as to the size or orientation of the
dipole, taking these values from the DFT results, rather than
the scaling or parameterization to fit the theoretical [41] or
experimental spectra [11,27,29,42].

2. Methods
2.1. a-Helical models

N-Methyl-acetamide (NMA) has often been used to model
just the amide functional group. As a minimalist approach to
simulation of a local peptide FF that does not contain any inter-
amide vibrational couplings, we have transferred the NMA
vibrational force constants, calculated at the DFT level.
(It should be clear that our use of NMA transfer in this test
does not endorse such an approach for explaining real spectra,
but rather it provides a computational mechanism to allow
testing of the TDC approximation. As will be shown this is an
inadequate approach, but is one suggested by total reliance on
TDC for inter-residue coupling.) Augmenting the NMA-based
peptide FF with TDC corrections represents the simplest test of
the TDC contribution to the amide vibrational interactions
[43,44]. By using increasingly larger peptide models (di-, tri-
amide, etc.) for calculations of DFT vibrational FF’s the
complete nearest and next nearest neighbor inter-amide
couplings can be sequentially added into the models for
testing. The peptides used in this comparative study are based
on L-alanine (L-Ala), the smallest amino acid that contains a
chiral a-carbon. The simplest of these is a di-amide, an N-
and C-terminally blocked Ala molecule, Ac-L-Ala-NH-Me
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(Me = CHj3), which offers the opportunity to model coupling
and has been used for basic peptide models in the past [45].

The next step up in the oligopeptide complexity is a tri-
amide (A3), Ac—(L-Ala),—~NH-Me [38,46]. In these models
the middle amide group interacts with its nearest neighbor
amide groups on both N- and C-terminal sides. Since the
central and two different terminal groups can be defined, the
tri-amide represents a minimal model for a small fragment
from which the DFT parameters can be used for simulations
of sequential interactions which might be seen in spectra of
larger molecules. Idealized «-helical A3 models were
constructed using standard values of the backbone ¢, ¥, w
dihedral angles [46].

The tri-amide models (A3) do provide reasonable models
of i, i+ 1 and 7, i — 1 nearest neighbor coupling and include
some representations of 1-3 coupling but are too short to
incorporate the intramolecular hydrogen bonding character-
istic of a-helices. (Torii and Tasumi used a similar structure
based on Gly as its largest model [41].) The shortest
oligopeptides where both the carboxyl and amino groups of
one amide linkage can form a-helical-like i, i + 4 hydrogen
bonds is the hepta-amide (A7), Ac—(L-Ala)s—NH-Me, which
accordingly has been the basis for many of our previous a-
helical spectral simulations [18,32,38,47]. The amino group
of the central amide linkage of A7 hydrogen bonds to the
carboxyl of the terminal acetyl capping group while the
carboxyl group of the central amide forms a hydrogen bond
with the amino group of the C-terminal methylamide. In
addition, three N-terminal residues are singly hydrogen-
bonded through their carboxyl group and three C-terminal
residues through the amino group. The standard conforma-
tional parameters were again used in these ‘‘minimal
hydrogen-bonded”” model helical structures.

Ideally we would like to compare TDC computations with
full DFT calculations on long peptides, but of course this has
practical limits. We have constructed and calculated spectra for
helices as large as 50 residues and sheets as large as ~70
residues, but in these large molecule cases, we of course
transferred DFT results from smaller peptides [37]. For the
present report, the goal was direct comparison of TDC
corrected to full DFT computed spectra, so the target chosen for
the a-helical representation was an 11-amide helix, constructed
as Ac—(L-Ala);(—-NH-Me (A11), for which we were able to
obtain both full DFT computation of the FF and intensity
parameters [20,48] as well as simulate spectra by transfer of
parameters from the small molecules described above. We have
numerous similar comparisons based on transfer from A7 to a
similarly conformed 21- (A21 [18]) and 25-amide peptide [20]
as well as other helical conformations (3;o- and 3;-helix),
which will not be reported here for conciseness, but are
available separately [32,49].

2.2. B-Sheet models
Anti-parallel 3-sheet models used in DFT calculations were

constructed from Ac—(L-Ala),—~NH—Me (tri-amides) aligned in
a three-stranded anti-parallel sheet structure (termed 3 x 3

model), whose conformation was derived from the crystal
structure of B-sheet poly-L-alanine [50]. These structures are
characterized by backbone torsional angles of ¢ = —138.56°,
¥ =134.55°and w = —178.53°, and interstrand hydrogen bond
distances (O- - -H) of 1.898 A [39,49]. While transfer to larger
structures can be done [31,39,40] we will focus here on the
3 x 3 model, since DFT computations were possible for this
size molecule at that time. Reference to published results can
serve for comparison to the results for large multi-stranded
B-sheets [39]. Since the 3 x 3 model is impacted by end
effects, it might not provide a good test of long-range coupling.
Thus we have also computed comparative spectra for a longer,
two-stranded sheet of six amides each, that we term the 2 x 6
model. This was the largest full DFT calculation we have done,
possible by use of C, symmetry, with a structure obtained
initially with the same ¢, ¥ angles but then DFT optimized
[31].

2.3. Density functional theory (DFT) calculations

All quantum mechanical calculations were carried out at the
DFT level, using the Gaussian 98 or Gaussian 03 program
package [51]. The BPW91 density functional [52-55] with 6-
31G* basis set was used in all cases. This somewhat simpler
(non-hybrid) functional optimizes computation of the amide I
and II modes, both in accuracy and speed of computation, but
may not be optimal for lower frequency modes, should they be
of eventual interest. Clearly for the case at hand, with its focus
on amide I coupling, an approach such as this which yields a
more accurate diagonal FF is preferable. Most likely use of a
diffuse basis set (e.g., 6-31++G**) in a future test would
improve representation of the H-bonding and of the diagonal FF
and frequencies [31,56].

Prior to the vibrational FF and intensity calculations, NMA
was fully optimized at the BPWO91/6-31G* level. The
geometries of A3 and A1l were fully optimized except that
the (¢, ¥, ) angles were constrained to the standard (idealized)
—57°, —47°, 180° a-helical values. Similarly the B-sheet model
was constrained to the initial poly-Ala (¢, ¥, ®) values (see
above) for each strand. For the 3 x 3 model the inter-strand
hydrogen bonds were likewise constrained to the initial value
[39], while that of the 2 x 6 model was optimized [31]. These
constrained geometries were optimized to the default optimiza-
tion convergence criteria of Gaussian 98; and for the resulting
structures the analytical, harmonic FF and analytical APT were
calculated at the same level of theory. AAT parameters, which
are needed for VCD simulation, were also calculated as
implemented in Gaussian 98 following the methods of Stephens
[57-59]. Since VCD will not be the focus of this paper, no
additional discussion of it will be made here, but simulated
VCD spectra can be obtained from our results, as discussed
previously [20,39,49]. Early calculations were carried out on a
previous University HP 9000/800 computer and later ones on
one of several PC-Linux clusters typically using 4-6 CPUs per
calculation. For example, the FF calculation of the 3 x 3
peptide (96 atoms, 45 heavy atoms, 930 basis functions)
took 10-15 days of wall-clock time (CPU time 8.5 days) using
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4-CPU’s of the HP 9000/800 and the energy optimization and
FF for the 2 x 6 model, same basis set, took ~2 weeks on a
single Linux processor (3 GHz, 4 GB).

2.4. Transfer of spectral parameters

The spectral frequencies and intensities of All were
available directly from DFT computation, and for testing the
TDC model were also simulated using transfer of the DFT
calculated FF, APT and AAT matrices from A3 and from NMA
by means of our now standard property tensor transfer methods
[37]. Similarly the FF, APT and AAT of 3-strands of three
amides each (3 x 3) B-sheet model and the two-stranded
(2 x 6) B-sheet were calculated directly with DFT and by
transfer of parameters from NMA and from corresponding
single B-strand. These transfers test the neglect of the off-
diagonal terms in the FF both intra- and inter-strand (transfer
from NMA) and inter-strand (or cross-strand) only (transfer
from a single 3-strand) and correcting for them with the TDC
model. Larger calculations, for example, considering 21-amide
helices constrained to a-, 31¢- and 3;-helical (poly-L-Pro II like)
geometries with transfers from both A3 and A7 were also
carried out and are reported in a thesis [49]. Larger fully
optimized DFT calculations of several 10-amide helical
peptides are also available, but the geometries differ due to
the minimization [48].

2.5. Transition dipole coupling (TDC) correction

The transferred FF incorporates only the interactions
between atoms encompassed in the small fragment that is
the source of the transferred parameters. In other words, the FF
is a matrix with inter-amide coupling elements only on or near
to the diagonal. Thus for transfer from NMA there are no
elements between amides, only cross-terms between atoms
within an amide. This provides a convenient form for testing the
contribution of transition dipole coupling (TDC) by filling in
the long-range off-diagonal zeros resulting from the transfer
with values obtained via the TDC. Comparison of these results
to those obtained with full DFT calculation provides the
evaluation basis.

The approach used here for correcting the transferred FF by
TDC is different from the empirical TDC-based coupled
oscillator models in that it is non-perturbative and uses no
empirically adjusted parameters. Note that TDC terms
approximate only the interaction constants that are unknown,
since they correspond to the atomic pairs beyond the span of the
smaller molecule from which the FF is transferred, and thus
have been set to zero. If the transfer is from NMA, TDC would
be used to determine all off-diagonal amide couplings, but if
from A3, for example, it would only be used for long-range
values. The TDC terms are substituted for just the zero elements
(C=0 couplings only for this test) of the transferred Cartesian
FF matrix. The full FF matrix, including local DFT
(transferred) and long-range TDC components, is then
diagonalized. The dipole derivatives are the DFT-level APT
values, which fixes their magnitude as well as orientation. The

only remaining problem is the position of the transition dipole
moments. Since the APT is an atomic property, a natural choice
is to assign the position of the transition dipole to each atom,
which we use here, but have also compared them to other
choices, as we have discussed elsewhere [49]. Then, the TDC
corrected FF can be written in terms of the Cartesian APT as:

e _ U
AML,BE aXA,)L aXBﬁé
[
SR?\B i=x,y,2 aXA,)\ aXB,E
P IuB
Z <8Ml EAB,i)( adl eAB,j)}
i,j=x,9,2 OX A 0Xp ¢

for all pairs of atoms A, B whose force constants are absent
in the transferred FF. Here Xa,5, A =[x, ¥, z] are Cartesian
displacements of the atom A, and du;/0X, are the components
of the APT. The relative dielectric constant ¢ was chosen as 1 to
maximize coupling and to reflect the conditions of the DFT
calculation to which this is compared.

2.6. Simulation of the IR absorption

Spectra were computed by transfer of FF parameters onto
molecular coordinates, diagonalization of the FF and convolu-
tion of the resulting normal modes with APT and AAT values.
These manipulations were performed using a set of programs,
running under UNIX (by Petr Bour). The final IR and VCD
band profiles are obtained in all cases by summing over normal
modes each represented by lineshapes having a constant width
but areas proportional to the dipole strengths, D.

3. Results
3.1. Helical peptides

In Fig. 1 are compared the IR of the amide I transitions for
A11 obtained with DFT (a), transfer from A3 (b) and the same
with augmentation by the TDC correction (c). The important
overall observation is that the dispersion of the modes changes
significantly between the full DFT model and the truncated FF,
even when corrected with TDC. In the full DFT computation, as
seen experimentally, most of the amide I intensity is in a mode
that is polarized along the helix axis and whose frequency lies
in the center of the exciton dispersed amide I profile. When the
A3 FF is used, resulting from the diagonal FF terms the A11
amide I frequencies are higher, presumably due to the lack of H-
bonds in the A3 model, but secondarily due to the relatively
weak helical macro dipole. But if one neglects the overall
amide I frequency shift and focuses on the comparison of band-
shapes which result from coupling, the dispersion is much less
and the intense mode is displaced to the high frequency edge of
the dispersed modes for the A3 transferred case. Many more
modes have significant dipole strength, due to the less extensive
exciton coupling resulting from shorter-range coupling. This is
evident in the nature of the modes which tend to be localized on
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Fig. 1. Comparison of amide I IR spectra for A11 obtained with a full DFT
calculation (a), with transfer from A3 (b), and with transfer from A3 plus
addition of TDC corrections (c).

3—4 amides with the A3 transfer. Adding TDC to the A3 FF
adds longer range coupling and does shift more of the intensity
into one (or a few) dominant transitions, in better agreement
with the DFT result, but the most intense component is still one
of the higher frequency modes. It is important to realize that the
results shown here for TDC, which keep the near-neighbor
coupling at the DFT level by use of A3 as a model, should be
roughly equivalent to the Torii and Tasumi correction [41].
With DFT-determined dipole moments, TDC remains inade-
quate to reproduce the dispersion, which depends on the long-
range coupling. The lowest frequency mode with significant
intensity is in all cases the N-terminal amide, due to an end
effect (diagonal) not to coupling.

By use of a transfer from A3, DFT-level local coupling is
always maintained. We next transferred spectral parameters
from NMA onto the A11 structure to create a peptide for which
there is no sequential (through-bond) amide coupling. Then, to
add coupling, we added TDC (through-space) off-diagonal
terms as described. Comparison of the results to the fully DFT
computed All spectra is shown in Fig. 2. Qualitatively the
same problem exists, but to a larger extent. With transfer from
NMA, we get the “group frequency” for the amide I, but there
is no inter-amide coupling from the FF, which results in very
little dispersion (~10 cm™ ). With addition of TDC the
dispersion modestly increases (to ~20cm™ '), but in both
cases remains very much less than the ~60 cm ™' seen with the

£ (x 10°9)

g (x 10-3)

£ (x 10-3)

0 ; :

[ [ [
1800 1750 1700 1650 1600
Wavenumber (cm-1)

Fig. 2. Comparison of amide I IR for A11 obtained from a full DFT calculation
(a), by transfer from NMA (b), and by transfer from NMA augmented with TDC
corrections (c).

DFT parameters. This dispersion has always been a character-
istic of our fully DFT and transfer-computed peptide amide I
spectra, as we have previously noted [38,39,47], but has been
also been noted in empirical studies [36,60]. Clearly this is a
flaw in traditional ‘“group frequency” approaches to inter-
pretation of protein and peptide IR spectra where single
frequencies are assigned to given species or conformations, and
the dispersion of the band cannot be taken into account.
Another way to look at the effect of TDC versus DFT
coupling is to compute the interaction of two amides directly
without any mechanical coupling. We have done this by placing
two NMA molecules on successively separated amides in a
helix and computing the FF and APT parameters at the DFT
level. While this does not correspond to an isolatable molecule,
these pairs of amides couple via the electronic structure
computation and represent a separation of electronic through-
space and -bond effects. We can model this interaction
classically by just placing the same NMA molecule on both
positions and computing the interaction between the positions
with TDC, using the APT-derived dipoles as a basis. The results
of such a computation are summarized in Table 1. Full DFT
calculation of the interaction between i, i + 1 positions cannot
be done since the NMA molecules would overlap, but it can be
simulated by computing the splitting for the two amide I modes
in Ac-Gly-NH-Me (G2), which most closely resembles the
two “‘touching”” NMA molecules. However, this approximation
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Table 1

Amide I for two NMA positioned on a helix at various sequential separations

Label positions Isolated 2 NMA TDC correction DFT
Vhighs Viow Av Dhjigh, Diow Vhigh Viow Av Dhigh, Diow Vhighs Viow Av Dhjigh, Diow

@i, i+1)* 1735.2 2.6 0.022 1737.1 6.2 0.078 1755.5 17.4 0.059
1732.6 0.078 1731.0 (5.6)° 0.022 1738.1 0.024

(i, i+2) 1737.9 3.1 0.049 1738.2 35 0.037 1725.4 16.7 0.038
1734.8 0.049 1734.7 a,7° 0.062 1708.7 0.078

@i, i+3) 1737.9 0.03 0.049 1742.2 8.5 0.007 1723.1 10.5 0.001
1737.8 0.048 1733.8 0.090 1712.6 0.144

@i, i+4) 1737.9 0.08 0.080 1738.7 1.6 0.004 1726.8 1.8 0.012
1737.9 0.017 1737.1 0.094 1724.9 0.103

@i, i+5) 1738.0 0.12 0.027 1738.4 1.0 0.025 1730.9 1.3 0.028
1737.8 0.071 1737.4 0.073 1729.6 0.077

Comparisons of DFT and TDC coupling. vpien and vy, are two frequencies in cm™

corresponding dipole strength in Debye?.
* Frequencies are determined with Ac-Gly-NH-Me (G2).
® Calculated 2V where V is the coupling constant.

does introduce mechanical and other electronic coupling that is
not in any non-bonded approach. With TDC such near-neighbor
coupling poses no particular computational problem, but
obviously misses out on what must be the most significant
inter-amide interaction due to mechanical (bonding) effects. This
accounts for the drop in interaction from Av ~17 cm™! (G2) to
~6.2 cm™ for two NMA dipoles interacting via TDC (Table 1).
For i, i+ 2 interactions, the NMA, DFT splitting is Av
~17 cm ™', while that from TDC is only ~4 cm ', implying a
surprising level of electronic interaction between non-bonded
groups. It is clear that the assumption that TDC can adequately
represent next-nearest neighbor coupling is dependent on a
model, presumably inclusion of some through-bond coupling via
the transfer from a three amides model would reduce the
dramatic shortfall in coupling seen here [41]. This reminds one of
the consequences previously noted in a study of VCD of coupled
oscillators where the simple dipole model broke down for close
lying dipoles [61]. In the present case based on transfer from
NMA, however, the distances are larger and the mechanical
coupling is gone. However, for (i, i + 3); (i, i+ 4) and (i, i + 5)

Table 2
Coupling of isotopically labeled amide I modes in a helix

'and Av is the frequency difference between them. Dhign and Doy, are

the TDC determined splitting, 8.5, 1.6, 1.0 cm ™ is virtually the
same as that from the DFT computation, (Av 10.5,1,8,1.3 cm_l,
respectively, suggesting that such long-range coupling may
indeed be mostly dipolar in nature, even when represented
by DFT-derived dipole moments. The very small size of these
couplings does suggest that the comparison should be made
with caution.

These sorts of patterns were explored previously in our
discussion of isotope labels in helical 25-amide peptides [20],
where the coupling of different positions was determined both
with DFT-based FF and by TDC (there using a simpler method,
but obtaining similar results). We have looked at this labeled
C=O0 coupling issue again, but now with the models computed
above, i.e. A11 all DFT and A11 transfer from NMA and A3
DFT. This comparison is summarized in Table 2 for substitution
of a single '>C=0 labeled group (1L, substituted on position 6)
and of two such groups either sequentially (2L'T, positions 6, 7
or i, i+ 1), alternate (2LL1S, positions 5, 7, i, i + 2) or separated
by two '2C=0 groups (2L2S, positions 5, 8, i, i + 3). In the
previous study as well as this one, the coupling falls off with

Position DFT Transferred from A3 Transferred from Transferred from Transferred from
A3 + TDC corrected NMA NMA + TDC corrected
Vhighs Av Dhigh, Vhighs Av Dhigh, Vhigh Av Dyigh, Vhighs Dhigh, Vhighs Av Dhigh,
Viow Dlow Viow Dlow Viow Dlow Viow Dlow Viow Dlow
1L (6)* 1656.7 0.049 1697.4 0.026 1697.5 0.033 1685.1 0.052 1684.3 0.051
2LT (6, 7) 1666.2 15.3 0.132 1705.7 14.2 0.058 1705.1 13.2 0.079 1686.2 0.014 1688.5 7.7 0.106
1650.9 0.010 1691.5 0.010 1691.9 0.011 1684.0 0.087 1680.8 0.014
2L1S (5, 7) 1659.8 5.0 0.025 1700.6 5.80 0.025 1700.0 4.6 0.028 1685.1 0.026 1684.9 1.1 0.029
1654.8 0.071 1694.8 0.029 1695.4 0.038 1685.0 0.079 1683.8 0.073
2L.2S (5, 8) 1659.9 4.8 0.013 1698.2 1.4 0.050 1699.0 2.8 0.007 1685.1 0.009 1687.8 6.5 0.009
1655.1 0.088 1696.8 0.006 1696.2 0.057 1685.0 0.096 1681.3 0.084

Symbols as in Table 1.
* The numbers in parenthesis represents the position of '>C in A11 helix.
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increased separation along the chain. This is of course
expected, but given the helical structure, the i, i + 4 structure
might have been assumed to have a shortening of the distance
compared to the i, i + 3. In fact this does not happen, and both
the DFT and TDC values progressively decrease [20].
Similarly, all these coupling constants have a negative sign,
except for i, i+ 1. The A3 transfer gives almost the same
coupling for the neighbor and next near-neighbor (2LT and
2LL1S) cases as does the full DFT, but the longer range 2L.2S
case is modeled too low with the transfer and even with TDC
added. Again TDC based on DFT computed dipole moments
are insufficient to make up for the missing coupling, even for
residues 7, i + 2 in the sequence, in sharp contrast to earlier
conclusions [41]. Transfer from NMA plus TDC is much worse
for the short-range couplings, but unexpectedly is better for the
longer range one.

3.2. B-Sheet models

A series of test calculations was performed on the 3 x 3 3-
sheet using a transferred DFT-level FF from NMA for each
amide group and the TDC correction based on the DFT values
of transition dipole strengths (APT) [39,49] as coupling terms.
Alternatively, the DFT FF from a single strand calculation was
transferred onto the three-stranded model and the TDC used
only for inter-strand coupling. The amide I IR results
comparing these models are shown in Fig. 3. The transfer
from NMA alone or even with TDC yields narrow intensity
distributions (Fig. 3a and b), albeit with a major intensity
component being the lowest frequency mode, which is in
agreement with the DFT and with experimental expectations.
The TDC, here within and between strands, adds about 15 cm ™"
of splitting to the NMA derived modes. If one instead takes a

JL (a)
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Fig. 3. Comparison of Amide I IR for the 3 x 3 B-sheet model calculated using
transfer of parameters from NMA (a), transfer from NMA plus TDC calculated
using NMA transition dipole moments (APT) (b), transfer from DFT calcula-
tions on 1 x 3 single strand of three amides (c), transfer from 1 x 3 plus
addition of TDC cross-strand corrections (d), full DFT calculation of 3 x 3 (e),
and transfer from full DFT calculation of 3 x 3 to 5 x 8 sheets (f).

single strand calculation and transfers it to each of the three
strands, so that the intra-strand coupling is represented at the
DFT level, then a significant intensity distribution (splitting)
results (Fig. 3c). If one then adds TDC to represent the cross-
strand coupling, a band profile is achieved (Fig. 3d) that
suggests the large dispersion expected for a [-sheet, as
represented in the full DFT calculation (Fig. 3e). However, the
details of the modes do differ between them and the TDC-
induced dispersion is less than 40 cm " (Fig. 3d), adding only
about 10 cm 'tothe 1 x 3 dispersion (Fig. 3c), while that with
the DFT computation is ~60 cm™ ' (Fig. 3e), reflecting the
basic character of an anti-parallel 3-sheet structure. As shown
earlier [39], if more strands are added to the model, the
dispersion increases and the intensity of the characteristic low
frequency mode grows. These are necessarily modeled by
transfer, here shown from the 3 x 3-DFT calculations to the
5 x 8 sheets (Fig. 3f) for comparison.

To parallel the above helical computations, we also
transferred NMA and Ac-Ala,—NH-Me (1 x 3) parameters to
the 2 x 6 sheets structure and then added TDC corrections to see
how these compared to the full DFT computation for 2 x 6, an
extended two-strand hydrogen-bonded [-structure. This has
particular interest in terms of modeling isotopic substitutions, as
we have studied recently [21,31]. Here the pattern is dramatically
different, as the NMA transfer alone and with TDC yields a

e (x 10-3)

e (x 10-3)

£ (x 10°%)

N
g | I |
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Wavenumber (cm-1)

Fig. 4. Comparison of Amide I IR for 2 x 6 B-sheet model obtained by a full
DFT calculation (a), by transfer from 1 x 3 B-strand plus TDC corrections (b),
and by transfer from NMA plus TDC corrections (c).
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dispersion of only ~10 and ~20 cm ', respectively, (Fig. 4c)
while the full DFT result is nearly 50 cm ™' (Fig. 4a), approaching
what we have observed in hairpin peptides (~50 cm_l) [21,62].
However, transferring parameters derived from a DFT computa-
tion for a single strand (1 x 3) yields much more realistic
dispersions, ~30 and 40 cm ™ ! before and after addition of TDC,
respectively (Fig. 4b). There are a great many possibilities for
isotopic substitution in 2 x 6, some of which form H-bonded
rings of '*C=0 groups that are cross-strand coupled, as was the
topic of our recent hairpin study [21] and others that yield
couplings in less obvious ways [31]. In summary, the DFT
computed couplings are almost always larger than for the TDC
transferred models whether based on FF from NMA or 1 x 3.
Certainly without the 1 x 3, the couplings between sequential
positions in a strand are severely underestimated, much as seen
for helices. The cross-strand and long-range in-strand couplings
are also underestimated, but in that case they are often within a
factor of two, and for C=0 groups on opposite strands forming a
10-member H-bonded ring, they are much closer. Given the
complexity of defining all these positions and the dependence of
the actual values on specific geometrical constraints, we have
chosen to discuss them only globally at present.

4. Discussion
4.1. Helices

The relatively small changes caused by addition of the
approximate force constants, to account for those missing when
the FF from a modest-sized peptide fragment is transferred onto a
larger molecule, are consistent with the vibrational FF being
dominated by local interactions. The fact that these corrections
approach each other at long range is consistent with the short-
range effects having a different origin. (However, in the process
of reaching agreement, they are essentially approaching zero,
which could imply they are approaching the confidence limit of
the calculations. In other words, this observation would be more
convincing if the DFT and TDC were similar for large values of
the coupling as well.) A significant aspect of the difference is the
missing H-bonds in the A3 and NMA transfers (even when TDC
corrected) but which are represented quite fully in the DFT of
A11. These have an impact on the diagonal FF, but also offer a
unique path for mechanical coupling between distant residues.
Further, in the 3¢ helix and 3; helix calculations, (data not
shown), these effects of TDC correction are actually less than for
the a-helical data presented here [49]. The a-helix represents a
compact conformation, as perhaps best evidenced by the small
translation per residue for this structure resulting in the sequential
amide groups being spatially closer than in other helical
structures. Moreover, the polar amide groups are highly aligned
in the a-helix, which results in a strong helical macrodipole that
maximizes electrostatic interaction between these groups. The
polarity of the a-helix may be also the reason why the lowest
frequency amide I modes are consistently N-terminal amide
modes. (It might be noted that the 3;-helical results (not shown)
are the least affected by TDC addition or the length of the model
peptide used to transfer onto a larger molecule. This could reflect

its lack of helical dipole, resulting from its C=O groups pointing
out into solution away from the helical axis.)

Our interest and ability to determine amide coupling arose
from isotopic substitution experiments and the subsequent
theoretical analyses [20,21,31,32]. In this comparison, it is
clear that the full DFT of A11 and the A3 transfer yield similar
isotopic coupling results for the near neighbors, while the NMA
and TDC corrections fall short (factor of 2) in this regard. None
the less, the patterns developed by substituting two NMA
molecules on a helix indeed follow the long-range pattern of
dominance by dipolar coupling interactions. One might assume
that addition of a larger dipole should correct for this fall off.
That might work, except that it would require a variable
correction for sites close and those far apart.

Our choice for the placement of bond dipoles on atom sites,
reflecting the APT definitions, in fact, bears some resemblance
to the distributed origin gauge method, proposed by Stephens
[63] for eliminating the uncertainty in the proper origin choice
for gauge dependent AAT. Other possibilities for the choice of
the transition dipole moment position are possible. For
example, the APT element, calculated for the small fragment
represents a contribution of the motion of a particular atom to
the transition dipole of the whole small fragment molecule.
Thus, a physically sound choice of the transition dipole moment
position is in the center of the “best” fit between the large and
small molecules, which is used for the transfer of the particular
APT. To test the dependence of the resulting TDC corrected
spectra for large oligopeptides on the particular selection of the
transition dipole moment origin, both the above possibilities
were implemented and compared (results not shown, [49]). In
essence these origin corrections showed little difference from
the TDC computations made in a manner paralleling the
methods reported above. Such effects do not appear to be the
major concern, but rather the model itself is one that should be
interrogated.

An alternate approach to correcting for long-range effects is
the use of semi-empirical (PM3 parametrization) interaction
constants in those parts of the FF matrix where our transfer
methods leave zero elements. While probably providing a
better approximation than TDC for long-range terms, PM3 is
certainly less accurate than DFT. However, given the apparent
agreement of long-range TDC and DFT coupling constants,
such errors may well be negligible when separations of more
than a few residues are considered. (For example, PM3
calculated vibrational frequencies for a 21-amide helix, A21,
are ~1890 and ~1480 cm ' for the amide I and II, respectively,
compared to ~1730 and ~1520 cm ™" for transfer of the A7 FF.)
A comparison of PM3 and TDC corrections shows a small shift
of the diagonal FF (center frequency of the amide I band) but
little observable effect on the dispersion for A21 transferred
from A7 [49]. In other words, the main interactions are local
and the long-range correction is minor.

4.2. Sheets

While it is tempting to ascribe the predicted trends seen in
the amide I IR bandshapes of -sheets to strong H-bonding
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between [(-strands, our results show that the origin is more
complex. Because the split character of the IR amide I band is
observed in the single-stranded simulations, it cannot be solely
due to the hydrogen bonding. This would be consistent with
findings of Moore and Krimm [42] who empirically added non-
bonded, transition dipole coupling (TDC) interactions to the
force field in order to explain this bandshape. However, as also
pointed out [44,64], perturbative treatments based on TDC
alone [36,42,65] are not sufficient to explain certain important
details of amide I spectra.

The difference here may be the magnitude of the TDC
between strands, thus the functionality may have the right form,
but the magnitude is reduced. That is actually a reasonable issue
since the NMA and single strand models may have reduced
dipole strength due to the lack of H-bonds enhancing the C=0
dipole. In the helical case above, all residues were alike, butin a
sheet, the cross-strand interactions are very different from the
intra-strand ones, as noted long ago [66]. Recent empirical
modeling of protein vibrational spectra by Mendelsohn and
coworkers have treated such interactions separately [28] and
more recently distinguished between diagonally perturbed
amide I modes on different positions [27].

Comparison to the spectra obtained from the full DFT
calculation (Fig. 3c) shows that the calculated IR bandshapes
cannot be explained by TDC. If the splitting were only due to
the TDC, the high frequency amide I components would shift
further up and the lower frequency ones further down, thus
maintaining the center frequency of the band. On the other
hand, in the DFT simulations both components shift to the
lower frequencies (the high frequency one only slightly) as
more strands are added. Furthermore, the component splitting is
significantly underestimated, ~15 cm ™, if only the TDC were
included as the mode coupling mechanism (Fig. 3b), and
~38 cm™! for TDC coupling between strands (Fig. 3d). One of
the reasons for this underestimated splitting is the smaller
transition dipole moment computed for the NMA, as compared
to the empirical values obtained from experiment and used in
empirical TDC calculations. Chirgadze and Nevskaya [65] use
the amide I transition dipole moment value of 0.39 Debye,
calculated from the absorption intensity of [-polypeptides,
while that calculated for the NMA (at BPW91/6-31G* level) is
0.22 D. It has been shown [49] that this theoretical value
corresponds very well to the experimentally measured dipole
strength of NMA in acetonitrile and thus probably also that in
the gas phase. From the results presented above it is obvious
that the amide I intensity, per amide group, increases with the
size of the sheet: for example, the integrated transition dipole
moment per amide group for the anti-parallel, 3 x 3 B-sheet
from the ab initio calculation is 0.24 D, and for the 5 x 8 anti-
parallel B-sheet 0.33 D. Obviously, the larger values of
transition dipole moments in larger sheets (0.39 is expected
for infinite sheet [49]) are a consequence of amide mode
coupling, creating an overall dipole the modes couple to, and
cannot arise from TDC which would conserve dipole moment
among coupled modes. Thus, to correct the TDC, using a larger
dipole moment is sensible, but the source of dipole must be
from a coupled mode already determined, not one derived from

the isolated dipole one might conveniently compute. This leads
to a logical fault, since once the larger system is computed, it
could just as well be used for the vibrational modeling by means
transfer of the DFT computed local interactions as we have
done. Unsurprisingly, when only TDC is assumed with the
transition dipole moment value of 0.39 D (infinite helix value)
(Fig. 3b), nearly perfect correspondence with the results
of Chirgadze and Nevskaya [65] for the 3 x 3 anti-parallel
B-sheet is obtained. However, the resulting bandshape is
significantly different than that obtained from the full DFT
calculation (Fig. 3¢), in particular, the frequency of the amide I
band maximum is higher. In addition, if full intrastrand
interactions are included, the amide I band splitting becomes
even larger (~70 cm ') with this transition moment value
(analogous to Fig. 3e). Using an empirical value of the
transition dipole strength thus can improve amide I IR
bandshape prediction, especially if the intra-strand coupling
is modeled at the DFT level.

From these test calculations, for which we have employed
non-empirical, DFT calculated parameters, it follows that both
bonded and non-bonded interactions are necessary for
prediction of proper IR bandshapes. This result is consistent
with Miayazawa’s original model [66] and with empirical
parameterized calculations by Mendelsohn and coworkers that
required both through-bond (including H-bonds) and TDC
interactions to reproduce the amide I bandshapes of '*C
isotopically labeled PB-sheet oligopeptides [28]. In a more
recent study they have used an expansion of this method to
obtain an excellent agreement with several experimental amide
I contours for proteins using combined through-bond and
electrostatic coupled oscillator model [27]. Where in this
progression of studies is our work then? We are getting these
various couplings not from some sort of empirical fit, but from
DFT computations on realistically conformed peptides that
provide the basis of the entire FF. This provides a more
systematic test of the contributions by comparing the TDC
corrected FF to the full DFT result on the same molecule with
same electronic structure.

5. Conclusion

In conclusion, our calculations demonstrate that transition
dipole coupling alone cannot explain the mode couplings that
give rise to the amide I bandshapes characteristic for the o-
helical and (3-sheet peptide structures. It seems clear to us that
to reproduce the spectral bandshapes, additional interactions,
namely the through-bond effects, including both covalent and
hydrogen bonds, play an important role. The question for the
future is whether these effects can be reliably represented by
empirical coupling schemes with a few parameters, or whether
more complete electronic structure calculations are necessary.
In particular, as one addresses the problem of irregular
structures, a critical issue arises as to how important are the
conformational variation in the diagonal FF [67]. These
considerations could impede attempts to model proteins and
poorly folded structures [27,30]. Added complications may
include the effects of solvent and side-chains. For example, a
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partially solvent exposed helix or sheet in a protein may exhibit
quite different (diagonal) FF between the buried and exposed
parts, and solvent may screen the electrostatic as well as
weaken the H-bonding. While quantum chemical methods do
not offer a straightforward way to separate individual
“physical” contributions to the oscillator coupling (‘physical’
here means from the point of view of classical oscillator with
classical coupling interactions), as demonstrated here, test
calculations can be designed to investigate various effects, such
as long-range electrostatic contribution. On the contrary, the
strength of our parameter free, non-empirical approach is that
the multitude of such contributions to the vibrational properties
is not “‘adjusted” into a few empirical parameters. For example,
by tuning the strength of TDC as shown for the (3-sheet models,
the agreement with the full quantum mechanical calculations
can be improved, but such improvement may be misleading and
one may miss important effects. Finally, one must eventually
account for solvent effects, which in the case of water have a
significant effect on the amide dipole moments and a difficult to
model dielectric interaction, both of which presumably impact
on coupling.
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