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Summary. Exciton coupling of the 190nm 77* transition is an important factor in the CD spectrum
of peptides and proteins. The CD spectrum of the a-helix is dominated by the exciton effect. The
spectrum is sensitive to the direction of the 77 transition dipole moment, especially for short helices.
Exciton theory is much less successful in accounting for the CD spectrum of the poly(proline)II (PPII)
conformation, an important conformer in collagen and in unordered peptides. Mixing of the 7r™
transition with high-energy transitions in the peptide backbone and in side chains must be considered
to explain the strong negative CD band near 200 nm of PPIL
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Introduction

The exciton model has had an enormous impact on our theoretical understanding of
absorption and circular dichroism (CD) spectra of proteins and nucleic acids, start-
ing with the seminal work of Moffitt [1] on helical polypeptides. In a polypeptide,
the amide chromophores exhibit little overlap or charge transfer. Thus, to a good
approximation, the Hamiltonian for a polypeptide chain with N amides can be taken
to be as shown in Eq. (1) where H; is the Hamiltonian for the group i and V;; re-
presents the Coulomb interaction between the electrons and nuclei in groups i and j.
The ground-state wave function for the polypeptide is then approximated by the
product of the wave functions for the individual amides in their ground state (Eq. (2)).

H=2H;+2:2;:Vy (1)

Yo = 10" PNo (2)

Excited states can be described by a linear combination of wave functions in
which one, two, ..., amide groups are excited. In keeping with the normal exciton
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approximations, we will confine ourselves to configurations in which a single
amide is excited (Eq. (3)) where ¥j, = @10 @ja- - ¢no is the wave function
for the configuration in which amide j is in excited state a and all other amides
are in their ground states. The coefficients Cj,x describe the delocalization of the
excitation over the whole molecule. Given these exciton coefficients, the optical
properties of the polypeptide can be calculated. The electric dipole transition
moment is described by Eq. (4) where p,, is the electric dipole transition moment
for the transition 0—a in group j. The magnetic dipole transition moment is given
by Eq. (5) where mj,, is the magnetic dipole transition moment for the transition
0—a in group j.

'PaK - chjaK 'Pja (3)
Hoax = (Polp|Pax) = 2;Clak Moy (4)
myox=(¥ax|m|¥o) = 2;Ciaxmjyo (5)

In a general polypeptide with no symmetry, transitions to all N excited states
have non-zero p,,x and m,k and will be observable in both absorption and CD,
but only a few will be resolvable. However, in a helical polypeptide, the symmetry
of the helix leads to selection rules. Moffitt [1] considered an infinite helix, analo-
gous to a one-dimensional crystal. He assumed periodic boundary conditions, lead-
ing to the requirement that the Cj,x be periodic functions of j and K (Egs. (6)—(8)).

For K = 0,

Ciax = N7'/2 (6)
and for K # 0,
Ciux = (2/N)"2 cos (27K /N) (7)
and
Cia = (2/N)"/?sin (27K /N) (8)
The K = 0 level is non-degenerate, whereas the wave functions (7) and (8) are
degenerate.

It is a remarkable fact that of the N exciton levels in an infinite helix, only three
give rise to non-vanishing transition dipole moments from the ground state. The
K = 0 level is one of these. In this case, the coefficients for all residues are iden-
tical, and the transition dipoles for all residues in Eq. (4) are additive. This leads to
a large resultant along the helix axis, but the perpendicular components cancel.
This gives rise to the parallel exciton band.

The other way to avoid wholesale cancellation of the transition moments is to
insure that the resultant of the transition moments in each turn of the helix is non-
zero and that this resultant is the same for every turn of the helix. This requires that
K =+N/P=+M the (integral) number of turns in the helix. The two degenerate
exciton levels corresponding to Egs. (7) and (8) with K==+N/P give rise to
resultants in each turn of the helix that are perpendicular to the helix, and the large
resultants for the whole helix are orthogonal to each other. These bands are called
the perpendicular exciton bands.
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Fig. 1. Geometry of a helix; the axial translation per residue is z and the angular displacement per

residue is 27/P, where P is the number of residues per turn; the local coordinate systems at two

successive transition centers at radius p are shown; the right-handed coordinate system used to define

the orientation of the electric dipole transition moments in Eqgs. (11)—(14) is formed by the vectors e,,
e, and e,, the latter of which is directed toward the viewer

The frequencies, dipole strengths, and rotational strengths from the Moffitt
bands are as follows in Eqs. (9)—(14) where 1 is the frequency (cm™!) of the
transition in the monomer; v and v, are the frequencies of the parallel and per-
pendicular Moffitt bands; Vo, is the Coulomb interaction between the transition
density for O—a in group j and that at the level 0; P is the number of residues
per turn; D); and D, are the dipole strengths for the parallel and perpendicular
exciton bands; R and R are the corresponding rotational strengths; ji;, fu, py are
the transition moment components radial, tangential, and vertical to the helix,
which form a right-handed coordinate system as illustrated in Fig. 1; and p is
the distance of the chromophore center from the helix axis (Fig. 1).

V| = vo + (2/hc) ZiV, 9)

v = vy~ (2/hc)Z;Vycos 2mj /P (10)
Dy =’ (11)

D, = (u* + p)/2 (12)

Ry = mpv iy e (13)

Ry = —Tpvy piypis (14)

To visualize the nature of the exciton wave functions, energies, transition
moments, and rotational strengths, it is helpful to consider a helix with four amide
groups per turn, as Moffitt [2] did. Such a helix is similar to the a-helix with 3.6
residues/turn, but the integral value of P makes visualization simpler. Figure 2a illus-
trates the parallel exciton components for a right-handed helix with P =4. The four
transition moments in one turn of the helix are all in phase, their perpendicular
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Fig. 2. Exciton states in a polypeptide helix with P=4; (a) parallel exciton band; (b) one of the
perpendicular exciton bands (from Ref. [2])

components cancel, and their parallel (vertical) components reinforce. Notice also
that the transition moments interact predominantly in a head-to-tail fashion, corre-
sponding to electrostatic attraction, i.e., the interactions decrease the transition
energy relative to that of the isolated chromophore. Thus the parallel band is red-
shifted in this model helix. To determine the direction of the magnetic dipole transi-
tion moment, required for predicting CD, we must consider the circulation of charge
in the transition. We can visualize the circulation of charge by connecting the head
on one transition moment vector with the tail of the next. We then curl the fingers of
our right hand in the direction of this circulation. The right thumb then points in the
direction of the magnetic dipole transition moment. By this right-hand rule, the
magnetic dipole transition moment for the K = 0 band is directed downward, oppo-
site in direction to the electric dipole transition moment. Therefore, the parallel
exciton band is predicted to give rise to a negative rotational strength.

Figure 2b refers to one of the perpendicular exciton components. Here, the
exciton coefficients are +1 for the amide at the bottom of the helix, —1 for the
amide at the back, and 0O for the amides on the right and left. The vertical components
cancel and the two non-zero transition moments add to give a transition moment for
one turn that is directed to the left. The non-zero transition moments on opposite
sides of the helix interact in a predominantly head-to-head and tail-to-tail fashion.
Therefore, the perpendicular exciton band is predicted to be blue-shifted relative to
the isolated monomer transition. The circulation of charge is clockwise as seen from
the right of the helix, giving rise to a magnetic dipole transition moment that is
directed to the left of the helix, parallel to the electric dipole transition moment. The
rotational strength of the perpendicular band is therefore predicted to be positive by
this heuristic model. The other perpendicular component is obtained by assigning
coefficients of 0, 41, 0, and —1 reading from bottom to top of the helix.

Quantitative application of Moffitt’s theory to the a-helix [2], using the geo-
metry of Pauling et al. [3] and the amide 7™ transition moment direction from
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myristamide crystals [4, 5], led to the prediction of an exciton splitting of
v — v = —2800 cm~!, with the parallel band having a negative rotational
strength for a right-handed helix, i.e., a negative exciton couplet was predicted
for this helix sense. Although there were no absorption or CD data available for
a-helical polypeptides at the time, the predicted negative exciton couplet was
shown to be consistent with optical rotary dispersion data for helical polypeptides,
accounting for a qualitative difference in ORD behavior between helical and unor-
dered polypeptides [6]. Further confirmation of Moffitt’s theory came five years
later with the observation of a shoulder at ~205 nm on the main 190-nm absorption
band in a-helical polypeptides that was absent in unordered polypeptides [7, 8].
Linear dichroism measurements of films [9] and solutions [10] supported the polar-
ization predictions for the 205- and 190-nm bands. The first CD measurements for
the a-helix [11, 12] confirmed that the right-handed a-helix has a negative CD
band near 205 nm and a positive band near 190 nm, as shown in Fig. 3. The 222-nm
negative band is assigned as the amide n7™ transition.

The Helix Band

A significant contribution to the CD spectrum of helical polypeptides was lacking
in Moffitt’s theory, however, as realized upon comparison with a theoretical for-
mulation in which periodic boundary conditions were not assumed [15]. Subse-
quent studies [16—18] have shown that the term was missed because the periodic
boundary conditions used by Moffitt [1] are incompatible with the Rosenfeld [19]
formulation of the rotational strength. Periodic boundary conditions require dimen-
sions that are large compared with the wavelength of light whereas the Rosenfeld
formulation requires dimensions much less than the wavelength. The Moffitt bands
arise from light propagating perpendicular to the helix axis, in which case the helix
dimensions are small compared to the wavelength and the Rosenfeld formulation is
valid. However, Moffitt’s theory predicts zero CD for light propagating along the
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helix axis, a case in which Moffitt’s two assumptions are contradictory. In this case,
periodic boundary conditions can be applied, but the dipole approximation leading
to Rosenfeld’s expression for the rotational strength must be avoided.

Consideration of retardation effects leads to a modification of the selection
rules for light propagating along the helix axis [16—18]. The allowed transitions
are to exciton levels K =N (P! +z/\) rather than N (£P~1), where z is the
axial translation per residue (Fig. 1) and A is the wavelength of the transition in the
monomer. For the a-helix, z/A =0.15/200 ~ 103, whereas P~! =(3.6)"!' =0.28.
Therefore, the degeneracy of the perpendicularly polarized exciton levels is bro-
ken, but the two allowed levels are still nearly degenerate. However, the rotational
strengths of these two levels are huge and are of opposite sign. For K= £+N/P, as
we have seen, the electric dipole transition moment for each turn of the helix is
perpendicular to the helix axis and constant in direction as one moves along the
helix. The modified selection rules lead to modes in which the resultant electric
vector rotates slowly about the helix axis from one turn to the next, executing one
full turn over one wavelength of the light. This means that for one of these exciton
modes, the local electric dipole transition moment is always in phase with the
electric vector of one form of circularly polarized light, e.g., right-circularly polar-
ized light (rcp). Therefore, transitions to this level will absorb rcp strongly, but will
not absorb Icp at all, i.e., they will exhibit perfect CD and have a huge negative CD.
The other mode will exhibit perfect CD for Icp, have a correspondingly enormous
positive CD. The rotational strengths grow without bound as N increases, but the
energy separation decreases with increasing N, giving rise to a finite couplet in CD.
Tinoco [20] showed that, for Gaussian band shapes, the CD due to this so-called
helix band is given by Eq. (15) where K is defined by Eq. (16) and A4 is half the
width of the Gaussian band at e~! of its maximum.”

[0y = K2\ = MAL/4% + Tlexp [=(A = A1)*/47) (15)

K = —(487/*Noz A 1) 2 /h*c* A) 2V, sin (27j /P) (16)

The existence of this helix band has been controversial. Mason [21] argued that
the additional contribution is an end effect that should be of minimal importance
for long helices. However, Holzwarth and Doty [22] refuted Mason’s arguments.
Calculations on the a-helix [23] showed that the helix term gives a strong positive
couplet, and the negative lobe of this couplet was predicted to give rise to negative
CD on the short-wavelength side of the positive 190-nm band. ORD [24] and CD
[25] measurements showed that the CD spectrum of the «-helix has a positive
shoulder near 175 nm rather than a negative band (Fig. 3). A careful analysis of
the isotropic absorption and CD spectrum of the a-helix, combined with linear
dichroism and oriented CD measurements [10], provided experimental evidence
for the helix band, although it was found to be weaker than predicted by a factor of
about four. The present work provides an explanation for this discrepancy.

? Due to a misprint, the minus sign in Eq. (16) was missing in Tinoco’s 1964 paper [20]. Comparison
with the expression for ORD derived by Moffitt et al. [13] shows that the minus sign should be there.
Woody and Tinoco [23] used the correct form of Eq. (16)
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Results and Discussion

Excitons in Finite a-Helices

The exciton model was applied by Tinoco and coworkers [26] to finite a-helices.
The coefficients in the exciton wave function (Eq. (1)) were obtained by diagona-
lizing the Hamiltonian matrix (Eq. (17)).

Eo Vor Ve Vez---
Vor Eo Vo Veo---

17
Voo Vor Eo Vor--- (17)

The Eg are obtained as the eigenvalues of the matrix and the C;x as the eigen-
vectors. Figure 4a shows the rotational strengths for a-helices of increasing chain
lengths calculated using Peterson and Simpson’s transition moment direction [5].
Even for relatively short helices, only a few exciton levels have significant dipole
strengths (not shown) and rotational strengths. The exciton levels with predomi-
nantly parallel polarization in absorption are indicated in the figure. The remaining
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Fig. 4 (continued)
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Fig. 4. Rotational strengths for the NV, exciton levels of finite c-helices as a function of N, the helix

length, and 6, the transition moment direction; these calculations considered only the NV, transition;

the transitions marked par are predominantly polarized along the helix axis; unmarked transitions are

predominantly polarized perpendicular to the helix axis; note the differences in vertical scale for
different helix lengths; (a) # = —41° [5]; (b) § =—55° [28]

levels have predominantly perpendicular polarization. It can be seen that the polar-
ization of the exciton levels is relatively pure even for short helices.

A single parallel-polarized exciton level is observed on the long-wavelength edge
of the NV, exciton band for all helices with N >8. This band has a strong negative
rotational strength that does not increase markedly with chain length. This band in
finite helices corresponds to the parallel-polarized Moffitt band in the infinite helix.

At shorter wavelengths, the exciton levels in finite helices are more complex
and are largely of perpendicular polarization. It is clear that the rotational strengths
are predominantly positive above ~186 nm and predominantly negative below that
wavelength. As the helix length increases, these perpendicularly polarized transi-
tions tend to cluster more tightly, and the CD intensities of the strongest transitions
increase. If we assign finite widths to the corresponding CD bands, these bands
give rise to a single positive band and a symmetrical couplet that is positive on
the long-wavelength side and negative on the short-wavelength side. The single
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positive band corresponds to the perpendicular-polarized Moffitt band in the infinite
helix, and the couplet corresponds to the helix band.

The mixing of different electronic transitions is now treated almost exclusively
by the matrix method, developed by Schellman and coworkers [27] and described
in the methods section. This is a generalization of the exciton method that can treat
the mixing of the NV transition with the peptide n7™ and NV, transitions, as well
as with side-chain transitions in aromatic side chains. In the following, we shall use
the term exciton contributions in the generalized sense of the results of mixing
of discrete transitions as obtained by the matrix method and not limit it to the
restricted sense of mixing of degenerate excited states.

Effect of Transition Moment Direction

The amide NV, transition moment direction for myristamide [5] was used by
Moffitt [2] in his calculation and in many subsequent calculations. However, my-
ristamide is a primary amide, whereas the peptide group is a secondary amide,
except for X-Pro peptides that are tertiary amides. No definitive determination of
the transition moment direction for a secondary amide was reported until Clark’s
study of N-acetylglycine [28]. Clark found that, whereas primary amides have the
NV, transition polarized at an angle of ~ —40° with respect to the carbonyl bond
direction, the transition is polarized at ~ —55° in the secondary amide N-acetyl-
glycine (in this convention, the CN bond lies at a positive angle). Thus, the transi-
tion moment directions differ by ~15-20° for the two types of amides.
Although 15° does not seem like a large difference, the exciton CD depends
quite strongly on the NV transition moment direction. Figure 5 shows CD spectra
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Fig. 5. CD spectra calculated for an a-helix with N=20 as a function of ¢, the NV, ransition

moment direction; note that these calculations used the matrix method and include the mixing of the

NV, transition with the n7™* and NV, transitions; #=0°, ¢; § = —10°, 0; § = —20°, W; § = —30°, [1;
0=—40°, A; 6=-50°, ¥; 6=-60°, &



356 R. W. Woody

calculated for the a-helix using transition moment directions ranging from 0°
(parallel to the carbonyl bond direction) to —60° at 10° intervals. The exciton
CD in the NV, region, neglecting the n7™ CD band near 220 nm, varies from a
weak negative couplet for § =0° through a three-band spectrum dominated by
strong positive or negative couplets, to a strong negative couplet. For the most
likely values of 6 (—40° and —50°), the exciton CD has a negative band near
205 nm, corresponding to Moffitt’s parallel band, and a positive couplet with a pos-
itive lobe near 190 nm and a negative lobe near 175 nm. This latter feature results
from the combination of Moffitt’s perpendicular exciton band and the helix band.

The NV, transition moment direction is especially important for the exciton
CD of short a-helices. Calculations of the CD spectra of short a-helices [26, 29]
using Peterson and Simpson’s [5] transition moment direction (—41°) predicted
that such «-helices should have qualitatively different CD spectra from long
helices. It was predicted that the characteristic negative 205 nm band should not
be observable for helices with fewer than 10—15 amide groups. For shorter helices,
the exciton splitting is insufficient to place the negative Moffitt band on the long-
wavelength edge of the band or to resolve it from the other exciton levels, as can
be seen in Fig. 4a. This prediction was at odds with the observation of «a-helical
patterns in the CD spectra of globular proteins with distinct negative 205 nm bands,
despite average helical segment lengths of ~10 amides.

Experimental data on short model a-helical peptides of defined length were
unavailable until recently, when helices with as few as four amides were shown to
be stable in La** complexes of a peptide from a Ca>*-binding loop of calmodulin
[30]. Figure 6 shows the CD spectra [31] for a-helices with 4, 8, and 11 amide
groups, all having the characteristic a-helix CD pattern. When the NV, transition
moment direction for primary amides (—40°) [5] is used to calculate the CD
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Fig. 6. Experimental CD spectra of «-helices with 4 (A), 8 (), and 11 () amides [31]; based
upon difference spectra of peptides containing a Ca?>*-binding loop from calmodulin in the presence
and absence of La’*
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spectra (Fig. 7a), no negative 205 nm band is predicted until helices much longer
than 11 amides are considered. Figure 5 shows the spectrum calculated for a helix
with 20-amides and # = —40°, which shows only a negative shoulder near 205 nm.
If the NV, transition moment direction for secondary amides (—55°) [28] is used
instead of that for primary amides, the exciton splitting is larger, leading to pre-
dicted spectra (Fig. 7b) that show a negative 205 nm band even with four amides.
The reason that this 15° rotation has such a dramatic effect is that the nearest-
neighbor interaction energy for the NV, transition, Vy;, is opposite in sign for the
two directions. For § = —40°, V is positive whereas V,, Vg3 efc. are negative.
Thus, the nearest-neighbor interaction blue shifts the parallel-polarized exciton
band (Eq. (9)) but is overcome in longer helices by the negative interaction
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energies with more distant neighbors. For 6 = —55°, Vi, is negative as are the
interaction energies with more distant neighbors. Therefore, the exciton splitting
is larger for all helix lengths, and sufficient to yield an observable negative 205 nm
band even for short helices. This is illustrated in Fig. 4b, which shows the rota-
tional strengths for the exciton levels for helices of varying length. Note that with
0 = —55° a negative NV, couplet is predicted at the dimer level, in contrast to the
positive couplet for § = —40° (Fig. 4a). Thus, even for the shortest helix lengths, a
negative NV couplet is predicted for § = —55°.

Excitons in Poly(Pro)Il

Poly(Pro) can adopt two quite different helical conformations: a right-handed helix
with all-cis amides that is stable in relatively nonpolar solvents such as higher
alcohols, called poly(Pro)l; and a left-handed all-trans helix that is the stable form
in water and trifluoroethanol, called poly(Pro)Il. Poly(Pro)Il (PPII) is of much
wider interest for several reasons. The conformation of PPII is nearly identical
to that of each of the three individual chains in collagen, an abundant protein of
great medical significance. The PPII conformation does not require the presence of
Pro and is observed in segments of proteins lacking Pro [32-34]. In fact, PPII
appears to be the most stable conformation for many peptides in aqueous solution
and is an important component of unfolded proteins [35-37].

The CD spectrum of poly(Pro)Il is shown in Fig. 3. A weak positive band near
225nm and a strong negative band near 206 nm are observed. These features are
also observed in CD spectra of peptides lacking Pro but having a substantial PPII
content [35-37], but the band positions are shifted to shorter wavelengths by
~10nm. In addition to the strong negative band near 200 nm, the most distinctive
feature of the PPII CD spectrum is the absence of any positive feature at wave-
lengths in the NV, region and below, down to at least 160 nm [14].

The exciton model was applied to PPIl by Mandel and Holzwarth [38] in an
analysis of the experimental absorption, CD, LD, and oriented CD spectra of
collagen and PPII. They reported that the Moffitt bands form a positive couplet
with the long-wavelength parallel-polarized band positive and the short-wave-
length perpendicular band negative. The couplet was biased toward negative values
with the perpendicular band 1.5-2-fold more intense. The helix band was found to
be a negative couplet.

Using the standard PPII geometry from fiber diffraction [39] and the Peterson
and Simpson [5] NV transition moment direction, Pysh [40] predicted relatively
weak Moffitt bands: a positive, red-shifted parallel band and a negative, blue-
shifted perpendicular band. The helix band was calculated to be strong and with
a negative lobe on the long-wavelength side. The negative lobe of the helix band,
combined with the negative perpendicular Moffitt band, gave rise to a strong
negative band at about 205 nm, which agreed qualitatively with the observed
negative band of PPII at 206 nm. However, Pysh used Tinoco’s [20] equation
for the helix band as printed, without the minus sign. Subsequent studies showed
that the helix band from the exciton model is predicted to be positive for the
standard PPII helix geometry. Ronish and Krimm [41] also reported satisfactory
results for calculations on PPII, but they included non-exciton contributions and
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partially suppressed the exciton bands by assigning larger bandwidths to them,
relative to the non-exciton contributions. Madison and Schellman [29], Tterlikkis
et al. [42] and Manning and Woody [43] predicted a strong positive couplet for
conformations near the standard PPII conformation, contrary to the strong nega-
tive band observed. They were able to obtain negative CD near 200 nm only if
they modified the Ramachandran angles and/or transition moment direction.

Although reasonable agreement near 200 nm can be obtained with conforma-
tions deviating from the canonical PPII, such calculations all predict sizeable
positive bands at shorter wavelengths. Experimentally, no such positive features
are observed in the PPII CD spectrum down to 160nm [14]. This reflects an
inherent limitation of the exciton model for explaining a spectrum such as that
of PPII that is uniformly negative over a broad wavelength region. The sum rule
for rotational strengths [44] requires that the integral of the CD spectrum over all
wavelengths must vanish. The exciton model is consistent with this. The two
Moffitt bands (Egs. (13) and (14)) have opposite signs, differing only slightly in
magnitude, and the integral over the helix band (Eq. (15)) is nearly zero. Thus, if
we only consider the NV, transition, the exciton model must give positive and
negative CD bands of equal magnitude. Such a CD spectrum is called conservative.

The CD spectrum of PPII is distinctively non-conservative. This implies that
the NV, transition must mix with electronic transitions at higher energy. The only
discrete, well-characterized electronic transition in the amide at higher energies
than the NV, transition is the second 77™* (NV,) transition at about 140 nm [28].
This transition was considered by Tterlikkis et al. [42] and by Manning and Woody
[43], albeit without the benefit of Clark’s data [28], but mixing of the NV and NV,
transitions did not resolve the problem in the NV, region. The results of matrix
method [27] calculations in the present study show that mixing of the NV, and
NV, transitions, the only electrically allowed amide transitions that have been
characterized, does not lead to satisfactory agreement with experiment for the PPII
helix, even if conformations deviating from that derived from fiber diffraction [39]
are considered (Fig. 8a and b, dashed curves).

The matrix method [27] can only treat the mixing of discrete, well-character-
ized transitions amongst themselves. In the case of amides, the matrix method is
thus restricted to describing the mixing of the n7™, NV, and NV, transitions.
There are, of course, many higher energy transitions in the amide group, the
C,H group of the peptide backbone, and the amino acid side chains. These transi-
tions have not been resolved or characterized. However, their total oscillator
strength greatly exceeds that of the known discrete transitions, and they dominate
the polarizability.

The contributions to the rotational strengths of each exciton level from the
high-energy transitions, Rg, from Eq. (23) (Methods), are combined with those
from the matrix method obtained by diagonalizing the matrix in Eq. (18) (Meth-
ods) to yield the total rotational strength for each K level, and these are used to
calculate the CD spectrum. Figure 8a shows the calculated CD spectrum for a
standard PPII helix with 6 = —55°. The polarizable group contribution provides
a strong negative couplet centered near 190 nm that enhances the weak negative
band near 207 nm in the exciton contribution and largely cancels the positive limb
of the exciton couplet centered near 183 nm, creating a negative band in the total
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Fig. 8. CD spectra of PPII helices with N =20 calculated using = —55°; exciton contribution

(------ ); polarizable group contribution (------ ); total ( ); (a) standard PPII helix (—77.2°,

+145.9°); (b) non-standard PPII helix (—60°, +180°); The solid circles represent the experimental

CD spectrum of PPII in water; it should be noted that tertiary amides such as those formed by Pro

have their n™ and 77 absorption and CD bands shifted by ~10nm to the red relative to secondary
amides for which the calculations were performed

CD near 203 nm. However, the negative couplet from polarizable group contribu-
tions is nearly symmetrical and the overlap of its positive lobe with the negative
short-wavelength lobe of the exciton helix band creates a positive band in the total
CD spectrum near 190 nm. Because the couplet due to polarizability contributions
is nearly symmetrical, the predicted CD spectrum is still conservative and therefore
disagrees with experiment.

Following the results of Madison and Schellman [29] and Tterlikkis et al. [42],
the Ramachandran ¢ and 1) angles were varied. As ¢ becomes less negative and v
more positive, the couplet from polarizable groups becomes more asymmetric,
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Fig. 9. CD spectra of a non-standard PPII helix (—60°, +170°) with N = 20 calculated using 0 = —40°;
exciton contribution (------ ); polarizable group contribution (------ ); total ( ); the solid
circles represent the experimental CD spectrum of PPII in water; see comment in caption for Fig. 8

with the negative lobe growing in intensity. However, the non-conservative char-
acter of the polarizable group contribution is never sufficient to fully overcome the
strong positive couplet of the exciton contributions and a substantial positive band
on the short-wavelength circle is predicted even for (—60°, 4+180°), the most
extreme deviation considered (Fig. 8b).

The direction of the transition moment can also be varied. When 6 = —40° was
used, the exciton effect was found to be substantially weaker and the polarizable
group contribution was strongly biased toward negative values. Figure 9 shows the
results for (—60°, 4170°). For this conformation, a strong negative band near 195 nm
and only a very weak positive band near 170 nm are predicted. This set of parameters
therefore reproduces the major features of the PPII CD spectrum quite well.

The effect of including polarizability contributions on the a-helix must be exam-
ined. The polarizability contributions also constitute a couplet for the a-helix, but
the sign of this couplet changes between § = —40° and —55°. For —55°, the couplet
is positive, whereas it is negative for § = —40°. In both cases, the couplets are nearly
symmetrical. However as shown in Fig. 10a, the positive polarizability couplet for
0 = —55° weakens the 205 nm negative band and degrades agreement with experi-
ment relative to the exciton-only prediction. Figure 10b shows the results for
0 = —40°. The negative lobe of the polarizability couplet combines with the weaker
negative CD in the 205 nm region of the exciton calculation to produce a 205 nm
band that is stronger than the 220 nm band. Thus the conclusion that Clark’s experi-
mental transition moment direction for a secondary amide (—55°) is also optimal for
reproducing the a-helix CD spectrum needs to be modified when polarizable groups
are included. A value of —40° to —45° appears to be more suitable.

The direction of the NV transition dipole moment depends on the electrostatic
environment as well as on the nature of the amide (primary, secondary, tertiary).
Local electrostatic potentials and fields can shift the transition energies and can
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Fig. 10. CD spectra calculated for an a-helix with N = 20; exciton contribution (------ ); polariz-
able group contribution (------ ); total ( ); (a) 6=—55°, (b) 6 =—40°

mix the NV; and NV, transitions, leading to rotation of both the NV, and NV,
transition dipole moments. These effects have been calculated [45] for the amide
crystals studied experimentally by Clark [28]. The methods used in the present
work need to be extended to include the methods used in Ref. [45] so that the NV
transition moment is not treated as a fixed parameter in the calculation but is
determined by the geometric and electronic structure of the polypeptide.

Finally, the effects of including polarizable group contributions provide a qua-
litative explanation of the discrepancies between predicted helix band intensities
and those derived from experiment. For § = —40°, in both the a- and PPII-helix,
the polarizable group contributions lead to couplets that are opposite in sign to the
exciton helix band. This accounts for the over-prediction of helix band intensity by
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exciton theory and for the failure to observe the short-wavelength exciton lobe
predicted for the a- and PPII-helix.

In summary, exciton theory provides an excellent starting point for the descrip-
tion of the CD spectra of regular polypeptide secondary structures such as helices
and -sheets. However, Moffitt’s theory has required some modifications beyond
those arising from the helix band [15]. First, the incorporation of the n7™ transition
required consideration of intrinsic magnetic dipole transition moments and of elec-
trically forbidden transitions. This was accomplished by the first-order perturbation
theory of Tinoco [46] and by the all-order matrix method of Bayley et al. [27].

Second, end effects in finite helices were studied by explicit calculation of the
exciton eigenvectors [26, 29] instead of the use of analytical exciton coefficients
derived from periodic boundary conditions [1]. This led to the prediction of qua-
litatively different behavior for very short helices vis-d-vis long helices. However,
this result depends on the transition moment direction [31] and on whether mixing
with high-energy transitions is included (present work).

Third, it is important to include mixing of the well-characterized transitions at
accessible wavelengths with very high-energy transitions modeled by polarizabil-
ities. The contributions of such mixing are critical in the case of PPII helices that
show strongly non-conservative CD spectra in the accessible wavelength range. For
systems exhibiting nearly conservative CD spectra, e.g., a-helix and J-sheets,
mixing with high-energy transitions does not alter the spectra in a major way,
but it can lead to significant changes in the predicted spectra.

Methods

Prediction of the CD spectrum of a peptide requires the calculation of the rotational strengths for the
electronic transitions of the amide groups in the peptide. Three discrete transitions in each amide are
considered: the n7™ transition at 220 nm, the first 77 transition (NV;) at 190 nm, and the second 7™
transition (NV,) at 139nm. The 3N rotational strengths (N is the number of amide groups) are
calculated in two steps. First, the matrix method [27] in its origin-independent form [47] is used to
calculate the mixing of the 3N discrete transitions amongst themselves. Calculations of this type have
been performed for many peptides and proteins and have been reviewed recently [48, 49]. The
parameters of Woody and Sreerama [50] are used in the present calculation, except for those calcula-
tions in which the NV, transition moment direction was the variable. The Hamiltonian, wave functions,
and the electric and magnetic dipole transition moments are given by Eqs. (1)—(5). As an illustration,
the perturbation matrix V for two identical groups with two excited states a and b is given by Eq. (18)
where the E |, efc. are the energies of the excited states in the isolated chromophores; V5, represents
the coupling energy of the transition densities 0—a in group 1 with that for 0—b in group 2; and V,;,
represents the interaction of the transition densities a—b in group 1 with the permanent charge density
of group 2. Diagonalization of the V matrix leads to the polymer excited-state energies Ey as the
eigenvalues and the coefficients Cj, for Eqs. (3)—(5) as the eigenfunctions.

Eia  Vianw Viaa Viaw
Viaw  Ewn Viaa View (18)
Viaza Vieea Eoa Vo

Viaw Viees Voan  Eop

V=

The wave function for excited state K(K = 1,...,3N), Pk is given by Eq. (19) in which ¢, is the
wave function for the peptide with group i in excited state a and all other groups in their ground state.
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The coefficient C;,k is the element of the Kth eigenvector corresponding to v,, and its square specifies
the extent to which v;, contributes to the eigenvector. The rotational strength of the transition to excited
state K is given by Eq. (20) [27, 47] where v = ¢?h? /4mm?c?; X is the wavelength of the transition to
excited state K; Vo, is the matrix element of the gradient operator for transition O—a in group i; and
(r x V)jop 1s the matrix element of the (r x V) operator for transition 0—b in group j. The summations
are over all N groups and all three locally excited states.

Yx = XCiak Via (19)
RK = ’}/AKV()K [ ] (I‘ X V)OK = ”VAKZ,'ZaZijC,‘aKCijV,‘()a L] (I' X v)jOb (20)

The gradient matrix element is related to the electric dipole transition moment in the length
representation by the Heisenberg equation of motion (Eq. (21)) [51]

Vioa = (2mme /eh) pp, / Aoa (21)

Thus Vo, is zero for the electrically forbidden nm™ transition and can be calculated from the electric
dipole transition moments for the electrically allowed NV; and NV, transitions. The matrix element
(r x V)0, depends on the choice of origin and is given by Eq. (22) where r’ is the position vector relative
to a local origin centered on the chromophore, and R; is the position vector of this local origin in the
molecular coordinate system (note that although the matrix element in Eq. (22) depends on the origin,
the rotational strengths from Eq. (20) do not). The first term on the right-hand side of Eq. (22) is related
to the intrinsic magnetic dipole transition moment. For the nm™ transition, this is the only non-zero
contribution because V,_x = 0. For the NV, and NV, transitions, we locate the origin of the local
coordinate system at the amide carbonyl carbon [52] and neglect the intrinsic contribution, (r' X V);op.

(rx V) = (' x V), + R; X Vjop (22)

In the second stage of the calculations, the excited states described in Eq. (19) are allowed to mix with
high-energy transitions in the peptide backbone and in the side chains. Their contribution to the rotational
strengths of the discrete transitions can be described by perturbation theory, following methods developed
by Tinoco and co-workers [23, 46] and by Zubkov and Vol 'kenshtein [53]. Early calculations of peptide
CD included the effects of high-energy transitions via polarizable groups [23, 40, 41, 53]. However, the
method requires information about polarizability tensors of groups rather than simply the mean polariz-
ability. Accurate experimental data on the polarizability tensors of amides and other relevant groups are
lacking even now. The tensor parameters used in the early calculations were highly uncertain. For
example, the amide group has been approximated by an ellipsoid with a symmetry axis normal to the
plane and a negative anisotropy [23] and by an ellipsoid with positive anisotropy and the symmetry axis
approximately along the carbonyl bond [54], based on the dipole interaction model [55]. Because of these
uncertainties, the practice of including contributions from the high-energy transitions fell out of fashion.
That these contributions are likely to be important, especially for PPII, is suggested by the failure of
the matrix method calculations that included only the known amide transitions and the success of
Applequist’s classical polarizability or dipole interaction model [56, 57].

Ab initio methods are now available for calculating accurate molecular polarizabilities. Using
localized ab intio wave functions and finite-field perturbation methods, Garmer and Stevens [58]
reported polarizability tensors for bonds and lone-pairs in a number of molecules. In the present work,
bond and lone-pair polarizability tensors derived for N-methylacetamide by W. Stevens (private com-
munication) are used. Following the methods of Tinoco [46], the contribution of the high-energy
transitions to the rotational strength of the transition 0—K is given by Eq. (23) where f(A\k) =
7k /(Ak® — Xo®) and ), is the average wavelength of the high-energy transitions, assumed to be
100nm; qy, is a point charge located at the position Ry, such that 2 qy, R = pyqp, that is the
electric dipole transition moment p, is treated in the monopole or distributed dipole approximation;
the vector from monopole ¢ of transition 0—b on group j to polarizable group [ is Rjp;; = R; — Ry,
and |Rjy,| is the length of this vector; the polarizability tensor of group / is «; and the vector from
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group i to polarizable group / is R; = R; — R;. Details of the method and the polarizability parameters
will be described elsewhere (Woody, to be published).

Rio = f(Ak) 2202202142 Ciak Cibk {4y Rivr.s @ v @ y, X Rn/\ijzﬁlP} (23)

CD spectra are calculated from the theoretical wavelengths Ax and the rotational strengths Ry,
including both types of contributions, assuming Gaussian band shapes, as shown in Eq. (24) where
[GO]K is the amplitude of the Kth CD band (Eq. (25)); Ny is Avogadro’s number; h is Planck’s constant;
c is the velocity of light; up is the Bohr magneton; Rk(cgs) is the rotational strength of the Kth
transition in cgs units; and Rg(DBM) is the rotational strength in units of Debye-Bohr magnetons
(1 DBM = 10~ '8 45 cgs units). The bandwidth for the transition 0—K, A, is calculated as the weighted
average of the bandwidths for the monomer transitions, 4;, (Eq. (26)).

[B1(%) = Zk[6"]x exp[—(A — Ax)*/ 4] (24)

[0 = (487/2Ny/he)[Ri (cgs)| Ak / Ak
= (487/2Ny /hc)[10™'8 ug R (DBM)| A / Ak
= 7515Rk (DBM) g/ Ax (25)

Ag = 25, Ciak” Aia (26)
These bandwidths were taken to be [50] 10.5, 11.3, and 7.2 nm for the n7*, NV, and NV, transitions.
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