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We have expanded the previous Bayley—Nielsen—Schellman type polarizability theory so as to involve a new diago-
nal type of CAE (Condon, Alter, Eyring) interaction energy as {(the previous diagonal type of CAE interaction energy)
— (the electrostatically corrected ground state energy)}, which corresponds to the term pointed out by Misra in his
review article. For the CD and UV band shape functions which were previously derived in a different way, we have new-
ly rederived the polymer CD and UV band shape functions by making use of the Green’s function method, starting from
the well-known text book by Eyring et al. For a monomer polarizability tensor, the two most often used Lorentzian and
Gaussian band approximations will be studied together with practically necessary relationships on the bandwidths.

The theory has been applied to the CD and UV absorption calculations on polypeptides. Previously, unless one
scaled the earlier diagonal type of CAE interaction energy, poor predictions were then obtained, especially for the 3-sheet
polypeptides as well as the small c-helix and S-turn tripeptides. Now, using the new diagonal type of CAE interaction
energies, promising CD results have been obtained together with reasonable UV spectral shifts.

We have recently developed an extended Fano—DeVoe
polarizability tensor theory for circular dichroism (CD) and
ultraviolet (UV) and visible absorption spectra.! This extend-
ed theory has been formulated in terms of a Bayley—Nielsen—
Schellman-type model Hamiltonian,> which involves the
original Fano—-DeVoe type of inter(sub)molecular interaction
energies® and the off-diagonal types of CAE (Condon, Altar,
Eyring) one-electron electrostatic interaction energies;”* to such
a Hamiltonian, we have further added the diagonal types of
CAE interaction energies which are essentially necessary.

So far, similar kinds of Bayley—Nielsen—Schellman-type
secular matrix method>>” have successfully been applied to
the CD spectra for polypeptides. The successes might be
brought about by the fact that only the diagonal type of CAE
interaction energies have wisely been dropped. The previously
extended polarizability theory' has been able to predict well
the CD and UV absorption spectra for the long o-helix
polypeptides using the CNDO/S monomer properties.!°
However, the theory has poorly predicted those spectra not
only for the small o-helix and S-turn tripeptides, but also for
[B-sheet polypeptides. For predicting well these CD and UV
spectra, the previously extended theory has required us to scale
down the diagonal type of CAE interaction energies; other-
wise, extraordinarily large spectral shifts were numerically ob-
served. This indicates that the overestimation of the diagonal
energies sensitively depends upon the peptide back-bone ge-
ometries of these conformations.

To refine the theory, we have found it necessary to modify
the previously extended Fano—DeVoe Hamiltonian,' so as to
involve a new diagonal type of CAE interaction energy such as

{(the previous diagonal type of CAE interaction energy) — (the
electrostatically corrected ground state energy)}. This CAE
interaction energy is similar to the diagonal one for the secular
equation pointed out by Misra,!' who discussed the influence
of the permanent dipole moments on the electronic spectra of
molecular crystals.

In section 1 of the theoretical part, we derive a newly ex-
tended Fano—DeVoe Hamiltonian closely along with the treat-
ment suggested by Misra'' as well as with the description of
the excitation-energy operator presented by Davydov'? and
Kopelman.13 In section 2, on the basis of such a new Hamilto-
nian, we briefly outline the polymer polarizability tensors.
Recently, we have extended the first-order-dimer model for
predicting the CD band shape function presented by Stiles and
Buckingham'*!'> to an infinite-order N-mer model."'® How-
ever, in section 3, starting from the well-known textbook by
Eyring et al.,'” we make use of Green’s function method to re-
derive newly the CD band shape function. In section 4, for the
imaginary and real parts of a monomer polarizability tensor,
the two most often used Lorentzian and Gaussian band approx-
imations will be discussed. Finally, the present method is ap-
plied to the CD and UV absorption band shape calculations not
only on polypeptides having o-helix and f-sheet structures,
but also on a type II S-turn tripeptide such as N-acetyl-Pro-
Gly-Leu-OH. The present formulation has led to promisingly
improved CD spectra and the reasonable UV spectral shifts.

Theoretical

1. Extended Fano-DeVoe Hamiltonian. It may be con-
venient for a polymer (N-mer) to divide the total Hamiltonian
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2 as follows :

7 = ZH(()’")+ z zvmnEHoJrV, (1

m=1n>m

where H{™ represents the Hamiltonian of an mth monomer.
V. signifies the inter(sub)molecular Coulomb interaction op-
erators, for which we make use of the dipole approximation.
The monomer spectroscopic parameters involving the excita-
tion energies and the transition moments are sometimes as-
sumed to be experimentally known;’ theoretically these are de-
termined by the secular equation for H§"™ in the configuration
interaction (CI) method."'®!°

Closely following Davydov’s description'? for the Frenkel
tight binding approximation, we signify the total ground state
|0> by the product |II} QDS")> of the monomer ground states
@ for HY®. When tD( is an fth excited state tb(’”) of the mth
monomer, each one-site excited state |[fin> is expressed by
| @Y ;M @§>. The Ath exciton states |A> of the polymer
(A =1, 2,3, ..) are then expanded in terms of the one-site
excited states |fin> as

N levels N
2> = YN Chlfm>= Y, Y <fmA>fm>.  (2)

m=1f#0 m=1f=#0
In this limited subspace spanned by the one-site excited states

N
|fim>, the completeness such as z Z\ fm><fim] =1 1s
assumed. m=1f#0

A matrix representation of Eq. 1, explicitly relative to the
total ground state energy E, (= <0|#|0>), can be written as
follows:'%13
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\fm>(<fm\Ho\fm> = <O0[H,|0>)< fim|
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HMZ N

N, |fm>(< fmlV|fim> — <0[VI0>)< fin|

m=1f#0
N

+ 2 z | fim>< fm|V|gm><gm|
m=1f#0 g¢0 g#f
N

+ z 2 |fm>< fm|V|gn><gn|,
m=1f#0n#m g=0

3
One may realize that this Hamiltonian is similat to the ex-
citation energy operators in Davydov’s book'’> and also in
Kopelman’s article."® It is to be noted that in Ref. 12 the elec-
trostatic effect <<0|V|0> in the first order of 7 was taken into
account in Eqgs.(3.6) and (3.6a) of Chapter I as well as in
Eq.(2.20) of the Hamiltonian operator in Chapter Ill. However,
Misra had already pointed out that this substraction of
<0|V|0> from the secular equations for molecular crystals is
necessary.!! Usually, <0|.7|0> may be taken to be implicitly
zero as a reference energy <0|H,|0> in the zeroth order. If
there exist some permanent dipole moments, we must consider
the first-order energies <0|V|0> pointed out by Misra'! with
relation to the calculations of <fm|V|fin> mentioned below.
In regard to the diagonal m, f, m, f-terms of Eq. 3, we have
mth site excitation energies:
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<fm|Hy|fm> — <O0|Ho|0> = ¢, 4)

where /(" = Ef¢"/. For the previous diagonal type of CAE
energy V4,.! the new diagonal type of electrostatic energy V4,
is given by

<fm|V|fm> — <0|V|0>

N N
— Uf — 0.,k 00,00, 540k
= Vil = 2”}1’11)' Uﬁl 'M()o) - 2#56") Uk '”{()O)’ 5)

k#m k#m

where T, Zjen mfd - U 1 §f)/2 involved in the two terms are
canceled out. Equatlon 5 was just referred to by Misra.!' In
Ref. 1, the second term of the right-hand side of Eq. 5 has been
dropped. The unit dipole interaction tensors between distances
IR — RY| = |REY| are denoted by :

UM = [IRIC11 = 3RECRIC1IREX |, (6)
and Up?™ is similarly defined. p§" denotes an fth excited di-
pole moment of an mth monomer at the location RY, and Moo o
represents the permanent dipole moment at a kth position ROO.
Bayley et al.? ignored the diagonal type of CAE interaction en-
ergies Vi, but they took into account the off-diagonal type of
CAE energies V,{% = <fin|V|gm> in addition to the genuine
Fano-DeVoe type of interaction energies® V,/% = <fin|V|gn>
between distances |RS — R},| = |R|, which are calculated by
BEP-ULpu (D, p Y signifies a0 — g transition moment at an
nth position Ry,

After all, a newly extended Fano-DeVoe model Hamiltonian
may be assumed as

N
= Y Y kol fm>< fm|

m=1f#0
N

133 vt
m=11#0

(Z_ 2 X |mevili<n + th
+ (i )y i > |fm=>Vilk<en| + h.c.)}

=H, + V. D

2. Polymer Polarizability Tensors in the Newly Extended
Fano-DeVoe Model. From Eq. 7, the m, f, n, g-matrix
elements of the polymer Green’s operator "G(w) = 1/[how — H
+ in] are computed by

PG fi(w) = <fmPG(w)|gn> = {[1 — G@V]"'G(®)}f. 8)
The n, g, n, g-matrix elements of the crude Green’s operator
G(w) = l/[hw — Hy + in] are defined by

1

Gi(w) = <gnlG(w)gn> = ’
( ) gn\ ( )‘gl’l h(a) _ w;r(l)) + in(n))

®

from which the partial monomer polarizability tensor & ;5(w)
is given by — ;L(”)G}f{f(w)ﬂ . Thus, the partial polymer polar-
izability tensor Pa,/%(w) can be computed by — U PG (w)-
1%, Until a later section, we assume that 1) and 17" are posi-
tive infinitesimals, which ensure that G(w) and *G(w) are re-
tarded Green’s operators.



H. Ito

To see qualitatively how the new diagonal CAE energies
VI, are reflected in the UV and CD profiles, let us assume a
special case when these CAE energies Vi, are inappropriately
overestimated to be able to neglect other types of inter(sub)-
molecular interactions. Namely, let us assume that the ele-
ments <fm| V|sk> of Vin Eq. 7 are just limited to be diagonal,
ie., Vi = V,1.6,48;. Then, from Eq. 8, we have approximate-
ly the partial polymer polarizability tensor — i §f*G,f(w)-

e

. 1
P eyl w) = — (m) (m)
amm( ) #Of [G,{Z,,((U)]il _ V,yj?:n ”fO
_ B 1Y
ho — holy — Vi, + iy’ (10

which explains qualitatively the spectral shift by V,7, from
hof’. Here, as the general case, we exactly solve the inverse
matrix of the polymer Green’s matrix equation given in the
braces of Eq. 8. In this way, the new matrix elements V,;J,bring
about appropriate spectral shifts in the CD and UV bands; the
comparison of the numerical results will be made in Figs. 3
and 4 in the last section.

3. Chiral Polarizability Tensors for a Polymer and
Monomers. 3-A. Monomer Chiral Polarizability Tensor:
Quantum-mechanically, Eyring et al.!” presents the derivation
of the scalar chiral polarizability B(v) for a free molecule

2C levels Im -m
@) = 23 Imlbosmy]
30 Fowg — @ — 201,
Im[pogm ]

2C levels
= 7T 2 2 _ 2 _ -
3| h & Wz — @ i20m,

}E;ﬁmw,
(an

where 1, = 0 and Tr [fogme] = Hog'mgy. Again, 7, intro-

duced above is assumed to be infinitesimal until the later sec-

tion. Pertaining to Eq. 11, we make use of the following rela-
tionships:

1

Wy — O°

— i20m,

1 —1 1
= +
2wg0(w — Wy t+ iN, 0+ 0 + ing)

1 —1 —1
20 + i2ng(w — Wy t+ iN, 0+ 0, + ingJ
-1
wg() + lng]

20[lw —

(12)

where neglecting each term involving (@ + @, + in,), one

can assume @y = @ in the gth transition region of interest. In

the CD and UV band shape calculations, it was numerically

checked that the approximation of Eq. 12 is correct even for

finite values of 1,. Then, the chiral polarizability tensor of the

free molecule can immediately be defined in terms of Green’s
operator G(w) = 1/[hw — Hy.. + in] as follows:

Bw) = ZO”O’J M
g8#
<0\y ) Im m|0>, (13)

Bull. Chem. Soc. Jpn., 76, No. 1 (2003) 61

with

Hfree|g> = ﬁwg0|g>’ (14)

where gth state functions |g> is assumed to satisfy the closure
relation X, |g><g| = 1. Here,  and m are respectively the
electric and magnetic dipole moment operators of the free
molecule, so that B(w) is defined in terms of G**(w) = 1/A (@
— Wy + iN,). To specify an nth monomer in a certain polymer
for B(w), the nth (full) monomer chiral polarizability tensor is
written as follows:
ﬂMw)z—cZuwﬁ“m

g#0

mm{;) = Zoﬂiﬁ(w), (15)
8+

where B5(w) defines the nth partial monomer chiral polariz-
ability tensor for the gth level, Similarly, & §5(®) mentioned in
section 2 is obtained starting from o(®) in Ref. 17.

3-B. Polymer Chiral Polarizability Tensor: =~ We define
the dipole moment operator for the polymer (N-mer) system:

u= ZZ —en —
where ™ denotes the dipole moment operator for the position

vector R, of an nth monomer. Also, the nth monomer magnet-
ic moment operator M,, is defined by

M, = (2;’;)21 x p{"
= (G )E 0 — Ry x p”
(ch)ZR X p(n) (a7

in which the first term denotes the nth local monomer magnetic
moment:

ZMM (16)

— electrons
m(n) — (76) r — Rn X l{n)7 18
S~ Z( ) X p (18)

The total magnetic moment is then given by
N
M=3YM, = Zm“’) +( )ZZR X p". (19)
n=1 n=11i

By making use of the velocity-dipole relation®® for the Ath
excited states for a polymer:

() — (n) — o5y (n)

n n . n
im W, (20)

2.0

Pio = T Pox
we obtain the total rotatory strength:

Y Im[<O0p|A> - <AM|0>]

A#0
33 Sl e
o g5 <
-3 i i {<0‘ﬂ(m)‘/l>.<l‘m(n)‘0>
4 @0 p Ry, - <O A> x </1‘ﬂ<m)‘0>}, (21a)
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I MZ

N
z {Tr Im[<0‘ﬂ(”’)‘l><l‘m(n)‘0>]
1

n=

N

#0

+ ":&R <O ™A= < A0 g]}, (21b)
c

where it is assumed that X;|A><A| = 1 holds for Ath state
functions of the polymer Hamiltonian. In Eq. 21b, € signifies
the Levi—Civita tensor,”* the second term corresponds to the
[t interaction mechanism derived by Condon,” and the first
term represents the —m mechanisms.”®

From Eq. 11 using Egs. 12 and 21b, we can define the poly-
mer scalar chiral polarizability:

iz Im[<OjgA> - <AM|0>]
3h 50 0y — @ — i20m,
’G(a))

polymerﬂ(a)) —

“Tr<0
3 e

2 ZR,,," <O G(@)u™0>: &

m 1 n=

/3,4_”1((0) + "By u(@). (22)

Inserting the resolution of identity into the second term
PB, (@) of Eq. 22, we obtain the p—g part of the scalar poly-
mer chiral polarizability:

Z S % 3 Rk

m 1n=1f#0g=0

Im m|0>

"By u(@) = PGl (@) - €,

(23a)
which was classically derived by Buckingham and Stiles,"
DeVoe,?'”> and Applequist.>* In Egs. 21, 22, and 23a, a dis-
tance vector R, comes from the position operator R, of Eq.
19. Clearly, R,, and R, are associated with the transition dipole
centers R} and R§ for pi’ and S through Egs. 20 and 21.
Namely, we represent R, by R,® explicitly to show the gth
level-dependence. Therefore, for a distance vector R (=R¢
— R}, the scalar polymer chiral polarizabity may be in general
given by

PRy p(@) = S U PGl (@)Y - &,

1 N
B

i

n f¢0g¢

(23b)
We can derive Eq. 23b from the beginning rather than intu-
itively assuming Eq. 23b from Eq. 23a, if we consider the dou-

ble appearances of R}, RS) and (RS, R)) in the following sum:
G(a))

"B(@) = —— <Ol

3
i Y 2 Z{ 3;:5’”>Pcfn(w) Immyy) /o

1 f#0 n=1g=#0

-ImM|0> = %Tr”ﬂ(w)

_ la)(”)ﬂof)”Gfg((v) RS X u(”)/a)}
= pﬁu*m(w) + pﬂufu(w)- (24)

After all, the last term of Eq. 24 becomes Eq. 23b, if we
consider that we can assume a)(’” =~ @ in the related spectral
regions.

3-C. CD and UV Band Shape Funtions: In pevious sec-
tions, 17 and 1), are assumed to be infinitesimals. This means
that in the numerical calculations, 17 and 1), appearing in the
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denominators of polarizabilities must be chosen to be suffi-
ciently small so that the limits of 1) and 7, are meaningfully
computed, but 17 and 7, must be large enough to reproduce the
experimentally observed UV and CD curves. Since the chiral
polarizability of Eyring et al. is just for 77, = 0 in Eq. 11, S(w)
diverges at the resonance energy @Sy, so that their S(w) ap-
plies only outside of resonance regions. However, at the reso-
nance points for the chiral and electric polarizabilities B(cw)
and a(w), many investigators make use of finite but sufficient-
ly small values for 17 and 7,; the often used damping factor 1"
=T (”)/2 is taken to be the half-width at half-height (HWHH)
of the experimentally observed gth Lorentzian band, I'{"” being
the full-width. Even in this compromised choice of 17,, the re-
lationships a)éb’) > 1, must be presumed. Then, we must con-
sider what the finite value of 7, means. The damped oscillator
model may be an answer to this.**3! Another answer may fol-
low from the Fourier transform of o55(®) which leads to o5(¢)
= | tog|*/h exp(—iw{'t)exp(—n,1).** This shows that the dipole
strength |Ho,|* with finite lifetime 1/, decays according to
exp(—1,h).

The CD band shape function is given in units of deg cm?
dmol ! by:!

[O(w)] =
72N 1 N N levels levels . ) Y
Vo LS S SN I L Rf Gl @) e
c N =1 7=1 150 =20 12
1 1 PGE (w)
——Tr[—pW—"""" Imm{)]}.
3 [ZE”Of ) o 1)

(25)

The UV/vis absorption band shape function is computed in

units of dm* mol~! cm ™! by:
47TNA levels levels
re(w) = — Im[ Tr P o) (@)].(26
2302.6¢ Nmz'l ;1 /;0 ;;Z'o ( )

4. Lorentzian and Gaussian Approximations for the
Imaginary Part of an nth Monomer Polarizability Tensor.
In the classical forced oscillator models and the quantum theo-
ries,**3! the absorption curve is shown to exhibit the Lorentz-
ian behavior associated with natural line widths. Guassian
profiles are produced by the random thermal motion; the Gaus-
sian behavior is understood by the Doppler effect calculated
from the Boltzmann distribution of the velocities of the oscilla-
tors and atom®! or molecules.®® In general, however, it appears
theoretically difficult to make simple predictions for the mono-
mer band shapes for complex molecules. In the actual CD and
UV calculations of polymer systems based upon monomer ab-
sorption and dispersion curves, the Lorentzian and Gaussian
shapes are emprically and widely used ;*"?*3 the absorption
UV curves are related to Im of3(w) with the finite HWHH n,7 @
and 1. In the symbolic identity:

| — 1
E — EQ + inl) o E - EJy

— ind(E — E{),

27)
where T)(") and ng(") are sufficiently small, we can relate the
Dirac delta function with the two types of delta function forms
well-known for the Gaussian function and the Lorentzian func-
tion.¥ For the Dirac delta function, Briggs and Herzenberg
have employed a Gaussian curve having the finite 7, for the
UV band of J-aggregates,*® simply regarding a single UV band
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Non-averaged scalar polarizability
a(\) =Tr a(h)
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Fig. 1.
izabilities for the 193 nm n7* band (=
strength £V = 0.237.

as a vibrational envelope. By the reasonings given in section
3-C, we also use the finite 1, and 7 for infinitesimally small
quantities assumed in the previous sections.

Then, the imaginary part for the Lorentzian type of polariz-
ability is obtained by:

_ ).
o py

3o — ol + ing’]
_ —uGuy ) (0 — o) — ing” (28)
3% (0 — of) + )

The imaginary part for the Gaussian type of polarizability is
given by:

o (@) = %Traﬁﬁ(w) -

() \2
w — Wy,
Im o (@) = iy Tt i e D)
Al A}

where Ag™ is the half-width at the 1/e of the peak height for
the Gaussian band; for the half-width ng,”) and the full-width

(", we have the relationship?” TI'{" = 2~In2AP = 2n{".
To choose a reasonable Gaussian half-width A", one can also
derive such a useful relationship as A? = 7 775(" To derive

Re o), we make use of the Kramers-Kronig relation:

88
Re 0% (w) = Q])J' w
T~ o — o
() - exp{—a?} ,
AP Jrlaf — (0 — ol A
(30)

We must then determine the integral of the form of

fl@) = @Jexp(—x’z)/(x' — z)dx,

which can be derived in a way similar to that by which Wyld
derived the same kind of integral.?® Starting with z in the up-
per half of the z-plane, but moving z up onto the real axis, we

Wavelength dependence of the real and imaginary parts of the Gaussian and Lorentzian types of non-averaged scalar polar-
A%) of an amide molecule with Y = 1500 cm™', AY = <7 1%, and the oscillator

oL

obtain a Dawson integral:?
exp(—z7) Z) — 49 mexn(—a? [“ 2
@J S = =2\ mexp(—a )joexp(+z )dz. @31

From Eq. 31, we thus obtain

2
‘ﬂg() 1
3f AP

(n)
— 0 -
AN ﬂexp{—(w) :|
8

For = (0 — @) > 0, from Eq. 31, we can have

Reof(w) =

Ja(mi,g' - )/ AP

A exp(+y*)dy.  (32)

‘ (m?

Ml o] (@ = oY [fo - o
anap P AW o

exp(+y?)dy.

Re offf (@) =

(33)
As shown in Fig. 1, whose conceptual features are separately
shown in various textbooks>*** except for that of a Gaussian
dispersion curve, Eq. 33 gives rise to the Gaussian dispersion
curve which is rather different from the Lorentzian dispersion

curve. We can numerically compute the Dawson inte-
gral®?**3%37 using Simpsons’ formula and/or Newton-Cotes’
formula.*”

Results and Discussion

To compute Egs. 25 and 26, one can approximate monomer
electric and chiral polarizabilties together with Eq. 9 using the
monomer spectroscopic parameters of formamide HCONH,
(Cy, symmetry) and the three typically assumed conformers N,
P, and PN (Cy,) of myristamide CH3(CH,);,CONH,; conform-
er PN is shown in Fig. 2.

1. Computed Results of Monomer Spectroscopic Proper-
ties. From large CI calculations by the CNDO/S method,* "
we took into account only the two low-lying nz™ and 7™ tran-
sition states for the monomer amides. In Tables 1, 2, and 3, we
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by

4

\.f §.

i,,‘ §\ Myristamide (ConformerPN; Cy;, symmetry)

Fig. 2. First amide chromophore (n = 1) of a polypeptide on
which the Cartesian coordinate system is assumed. Forma-
mide and the three kinds of conformers (&, PN, and P) of
myristamide are superposed on this x, y-coordinates;'
when polymers are constituted from the conformers of
myristamide chromophores, the bulky size of tridecyl
group is ignored. The C,,—;(C’ONH),-units are taken in
the same plane. Regarding myristamide, we assume R¢.c
=Rcc=153A,Rcy = 1.00 A, and Ry = 1.00 A. For
the nearest methylene group to the x,y-plane of amide as
well as for other methylene groups and methyl group, we
assume the terahedral angle. For the myristamide with Cy,
symmetry (conformer PN), the nearest H,C,—CH, bond
of the tridecyl group is taken to be eclipsed with the C'O
bond of the —C’ONH, plane, while for an optical active
conformer P and/or N, the one of two C,H bonds is as-
sumed to be eclipsed with the C’N bond of the —C’ONH,
plane. Therefore, the tridecyl group of confomer P is in
the upper side of the —C’ONH, plane, while that of the
conformer N is in the lower side of the —C’ONH, plane.

listed the necessary monomer spectroscopic properties. The
excitation energies in the footnotes were chosen from the em-
pirical values.!**! Except for these excitation energies and
the assumed 71", we used the values computed. The dipole po-
sitions for ui, ui”, u'p’, and u§g’ were put on the centers of
gravity simply for four limited absolute atomic transition
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charges in —(C’ONH),,—.

Also, in Tables 1, 2, and 3, the nn* magnetic moment direc-
tions and the 7™ electric transition moment directions are giv-
en. As shown in Tables 2 and 3, the projected angle /i
C’0O between the 7™ electric transition moment and the car-
bonyl bond for the conformers of myristamide agree poorly
with the experimental value of —35° *+ 3°443 Ag far as the
directions of transition moments are concerned, the achiral for-
mamide seems to be preferable as an amide chromophore
available to the chiral and achiral myristamide conformers.
However, the oscillator strength of the z* transition is under-
estimated by a factor of 2.53, which means that the o transi-
tion moment is underestimated by a factor of 1.59 (= 2.53).
Also, the calculated oscillator strengths of the 7t transitions
of the three conformers assumed for myristamide are underes-
timated by factors 1.37 and 1.32.

In addition to the above-mentioned large deviations from
observed transition directions,*** Clark showed that the 7™
transition moment is polarized at —55° = 5° for N-acetylgly-
cine which is a model compound of secondary amides;** the
secondary amides are in general constituent chromophores in
polypeptides. His observation indicates that neither the chiral
conformers N and P nor the achiral conformer PN of myrist-
amide are good model chromophores for polypeptides. In
spite of this discrepancy, to see how the present theory works,
we carried out the CD calculations using the monomer proper-
ties of chiral and achiral myristamides as well as formamide.

The monomer properties of Tables 1 and 2 assume the use
of intrinsically optical inactive monomers (Cy;) for polypep-
tides, whereas those of Table 3 assume the use of intrinsically
optical active monomers. A similar example for the former
case may be the CD study of cyclic amide dimers presented by
Bowman et al.*° For the latter case, the formulations"!41620
involving the chiral polarizabilities may be convenient. Keep-
ing in mind appropriate chiral chromophores in polypeptides,
Volosov carried out the calculation of rotational strengths for
myristamide;** his CNDO/OPTIC results for the crystal struc-
ture, i.e., R"»= +0.08843 DBM (+ 8.2 X 10" cgs) and R{x
= —0.00647 DBM (—0.6 X 10™*° cgs) can be compared with
the results of Table 3 (R!% = F0.01442 DBM and R{} =
+0.03754 DBM for conformers N and P). The upper negative
sign is associated with the conformer N; several investi-
gators****7 have also shown that the amide chromophores
having the negative nz* chiral optical activity could be used as
starting monomers.

However, most CD calculations have successfully been car-
ried out based upon achiral amide chromophores, which means
that the principal sources of monomer chirality are dissymetric
torsion about peptide bonds and pyramidalization at the amide
nitrogen.***® Even if this is true, it may be valuable to carry
out the CD calculations by employing not only such chiral
amide chromophores but also achiral amide chromophores
often used as starting monomers. Whichever one may choose,
our formulations''®?° may be useful.

2. Computed Results of CD and UV Absorption Curves.
The validity of the present method must be examined for the
following typical conformations of polypeptides, since chang-
es of the peptide backbone geometry as well as the choice of
the monomer spectroscopic paremeters mentioned are sensi-
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Table 1. Spectroscopic Monomer Properties Computed by the CNDO/2S Method, for the Two Low-Lying
Levels (n7*, nn™) of All the Possible 54 X 54 Singly-Excited Configuration Interaction Calculations of
the Achiral Formamide Chromophore (Cy;, symmetry)

gth State haol A 150 [Exptl.; Ao (AW, f521
nm 4.74 eV (262 nm) 0.00854 [5.65 €V (219 nm), 0.002]”
nn* 7.76 eV (160 nm) 0.09504 [7.32 eV (169 nm), 0.240]
/e (' 0.00000, 0.00000, 0.14356 A)® out-of-plane
mi (—0.42567, 0.73605, 0.00000 BM) in-plane (Zm,,»—X-axis = 59.9°)9
Hikle ( 0.01407, 0.37379, 0.00000 A)® in-plane (Zft;»—C’O = —33.2°)9
mi: (' 0.00000, 0.00000, 0.55834 BM) out-of-plane
Moz Shle = W Shle ( 0.00000, 0.00000, 0.16065 A)® out-of-plane
= Ihle (—0.13414, 0.38017, 0.00000 A) in-plane
,m*,,(,"n)*/e (—0.00893, 1.31831, 0.00000 A)° in-plane
uiy (—1.81188, 4.93453, 0.00000 Debye)® in-plane
a) Refs. 41, 42, 43, and 46. Regarding the parameterization, see Ref. 1. For nn™ and nz™ transition energies,
we use the experimentally assumed values of A%’ = 210 nm and 185 nm with the same damping factor 77" =

1500 cm™'. b) By the dipole-velocity method. c) The dipole-length method, by which the following results
were obtained;

/e (0.00000, 0.00000, 0.04141 A), out-of-plane, f{%= 0.00071

18e (—0.10533, —0.73058, 0.00000 A), in- plane (LUz—C’O = —39.2°), ful=0.37009
u,,,,* Wle = M /e (0.00000, 0.00000, 0.05639 A) out of-plane.
Note that diagonal types of moments such as #oo s Mur, ™, and - ™. have no choice except for the dipole-
length method. d) An angle measured down from the x-axis of the amide plane; for the C’O reference axis, a
positive angle is measured toward the N-atom of the amide; the experimental value of —35° = 3°, which cor-
responds to 9.1° toward the C'N bond direction from the NO direction.

Table 2. Spectroscopic Monomer Properties Computed by the CNDO/2S Method, for the Two Low-Lying
Levels (n7*, nn*) of the Limited 120 X 120 Singly-Excited CI Calculations (12 occ. MO’s — 10 unocc.
MO’s) of the Achiral Myristamide Chromophore (Conformer PN, Cy;)

gth State haol A ) [Exptl.; hag (AD), f6:]

n* 4.82eV (257 nm) 0.01029 [5.65 eV (219 nm), 0.002]”

nn 8.26 eV (150 nm) 0.17516 [7.32 eV (169 nm), 0.240]
kle ( 0.00000, 0.00000, —0.15614 A),” out-of-plane
mf,’% ( 0.38788, —0.82976, 0.00000 BM), in-plane (Zm,X-axis = 64.9°)"
Tiay ( 0.09140, —0.48385, 0.00000 A),” in-plane (£pt—C’0O = —20.5°)
miz’n) ( 0.00000, 0.00000, —0.85312 BM), out-of-plane
Mo Skl = g S/ ( 0.00000, 0.00000, 0.12288 A) out-of-plane
= Ihle (—0.35144, 0.41542, 0.00000 A)° in-plane
e ke (—0.09566, 1.24925, 0.00000 A) in-plane
B (—2.41865, 4.82844, 0.00000 Debye),”  in-plane

a) Refs. 41, 42, 43, and 46. Regarding parameterization, see Ref. 1. For n7* and 77" transition energies, we
use the experimentally assumed values of A% = 210 nm and 185 nm with the same damping factor 7"
=1500 cm™~'. b) By the dipole-velocity method. c) The dipole-length method, by which the following results
were obtained;

L4e (0.00000, 0.00000, 0.06507 A), out-of-plane, £%= 0.00179

(")*/e (0.17281, —0.76240, 0.00000 A), in-plane (£ fr—C'O = —21.5°), fh= 0.44148
Wy e = o /e (0.00000, 0.00000, 0.06527 A), out-of-plane. -
d) An angle measured down from the x-axis of the amide plane; for the C’O reference axis, a positive angle is
measured toward the N-atom of the amide.
Atomic transition charge densities of amide chromophore (—C’ONH—);

q,m = —-0.09987 ¢% = 000469 ¢+ = -004163 ¢ = —0.00003
g = 0127 ghe = -044166 g = 026955  gre = 000276
qnn a0 = 0.09310 qnn 2 = 0.19945 q:m = —0.52065 Qnﬂ = 0.18028
qm w = 00909 gl = —004125 i = 003512 glere = 017652
qnn = (Imz*nﬂ’; qrm = qi?n*nn* an = 4 71;17[*}177.'* qnn: = q?n*mr*
= —0.04684 = —0.01693 = —0.09333 = —0.00007
&S = 075074 4§  =-030359 gY = -043993 g = 0.17889

65
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Table 3. Spectroscopic Monomer Properties Computed by the CNDO/2S Method, for the Two Low-Lying Levels

(nmt®, nr™) of the Limited 120 X 120 Singly-Excited CI Calculations (12 occ. MO’s — 10 unocc. MO’s) of the

Chiral myristamide Chromophores (Conformer (§)), where + and ¥ Values Correspond, Respectively, to Values

for Conformer (%)

gth State holy A ) [Exptl.; Ao (AD), f621
nw 483 eV (257 nm) 0.01079 [5.65 eV (219 nm), 0.002]”
ot 8.25eV (150 nm) 0.18117 [7.32 eV (169 nm), 0.240]

. fe (—0.00476, 0.00154, 70.15974 A) s %= 0.01079; R":= 70.01442 DBM
m (+0.38759, %0.81053, —0.00059 BM) (projected angle Zm,,—X-axis = 64.5°)%
Hxe (—0.12770, 0.48401, 70.01891 A)® s foe=0.18117; R%-= +0.03754 DBM

(projected angle Zpt—C’O = —16.2°)Y

my (¥0.01893, =0.01182,  0.84369 BM)

(. orle = Uk /e (0.02042, 0.01578, ¥0.10276 A)
o le  (—0.41301,  0.44806, 70.04695 A)©
. ole  (—0.13881, 1.19746, ¥0.03541 A)®

u (—2.55363, 4.80145, %0.15411 Debye)

a) Refs. 41, 42, 43, and 46. Regarding the parameterization, see Ref. 1. For nz™ and 7z transition energies,
we use the experimentally assumed values of A’ = 210 nm and 185 nm with the same damping factor 7" =
1500 cm™'. b) By the dipole-velocity method. c) The dipole-length method, by which the following results
were obtained; pik/e (—0.01408, —0.00040, ¥0.07319 A); £ = 0.00235; R%:= 0.02445 DBM, p{}/e
(—0.20961, 0.75493, 70.01465 A); fik= 0.44337; R%:= F0.00255 DBM (projected angle Zft+—C’O =
—15.5°), P8 porle = Uik ,o+le (—0.02650, 0.01730, ¥0.07150 A). Note that diagonal types of moments such
as o), Wi ux", and P -+ have no choice except for the dipole-length method. d) An angle measured down
from the x-axis of the amide plane; for the C’O reference axis, a positive angle is measured toward the N-atom

of the amide.
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Fig. 3. CD and UV absorption curves for the o-helix of a decapeptide, which were computed with the Lorentzian and Gaussian
monomer band shape functions, using the CNDO/S monomer spectroscopic parameters of formamide chromophore (C;;) which
were obtained in the dipole-velocity method. The results for previous extended Fano-DeVoe (EFD) method are also plotted.

tively reflected in the CD and UV curves.

o-Helix Structure: We used an idealized right-handed o~
helix structure for the backbone dihedral angles® ¢ = —57°, w
= —48° w = 180°. In Figs. 3, 4, 5, and 6, the results for the
o-helix of decapeptides are shown with the CD curve observed

for poly(y -methyl-L-glutamate).”® In Figs. 3 and 4, we found
that the present method exhibits improved CD curves together
with the reasonable UV spectral shifts without scaling of V4,
which was, however, invoked to obtain reasonable CD and UV
bands in the previous method.' In Fig. 4, we can see how the
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Fig. 4. CD and UV curves for the a-helix of the 10-mer, which were computed with the Lorentzian and Gaussian monomer band
shape functions, using the CNDO/S monomer spectroscopic parameters of the conformer PN (C,;) of myristamide which were
obtained in the dipole-velocity method. The results for previous extended Fano—DeVoe (EFD) method are also plotted.
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Fig. 5. CD and UV curves for the a-helix of the 10-mer, which were computed with the Lorentzian and Gaussian monomer band
shape functions, using the CNDO/S monomer spectroscopic parameters of three kinds of conformers N, P, and PN (C,;) of myris-

tamide which were obtained in the dipole-velocity method.

CD curve obtained by the original Fano—DeVoe method can be
refined in the present extended Fano—DeVoe method.
Comparison of Figs. 3, 4, 5, and 6 shows that the CD curves
obtained for confomers P and PN of myristamide with Gauss-
ian band approximation give good agreements with the ob-
served CD spectrum. The achiral formamide leads to poor

agreements, owing to much underestimated 7™ transition mo-
ments. As shown in Fig. 3, scaling of the ar* transition mo-
ment to the experimental oscillator strength of 0.24 gives a rea-
sonable CD curve which is comparable with the results of
achiral and chiral conformers of myristamide. This scaling,
however, could not produce reasonable CD curves for -sheet
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Fig. 6. CD and UV curves of the chain-length dependence for the o-helix polypeptides, which were computed with the Lorentzian
and Gaussian monomer band shape functions, using the CNDO/S monomer spectroscopic parameters of the conformer N of

myristamide which were obtained in the dipole-velocity method.

structures (data not shown). The chain-length dependence ex-
amined in Fig. 6 shows a tendency that the CD curves con-
verge on the typical CD curve of a-helix.

The defect of the dipole approximation®' might not be cir-
cumvented especially for small tripeptides, whose molecular
sizes fall in the ranges of bond length distances; as shown in
Fig. 5, the tripeptides exhibited unusual CD curves when we
made use of smaller Gaussian half-widths than Ay = 7 1,7
with 77 = 2100 cm™'. In the Lorentzian approximation,
however, we did not observe the unusualness found in Gauss-
ian CD curves which are sensitive to A{"” especially for B-sheet
structures and small o~helix and S-turn tripeptides. The mono-
pole approximation®' might become significant in S-sheets and
[-turns; in the dipole approximation, the dependence of mono-
mer properties upon CD curves seems to be small for long -
helical polypeptides.

B-Pleated Sheet Strucures: Plotted in Figs. 7 and 8 are
the CD and UV bands computed for the antiparallel and paral-
lel B-pleated sheets as two-dimensional puckered arrays of two
chains with pentapeptides (2 [chains] X 5 [peptides]); the CD
curve observed for the antiparallel B-sheet is also plotted.”’
These bands were computed using the monomer properties ob-
tained by the dipole-length method for the conformer N of
myristamide in Table 3. We made use of ¢ = —119°, y =
+113°, @ = 180° for parallel B-sheet* and of ¢ = —138.6°, w
= +134.7°, @ = —178° for the antiparallel S-sheet.** We as-
sumed the interchain distances 4.72 A for two kinds of f3-
sheets.”?

As shown in Figs. 7 and 8, only the best results for the
monomer properties of chiral conformer N of myristamide ob-
tained by the dipole-length method were obtained in spite of
the use of the experimentally unsatisfactory 7z transition di-
rections. In the Gaussian approximation, the experimentally
inappropriate 7z transition direction seem to bring about un-
satisfactorily poor CD and UV band shapes. Compared with
the Lorentzian results, one may realize that the nr* UV band
having a big hump is relevant to the unusual nz* CD curve in
the Gaussian result.

B-Turn Conformations: Using the secular matrix meth-
0d,>>7 Woody presented the pioneering calculations of various
B-turn conformations of tripeptides.”> Here, we carried out the
calculations of CD curves of type I, II, I, and IV SB-turn struc-
tures for a tripeptide, neglecting side-chain groups; dihedral
angles such as @+, Wi, (@i+1,) Pirva, Yira (, Wit2) for type I,
II, and Il were employed from Ref. 54 (Type I ; ¢;+; = —60°,
Wir1 = —30° wiy; = 180° and ¢;1» = —90°, ¥iyp = 0°, @irs
= 180°, Type IIl; ¢+, = —60°, ¥y = —30° wi+; = 180°
and ¢i+, = —60°, Y., = —30° w;+, = 180°); those of type
IV were employed from No.8 of Ref. 55 (Type IV; ¢is1 =
120°, wiyy = 270° wiy; = 180° and ¢4, = 240° yiyp, =
210°, w;4+, = 180°). For B-turn tripeptides, we assumed a
homo-tripeptide as well. However, for the 7™ transition ener-
gies, we assumed 185 nm for the Gly- and Leu-chromophore
and 202 nm for the Pro-chromophore (trans-form tertiary
amide) following the previous parameterization of Ref. 1.

Shown in Fig. 9 are the CD curves computed using the
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Fig. 7. CD and UV absorption curves for antiparallel B-sheets of 2 (chains) X 5 (peptides), which were computed with the Lorentz-
ian and Gaussian monomer band shape functions, using the CNDO/S monomer spectroscopic parameters of myristamide which

were obtained in the dipole-length method.
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Fig. 8. CD and UV absorption curves for parallel S-sheets of 2 (chains) X 5 (peptides), which were computed with the Lorentzian
and Gaussian monomer band shape functions, using the CNDO/S monomer spectroscopic parameters of myristamide which were

obtained in the dipole-length method.

monomer properties of formamide obtained in the dipole-
velocity method. For the type II B-turn of Lewis®™ (Type 1I ;
01 = —60°, wiy = +120° w;4; = 180° and ¢;4, = +80°,
Visr = 0° @4, = 180°), the CD curve obtained is in good
agreement with the CD curve observed for the tripeptide, N-
acetyl-Pro-Gly-Leu-OH, which is believed to have a4 — 1 hy-
drogen-bonded type II B-turn conformation.® Lorentzian and
Gaussian approximations are found to give similar satisfactory
results, whereas use of the monomer properties of myristamide
gave rise to unsatisfactory results, perhaps due to the large dis-

crepancy of its 7™ transtion moment direction from the exper-
imental results.*>*

In Fig. 9, use of the conformer N of myristamide suggests
that N-acetyl-Pro-Gly-Leu-OH prefers type II” B-turn structure
(the inverse of type II) especially in the Gaussian band approx-
imation. It is, however, difficult to determine which is correct,
because CD curves computed for the S-turns as well as the -
sheet structures show extremely sensitive dependence upon
monomer spectroscopic parameters compared to the o-helix
structure. To conclude this, we must carry out the CD calcula-
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Fig. 9. CD curves for a Type I S-turn of a tripeptide which are plotted in the left ordinate. These CD bands were computed with the
Lorentzian and Gaussian monomer band shape functions, using the CNDO/S monomer spectroscopic parameters of formamide
which were obtained in the dipole-length method. In the right ordinate, the CD curves for type I, II, IIl, and IV are plotted. The CD
curves computed are compared with the CD curve observed for the tripeptide, N-acetyl-Pro-Gly-Leu-OH, supposedly having a
4 — 1 hydrogen-bonded type I S-turn. The results obtained for type Il and II” using the spectroscopic parameters of the conform-

er N of myristamide are also plotted.

tions for huge numbers of possible conformations of S-turn
structures gathered by Smith and Pease®’ in their review article
which involves Refs. 53, 54, and 55.

3. Final Remarks. (1) The Bayley—Nielsen—Schellman-
like matrix theories>*~ involve only the off-diagonal type of
CAE electrostatic interactions V,/%. Their successful results>>”’
indicate that their wise truncation of the diagonal type of CAE
interactions V,f,as well as our stopgap scaling' of V,f, corre-
spond to the present modification of V,fl, Without the scaling,
we have successfully obtained the CD and UV absorption
curves. As have qualitatively been shown in Eq. 10, the
present success is thought to be brought about by the insertion
of appropriately corrected CAE energies V,,to the denomina-
tors of the monomer Green’s functions. (2) Based upon the
textbook by Eyring et al.,'” we derived exactly the same CD
and UV band shape functions as those of Ref. 1. (3) The
present exciton treatment may be extensively applied to cyclo-
dextrin inclusion compounds and nucleic acids, because all the
chromophores have permanent dipole moments.3-%
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