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ABSTRACT: Conformational energy calculations were carried out to predict main-chain conformations and
side-chain orientations of sequential polypeptides with repeating units of Ala,-azoAla (I; m = 1-3), Ala-
azoAla-Aib-azoAla (II; m’ = 1), and Ala,-1-azoAla-Aib) (II; m’ = 2 and 3). The L-phenylazophenylalanine
(azoAla) units in the sequential polypeptides were assumed to be in the trans state. Circular dichroism
spectra were calculated for the predicted conformations on the basis of exciton theory. For both series of
polypeptides theoretical CD spectra agreed with the experimental spectra for m(m’) = 1 and 2, in their profile
and magnitude. The agreement indicates that the azobenzene groups are arranged regularly along the helix
in the real polypeptides. In the case of m(m’) = 3, theory predicted opposite the CD profile with very small
intensity compared with the experimental CD spectrum. The discrepancy was tentatively attributed to a

partial unwinding of the helical conformation.

Inthe accompanying paper, six sequential polypeptides
containing L-p-phenylazophenylalanine (azoAla) units
were synthesized and a relation between the amino acid
sequence and the circular dichroism spectrum (CD) was
studied.! The CD spectra showed similar patterns of
negative exciton couplet (positive peak at shorter wave-
length and negative peak at longer wavelength) for the six
polypeptides, although the spatial arrangements of azoben-
zene groups are quite different from each other. Fur-
thermore, it was suggested that the main-chain confor-
mations of the poly[Lys(Z),,-azoAla] series are different
from those of the Aib-containing polypeptides [Lys(Z) =
Nt[(benzyloxy)carbonyl]-L-lysine, Aib = a-aminoisobu-
tyric acid]. This paper describes theoretical approaches
to the questions raised in the above experiment. The
arrangement of the azobenzene side groups can be pre-
dicted from empirical energy calculations for the six
sequential polypeptides. By usingthe spatial arrangement
of azobenzene groups, theoretical CD can be calculated on
the basis of exciton theory. The calculations will clarify
(1) how the azobenzene groups are arranged spatially in
each sequential polypeptide and how they fluctuate around
the most stable orientation, (2) how the CD spectrum
changes for different spatial arrangements of azobenzenes,
and (3) how intense the CD spectrum could be when all
irregularities and the fluctuation that are experimentally
unavoidable were excluded.

Conformational energy calculations have been carried
out successfully to predict side-chain orientations of poly-
peptides carrying arylalanine-type amino acids.2* Since
inthe arylalanine-type amino acids, a bulky aromatic group
is linked to the a-carbon by a single methylene chain, the
reliability and accuracy of the calculation is high, due to
the restricted rotational freedom of the side chain. This
has been confirmed in the case of sequential polypeptides
containing 1-naphthylalanine,2 1-pyrenylalanine,® and
9-anthrylalanine.# In this study, conformational energy
calculations and theoretical CD calculations were carried
out for the polypeptides containing another arylalanine-
typeaminoacid, i.e., L.-p-phenylazophenylalanine (azoAla).

* To whom correspondence should be addressed.
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Procedures

Conformational Calculation. The conformational
energy calculation was carried out by using the ECEPP
potential energy parameters.5 For simplicity, an alanine
unit was replaced for a Lys(Z) unit. The ECEPP param-
eters for the Aib unit were taken from the literature.® Those
of azoAla were determined in this study. The structural
parameters for an azobenzene group were taken from
crystallographic data of trans- and cis-azobenzenes.” The
partial charges were calculated from cnpo/oN MO’s of
N-acetyl-L-phenylazophenylalanine N-methylamide in the
transand cisstates.? Thestructural parameters and partial
charges for trans-phenylazophenylalanine are listed in
Figure 1. Those for cis-phenylazophenylalanine are avail-
able on request. The Simplex algorithm was employed
for the energy minimization of conformations of sequential
polypeptides. The calculations were carried out on an
NEC PC9801 personal computer. The program has been
coded by one of the authors (M.S.).24

Theoretical Circular Dichroism. Theoretical CD was
computed on the basis of the exciton theory developed by
Woody.® Since no strong CD was observed for polypep-
tides with cis-azobenzene groups, only CD spectra for the
all-trans state were calculated. For the trans-azobenzene
chromophore, only the lowest energy ==* transition at
325 nm was considered and the nr* transition that appears
at 435 nm and other transitions at shorter wavelengths
were neglected. The neglect of the nz* transition may be
justified, because the coupling between the x7* transition
and the nx* state should be small. The neglect of higher
energy wx* transitions may also be justified by the
experimental fact that no CD peak is observed in this
region. The absence of the CD suggests that the higher
energy transitions are mixtures of differently polarized
transitions, as supported from a MO calculation.!®

The transition moments and the monopole charges of
trans-azobenzene were calculated from PPP-CI molec-
ular orbitals.’® The magnitude of the transition dipole
moment for the lowest ==x* transition (Bu) was 6.48 D,
whereas the experimental transition dipole moment of
N-acetyl-L-p-phenylazophenylalanine methyl ester in tri-
methyl phosphate was 6.92 D. Therefore, the monopole
charges obtained from the PPP-CI calculation was mul-
tiplied by 6.48/6.92 to reproduce the experimental ab-

© 1991 Ametican Chemical Society



4000 Sisido et al.

Figure 1. (Left) Partial charges (in electron charge unit) for
atoms in the side chain of L-p-phenylazophenylalanine. The
partial charges for atoms in the main chain are taken to be the
same as those of phenylalanine.® (Right) Structural parameters
of L-p-phenylazophenylalanine. Those in the main chain are
taken to be the same as those of phenylalanine.’
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Figure 2. Monopole charges (in electron charge unit) for the
lowest »x* transition (325 nm) of azobenzene. A pair of
monopoles of the same charges are assumed to be located 1.0806
A below and above the planar aromatic rings. The numbers
indicate the charge on one of the pairs.

sorption spectrum. The polarization of the transition
moment is tilted by 14° from the C-N bond of azoben-
zene. The peak wavelength of the experimental spectrum
(325.5 nm) was used instead of the calculated peak position
(315.5 nm), as the energy of the »=* transition. The
monopole charges for the lowest w»* transition are listed
in Figure 2.

Results and Discussion

Side-Chain Energy Contoar Maps. Since the CD
spectrum at the amide region showed a pattern of helix,
side-chain energy contour maps for polypeptides Alay,-
azoAla (m = 1-3) were calculated assuming that the main
chain is fixed to an a-helix (¢ = —63°, ¢ = -42°)1orto a
310-helix (¢ =-60°,y =-30°).6 Eachside-chain rotational
angle (x; or x2) of an azoAla unit was assigned to be the
same for all azoAla units in the polypeptides; i.e., a helical
symmetry was assumed for the side-chain as well as for
the main-chain conformation. The energy contour map
for (Alag-azoAla(T))g is shown in Figure 3 [azoAla(T) =
azoAla with trans-azobenzene group]. Only a single
position around 180° is allowed for xi, but two positions
are allowed with almost equal probabilities for x2. The
two rotamers correspond to the orientations shown in
Figure 4. In the following discussion the minimum at x;
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Figure 3. Side-chain energy contour map of poly(Alas-azoAla)
in an a-helical main chain (¢ = -63°, y = -42°, w = 180°). The
interval of contour lines is 0.5 kcal/mol.

Figure 4. Two possible side-chain orientations. (Left) A form
(x2 = 80°). (Right) B form (x, = 260°).

= 80-90° will be called the A form and that at x2 = 260~
279° will be called the B form.

The contour map is very similar to that of L-phenyl-
alanine, indicating that the phenylazo group on the para
position of phenylalanine does not influence the side-chain
orientation. The contour maps for (Ala;-azoAla(T))sand
that for (Alag-azoAla(T)); were also calculated. But the
maps were virtually the same as Figure 3. Therefore,
interactions between the azobenzene side groups are weak
inthe sequential polypeptides. Side-chain energy contour
maps were also calculated for 3;o-helical main chains.
However, the contour maps were not much different from
those of the a-helical main chain.

The side-chain orientation became highly restricted
when Aib units were introduced at specific positions along
a polypeptide chain. As examples, energy contour maps
for the side-chain orientations of azoAla;(T) and azoAlag-
(T) in a-helical poly[azoAla;(T)-Ala-azoAlay(T)-Aib] (n
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Figure5. Side-chainenergy contour map of azoAla;(T) (bottom)
and of azoAlay(T) (top) in poly[azoAla,(T)-Ala-azoAlay(T)-Aib]
in an a-helix. The interval of contour lines is 0.5 kcal /mol.
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Figure 6. Side-chainenergy contour map of azoAla;(T) (bottom)
and of azoAlay(T) (top) in poly[azoAla,(T)-Ala-azoAlay(T)-Aib}
in a 3;¢-helix. The interval of contour lines is 0.5 kcal/mol.

= 7) are shown in Figure 5. Since, in each contour map,
the lower half (x2 = 0-180°) is virtually the same as the
upper half (xo = 180-360°), only the lower half of the
contour map of azoAla;(T) and the upper half of that of
azoAlay(T) are shown together in Figure 5. The side-chain
energy contour maps for the azoAla(T) unit in poly(Ala-
azoAla(T)-Aib) and in poly(Ala-Ala-azoAla(T)-Aib) were
also calculated. The map of the former polypeptide
resembles that of azoAla;(T) shown in the lower half of
Figure 5, and that of the latter polypeptide resembles the
upper half of Figure 5. These results indicate that the
orientation of the azobenzene unit in the -Aib-Xyz-Xyz-
azoAla-sequenceis highly constrained. The orientational
constraint is due to the steric overlaps between the a-me-
thylene group of azoAla unit and the methyl groups of the
Aib unit. This is a general rule applicable to any Aib-
containing a-helical polypeptides.

Figure 6 shows the contour maps of azoAla;(T) (lower)
and azoAlaz(T) (upper) in 3;¢-helical poly[azoAla; (T)-Ala-
azoAlag(T)-Aib] (n = 7) (¢ = -60°, ¢ = ~30°).6 The
constraint is partly relaxed in this case, because the 8-me-
thylene group of azoAla and the two methyl groups of the
Aib unit become far separated in the 3;o-helix. However,
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the orientation of an azobenzene side group is still more
constrained than that in polypeptides without Aib units.

Energy contour maps for cis-azobenzene groups were
also calculated. Two enantiomers forms of cis-azoben-
zene (P and M) were considered. The orientation of a
cis-azobenzene unit is more constrained than that of the
trans unit when it is positioned in the same sequential
polypeptide. The contour maps are available on request.

Energy Minimization. In the calculation of energy
contour maps, the polypeptide main chain was fixed either
to an a-helix or to a 3;p-helix and the stable orientations
of the side chains weresearched. To proceed further, main-
chain rotational angles were also allowed to vary and the
energy minimization was performed for the six polypep-
tides. Theresultsarelistedin Tablel. The average main-
chain angles of the polypeptides carrying no Aib units
were converged to (¢ = -67°, y = -39°). The rotational
angles deviate from those of the a-helix (-63°,-42°),1 but
the deviation is common for the ECEPP parameters. For
example, the energy minimization of poly(L-alanine) using
ECEPP parameters gave (—68°, -38°) (ECEPP c-helix).

Energy minimization was also carried out for the three
Aib-containing polypeptides. Average angles of the main
chain were also converged to the ECEPP a-helix. There-
fore, it is concluded that the azobenzene side groups do
not affect the main-chain conformation significantly in
the two series of polypeptides.

As typical examples for a-helical and 3;¢-helical con-
formations, a ball-and-stick model of poly[Alas-azoAla-
(T)] in the minimum-energy conformation (Table I) is
shown in Figure 7 and that of poly[Ala-azoAla(T)-Aib] in
a 34¢-helix (-60°, —30°) is shown in Figure 8.12 In the 3;¢-
helix, the azobenzene groups are arranged with a looser
helical pitch than that of an o-helix.

Theoretical CD Calculations. CD spectra can be
calculated on the basis of the spatial arrangements of
azobenzene groups predicted from the above conforma-
tional energy calculations. The monopole charges required
for the CD calculation are listed in Figure 2. The number
of azobenzene groups taken into consideration was 12 for
m=1,10for m = 2, and 9 for m = 3 in the Ala,-azoAla(T)
series. It was 12 for azoAla(T)-Ala-azoAla(T)-Aib, 10 for
Ala-azoAla(T)-Aib, and 10 for Alas-azoAla(T)-Aib. The
theoretical CD spectrum is presented by Ae values divided
by the number of azobenzene groups in each polypeptide.

Theoretical CD spectra for the Ala,-azoAla(T) series
with trans-azobenzene groups in the A and B form are
shown in Figures 9 and 10, respectively. The rotational
angles are taken from Table I. To examine the effect of
small changes in the main-chain conformation, CD spectra
were also calculated for different sets of ¢ and ¢, i.e., for
the Pauling—Corey a-helix (¢ = -57°, ¢ = -47°) and for
the ECEPP «a-helix (-68°, -38°). However, theoretical
CD spectra were not sensitive to the small changes in the
main-chain conformation.

CD calculations were also performed for the polypep-
tides containing Aib units. Theoretical CD spectra for
the minimum-energy conformations listed in Table I are
virtually the same as those shown in Figures 9 and 10.
Since the Aib units often favor a 3;¢-helix instead of an
a-helix, CD spectra are also calculated for the standard
310-helical main chain (¢ = —60°, ¢ = —-30°). In this case,
the side-chain orientations were optimized assuming the
310-helical main chain. Theoretical CD spectra for the
3;0-helix with azobenzene groups in the B form are shown
in Figure 11. The CD spectra in Figure 11 are similar to
those in Figure 9, indicating that the effect of the main-
chain conformation on theoretical CD spectra is small. In
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Table 1
Results of Main-Chain and Side-Chain Energy Minimization for Sequential Polypeptides Containing
trans-L-Phenylazophenylalanine

repeating unit® éa1 Va1 ér ¥ x1 X2 da2 VA2 das Vas
[A-T) 66 -4¢ 68 -3 179 271
n=15 (¢) =67, {y) =-40
[A1-T-Az) -67 -42 -67 =37 177 258 -69 -39
n=10 (¢) =67, (y)=-39
[A1-T-Ag-Ag) -66 -43 -67 -35 179 272 -68 -40 -68 -34
n=8 (¢) = -67, (y) =-38
repeating unit® daL YaL oT ¥ X1 X2 o1 W daz Va2
[A-T-I] -79 -40 -58 -36 184 257 =57 -38
n=10 {¢) =865, (y) =-38
[A;-T-1-Aq) =57 -45 =70 ~42 187 266 -57 -40 -74 -38
n=8 () =64, (y) =-41
repeating unit® ém v xn X21 oA VA o2 Y2 X2 X22 1 i
[T1-A-To-1} -72 -36 180 274 =59 ~46 -70 -44 181 257 -56 -44
n=8 () =64, (y) =-42

@ Starting conformation of the side chain is the B form. The rotational angles are written in degrees. A = Ala, T = azoAla(T), I = Aib.

0 5A
Figure 7. Ball-and-stick atomic model of the predicted con-
formation of poly[Ala,-azoAla(T)] after energy minimization for
main-chain and side-chain conformations (Table I).

0 5 A

Figure 8. Ball-and-stick atomic model of the predicted con-
formation of poly[Ala-azoAla(T)-Aib] after energy minimization
for only side-chain orientations. The main chain has been fixed
to a standard 3;¢-helix (¢ = —60°, ¢ = -30°),

both helices with their side chains in the B form, spectra
for m(m’) = 1 and 2 show a negative exciton couplet
(negative peak at longer wavelength) and spectra for m(m’)
= 3 show a positive couplet. It is concluded from the
calculation that different spatial arrangements of azoben-
zene groups along an a-helix and a 3;¢-helix as shown in
Figures 7 and 8 donot affect the CD spectrum significantly.
This is explained in terms of the local nature of electronic

8
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Figure 9. Theoretical CD spectra of poly[Alan-azoAla(T)] (m

= 1-8) in the minimum-energy conformations. The orientation

of the azobenzene group is the A form. The rotational angles of

the minimum-energy conformation are almost the same as those

listed in Table I, except for the x; angle that is around 80-90°,
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Figure 10. Theoretical CD spectra of poly[Alan-azoAla(T)] (m
= 1-3) in the minimum-energy conformations listed in Table I.
The orientation of the azobenzene groups is the B form.

interactions that determine the profile of the CD spectrum.

Theoretical CD spectra for m(m’) = 1 and 2 agree with
the experimental CD (Figures 3 and 4 in the accompanying
paper) in their profile and magnitude when the B form is
assumed. The agreement indicates that, in the real poly-
peptide, the azobenzene groups are arranged regularly
along the a-helical main chain and the fluctuations around
the most stable main-chain and side-chain conformation
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Figure 11. Theoretical CD spectra of poly[azoAla(T)-Ala-azo-
Ala(T)-Aib] (indicated as m’ = 1) and poly[Ala--azoAla(T)-Aib]
(m’ = 2 and 3) in the standard 3,¢-helix (-60°, -30°). Energy
minimization was carried out only for side-chain conformations
assuming the B form.

donot affect the CD spectrum significantly. Furthermore,
a possible mixing of the A and B forms does not weaken
the CD spectrum. Predominance of the A form is
unacceptable, because the CD profiles for m(m’) = 1 and
3 are opposite to experimental spectra and that for m(m’)
= 2 is very small for both the a-helical and 3;¢-helical
main chains.

On the other hand, theoretical CD for m(m’) = 3 is very
small and shows an opposite profile to the experimental
spectrum, whichever side-chain orientation (A or B form)
was assumed. The reason for the opposite CD profile for
the m(m’) = 3 cases was studied in detail. Small variations
in the main-chain and the side-chain conformations did
not change the profile markedly. Furthermore, any
sequence of A and B forms in the side chains (i.e.,
..ABABAB...,..BABABA..,, or random sequence) did not
induce a negative exciton couplet that is experimentally
observed. It was found that the arrangement of azoben-
zene groups in the m(m’) = 3 polypeptide strongly favors
positive exciton couplet, since the nearest azobenzene
groups fixed on the a-helix or on the 3,¢-helix are arranged
in a right-handed screw configuration as illustrated in
Figure 12a. The right-handed arrangement or a positive
chirality parameter { = rj3(m; X m;) is known to induce
a positive exciton couplet.!? Therefore, the negative ex-
citon couplet observed experimentally is explained only
when the main chainis largely unwound so that the relative
arrangement of the nearest azobenzene groups assumes a
left-handed screw configuration (Figure 12b). The un-
wound conformation may have very high energy and may
not occur frequently. However, since a partial unwinding
of a helix has been proposed to stabilize, the total energy
of a helix,!4 the above speculation may have some
theoretical background. Therefore, at present, the neg-
ative exciton couplet of the m(m’) = 3 polypeptide can be
explained in terms of very small CD in the most stable
a-helical conformation and very strong negative CD
induced at a partially unwound part of the helix. The
effect of unwinding may be small in the m(m’) = 1 and 2
cases, since in these cases the arrangement of azobenzene
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Figure 12. Top view of the helical conformation of poly({Ala,,-
azoAla(T)]: (a) right-handed a-helix, (b) unwound structure that
induces positive exciton couplet.

groups is determined by a local conformation of the helix.

Conclusions

Stable conformations for the six sequential polypep-
tides were proposed as in Table I and in Figures 7 and 8.
It was shown that the side-chain orientation of an amino
acid (Abc) is highly restricted in the sequence —Aib-Xyz-
Xyz-Abc-, when the sequence is in an o-helix. The
constraint is partially relaxed when the main chain is a
310-helix. Theoretical CD calculations were successful to
predict the magnitude and profile of experimental CD
spectra of m(m’) = 1 and 2 polypeptides. The side-chain
orientation of azoAla unit was found to favor the B form.
The failure to predict the experimental CD of m(m’) = 3
polypeptides was tentatively attributed to a partial
unwinding of a helix that induces strong negative CD.
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