relation of factorability to statistical binding, apply here
as well as in the macroscopic thermodynamic case.

In the event that the binding of more than one type of
ligand molecule to the protein is considered explicitly,
the binding potential assumes the form

I =kKTIn (zx,s=m. . .HS/H(,) (56)
8

where s refers to s, 5, ... molecules of the different
ligands, Hj is the effective partition function for a single
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molecule of protein to which s molecules of ligand are
bound, and A, is the absolute activity of ligand species i.
If Hg/H, is interpreted as an equilibrium constant for
the reaction

P0+szx+va+-..

the polynomial in 56 becomes formally identical with
the macroscopic binding polynomial for the case where
the number of ligands is greater than one.®

PX. Y., .. 57

(16) See expression 20 of ref 3,
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Abstract: The optical rotatory properties of poly-L-tyrosine (PLT) are very different from those of simple poly-
peptides, and the helix sense of PLT remains uncertain. Calculations of rotational strengths for peptide and
side-chain transitions have been performed for four conformations of low potential energy. Two of these are right
handed and two are left handed, the conformations of a given screw sense differing in side-chain conformation.
The results of these calculations were shown to be qualitatively independent of chain length and of small variations
in side-chain conformation. Comparison of calculated and experimental circular dichroism curves indicates that
only one of the four conformations is consistent with experiment, and that is the conformation we have denoted as
RA. We conclude that poly-L-tyrosine forms a right-handed helix. Calculations of Ooi, et al., yield a minimum
potential energy for a right-handed helix, but predict a different side-chain conformation (R1). We propose that
the RA conformation is lower than the R1 in free energy because of greater side-chain flexibility and hence more

positive entropy.

he optical rotatory properties of simple helical poly-
peptides are now well understood, and unambiguous
assignments of helix sense can be made on the basis of
optical rotatory dispersion? (ORD) or circular di-
chroism?(CD). By simple polypeptides, we mean those
which have alkyl side chains, side chains with weak
chromophores (carboxyl, ester, or amino groups), or
aromatic groups beyond the v carbon (e.g., poly-y-
benzyl-L-glutamate). Polypeptides such as poly-L-
tyrosine (PLT) and poly-L-phenylalanine, which have
aromatic rings attached to the 8 carbon, have drastically
altered optical rotatory properties, and the helix sense
remains uncertain.*
The ORD behavior of PLT in the visible region was
observed to be anomalous.>® Fasman’ showed that

* Author to whom reprint requests should be addressed at the De-
partment of Chemistry, Arizona State University, Tempe, Ariz. 85281,

(1) (a) Based in part on the Ph.D, Thesis of A. K. Chen, University
of Illinois, Urbana, Ill., 1969; presented in part at the 158th National
Meeting of the American Chemical Society, New York, N. Y., Sept
1969, Abstract BIOL 275.

(2) (a) P. Urnes and P. Doty, Advan. Protein Chem., 16, 401 (1961);
(b) J. A. Schellman and C. Schellman in *The Proteins,” Vol, 2, 2nd
ed, H. Neurath, Ed., Academic Press, New York, N. Y., 1964, p 1.

(3) S. Beychok in “Poly-a-Amino Acids: Protein Models for Con-
formational Studies,” G. D. Fasman, Ed., Marcel Dekker, New York,
N. Y., 1967, p 293,

(4) M. Goodman, G, W. Davis, and E. Benedetti, Accounts Chem.
Res., 1, 275 (1968).

(5) A. R. Downie, A. Elliott, and W, E. Hanby, Nature (London),
183, 110 (1959).

(6) 1. D. Coombes, E. Katchalski, and P, Doty, ibid., 185, 534 (1960).

(7) G. D, Fasman, ibid., 193, 681 (1962),

copolymers of L-tyrosine and L-glutamic acid of
varying composition showed a smooth and nearly linear
change in the Moffitt-Yang® b, parameter from ca.
-+500, characteristic of PLT, to ca. —600, character-
istic of poly-L-glutamic acid (PGA). This indicated
that L-tyrosine residues fit into the right-handed PGA
helix and implied but did not conclusively prove that
PLT forms a right-handed « helix.

Subsequently, Fasman et al.,? extended ORD mea-
surements on PLT down to 227 nm and Beychok and
Fasman ' reported the CD spectrum in the 214-300-nm
region. The negative Cotton affect at 224 nm was as-
signed to the peptide n—-=* transition, and because its
sign coincided with that of the n-=* Cotton effect in
simple polypeptides in the right-handed «-helix confor-
mation, a right-handed screw sense of the PLT helix was
taken to be confirmed. However, this interpretation
can be questioned. The amplitude of the 224-nm
Cotton effect in PLT is only about one-third that of the
222-nm band in simple a-helical polypeptides.® This
reduction in magnitude was attributed'® to band overlap
and/or coupling with transitions characteristic of the
phenolic side chain. It is possible that coupling with

(8) W. Moffitt and J. T. Yang, Proc. Nat, Acad. Sci. U. S., 42, 596
(1956).

(9) G. D. Fasman, E. Bodenheimer, and C. Lindblow, Biochemistry,
3, 1665 (1964).

(10) S. Beychok and G. D. Fasman, ibid., 3, 1675 (1964).
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side-chain transitions may not only alter the magnitude
of the n—=* Cotton effect, but even its sign.

Pao, et al.,1! carried out a theoretical treatment for
PLT in the «-helical conformation. This treatment
focused attention on the exciton interactions!? of the
peptide n-=* and =—=* transitions and of the two long-
wavelength phenolic transitions centered at about 277
and 225 nm. The two fully allowed phenolic transi-
tions at about 190 nm were neglected, as was the mixing
of nondegenerate states. Not unexpectedly, the exciton
interaction in the 277- and 225-nm phenolic bands and
the peptide n—#* band turned out to be very small.
Although the results of Pao, et al., for a right-handed
helix showed rough agreement with the ORD data of
Fasman, et a/.,® the omission of essential features of the
phenolic side chains suggests that the agreement is
largely fortuitous.

Applequist and Mahr!? measured the dipole moment
per residue of PLT and of its bromo derivative in dilute
solution in quinoline. From space-filling models, they
deduced favored side-chain conformations for right-
and for left-handed helices. They then calculated the
change in dipole moment (Au) to be expected on bro-
mine substitution, assuming no conformational change
on bromination. Right- and left-handed helices gave
opposite signs for Au, and their experimental results
agreed in sign and approximate magnitude with those
calculated for left-handed helices. Thus they arrived
at a helix sense opposite to that inferred from optical
rotatory properties. Applequist and Mahr pointed out
several of the defects in the optical rotatory approach
which we have previously mentioned.

Conformational energy calculations on PLT have
been reported by Ooi, et al.,'* and Yan, et al.’®* These
calculations indicate that a right-handed helix has the
minimum potential energy, lower by 0.4-1.8 kecal/residue
than the most stable left-handed helix. Ooi, et al.,
were able to reconcile their results with the data of
Applequist and Mahr.'®* The right-handed helical con-
formation which Ooi, et al., predicted to be most stable
had a side-chain conformation substantially different
from that assumed by Applequist and Mahr. When the
effect of bromine substitution on the dipole moment of
this conformation was calculated, it agreed with experi-
ment in sign, though not as well in magnitude as Apple-
quist and Mahr’s left-handed conformation.

The purpose of the present study was to carry out as
complete a theoretical treatment of the optical rotatory
properties of PLT as possible and to compare the pre-
dicted properties of several assumed conformations with
available experimental data. Assuming that our pres-
ent knowledge of optical rotatory theory and of the
electronic properties of the amide and phenolic chro-
mophores is adequate, it should be possible to eliminate
the previous ambiguities in the interpretation of the
ORD and CD of PLT, to assign the helix sense, and per-
haps to obtain information on the side-chain orienta-
tion. We believe that we have succeeded in these goals.

(11) Y.-H. Pao, R. Longworth, and R. L. Kornegay, Biopolymers, 3,
519 (1965).

(12) W. Moffitt, J. Chem. Phys., 25, 476 (1956).

(163) J. Applequist and T. G. Mahr, J. Amer. Chem. Soc., 88, 5419
(1966).

(14) T. Ooi, R. A, Scott, G. Vanderkooi, and H. A, Scheraga, J. Chem.
Phys., 46, 4410 (1967).
) 9%253; J. F. Yan, G. Vanderkooi, and H. A. Scheraga, ibid., 49, 2713
1 .

Methods

In order to calculate the optical properties of a mole-
cule, it is necessary to have a well-defined geometry.
In this work, we have considered four a-helical confor-
mations of PLT. Two of these, R1 and L1, are, respec-
tively, the right- and left-handed « helices of minimum
potential energy obtained from the calculations of
Scheraga and coworkers.141 The other two, RA and
LA, represent conformations with locally minimal po-
tential energy,!41® having side-chain conformations sim-
ilar to those assumed by Applequist and Mahr!? for,
respectively, right- and left-handed helices. The main
difference between the two types of conformation of a
given screw sense is in the conformation about the
Cs—C, bond described by the dihedral angle X, in the
standard notation introduced by Edsall, et al.1®

The dihedral angles ¢, ¥, x1, and x. describing the four
conformations considered are given in Table I. The

Table I. Dihedral Angles and Helix Parameters for
PLT Conformations

Unit Unit
——Dihedral angles, deg——  height, A twist, deg
@ ¥ X1 X2 h t
R1e 130.6 124.1 302.9 155.9 1.4719 98.58
RA? 130.3 123.1 171.5 273.4 1.4588 98.07
L1e 228.7 237.2 171.2 225.8 —1.4757 98.39
LA? 229.7 236.9 306.0 85.4 —1.4588 98.07

a See ref 15, ° Private communication from H. A. Scheraga.

coordinate transformations described by Ooi, et al.,1¢
and by Sugeta and Miyazawal” were combined to
convert a given set of dihedral angles into a cylindri-
cal coordinate system with the helix axis as the
z axis, and to calculate the unit height, 4, and unit twist,
t, characterizing the helix. The parameters & and ¢ are
also given in Table I for the four conformations. Suc-
cessive application of the basic screw operation can be
used to generate the coordinates of all the atoms in the
helix from those in a reference residue.

One must also specify the orientation of the phenolic
OH group. Since the phenolic group is assumed to
be planar, this OH may have two orientations, corre-
sponding to X, values differing by 180°. Scheraga and
coworkers!4 15 found that the effect of the orientation of
the OH group on the potential energy is quite small.

Our calculation of rotational strengths follows the
Kirkwood-Moffitt-Tinoco  approach,!»!%-%  incor-
porating some modifications used by Woody?! in
treating simple polypeptides. Similar modifications
have been made by Schellman and coworkers using a
matrix formalism.22 In PLT we have two chromo-
phores in each residue, the amide group and the phe-
nolic group. It is the coupling between excited states

(16) I. T. Edsall, P. J. Flory, J. C, Kendrew, A.M. Liquori, G. Ne-
methy, G. N. Ramachandran, and H. A. Scheraga, Biopolymers, 4,
121 (1966).

(17) H. Sugeta and T, Miyazawa, ibid., 5, 673 (1967); 6, 1387 (1968).

(18) 1. G. Kirkwood, J. Chem. Phys., 5, 479 (1937).

(19) 1. Tinoco, Jr., Advan. Chem. Phys., 4, 113 (1962).

(20) 1. Tinoco, Jr., R. W. Woody, and D. F. Bradley, J. Chem. Phys.,
38, 1317 (1963).

(21) R. W. Woody, ibid., 49, 4797 (1968). ) i

(22) 1. A. Schellman and E. B, Nielsen in “Conforrqatlon of Bio-
polymers,” Vol. 1, G. N, Ramachandran, Ed., Academic Press, New
York, N. Y., 1967, p 109; P. M. Bayley, E.B. Nielsen, and J. A, Schell-
man, J. Phys. Chem., 73, 228 (1969).
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of these groups which gives rise to optical activity, If
V.. represents the excited state o in the residue 7, we can
represent an excited state of an N-mer, allowing for cou-
pling, by the wave function

V=3 3 Cout )
where M is the number of excited states considered in
each residue, and Cjy,, is a coeflicient describing the de-
gree of participation of the excited state « in the ith
residue in the excited state ;. There will be MN such
excited states for the N-mer.

The coefficients Ci,, and energies Ej, of the excited
states y; are obtained by solving the secular determi-
nantal equation

1Via;ﬂ9 - 5ia;:iBEl =0 @)
Here 68,45 is the Kronecker 6. If i = jB, Vigys =
E,, the energy of the excited state « in the isolated
residue with respect to the ground state of the residue.
If i # J, Viajjs = Vieayjos, the energy of interaction be-
tween the transition charge densities for the appropriate
transitions in the different residues. If i = j, but « and
8 are excited states of different groups within the residue
(e.g., o is an amide excited state while 3 is a phenolic ex-
cited state), then Viy.is = Vigjiosr However, if i = j
and « and B are excited states of the same group, then
Viasis: = ZjmiViagjoo + Viagiiros the interaction en-
ergy of the transition charge density between the ex-
cited states o and @ and the permanent dipole field of the
rest of the molecule. The term Vig.ir indicates that
the permanent dipole field of the other groups within the
ith residue must be included, excluding only the group in
which the excited states « and 8 are localized.

From the wave functions ¥, for each excited state, the
electric and magnetic dipole transition moments, u, and
m;, respectively, connecting the excited state to the
ground state can be calculated

Yo = Z chjavja (3)

j=la=1

ka = Z ch_‘la{mja + aRja X v;a} (4)

J=la=1

where i = vV —1, W, and m;, are the electric and mag-
netic dipole transition moments, respectively, for the
transition from the ground state of residue j to the ex-
cited states o, and R, is the position of the ‘“center” of
the corresponding localized transition.

Finally, one can calculate the rotational strength of
the transition from the ground state of the polymer to
each of the M N excited states

Ry = Im{vok'mko} %)

The interaction energies, Vi, 5, which enter into the
secular determinant are calculated using a monopole-
monopole approximation,!? in preference to a dipole~
dipole or quadrupole-dipole approximation. This
corresponds to distributing the dipole or quadrupole de-
scribing the transition charge density. Some uncer-
tainty is introduced by this approach because approxi-
mate wave functions must generally be used to calculate
the monopole positions and charges, but it is felt that
this defect is more than compensated for by the fact

3

that the dipole-dipole approximation fails at small in-
tergroup distances.

For the amide transitions, we considered only the
n-7* and the lowest energy =—=* transition, since
higher energy transitions are relatively unimportant in
the wavelength region above 180 nm which is to be con-
sidered. The monopole positions and charges, the
location of the center of the amide group, and the n-=*
magnetic dipole transition moment were the same as
those used by Woody?1:23 in recent work on simple
polypeptides.

The electronic structure of the phenolic side chain is
taken to be the same as that of phenol. Self-consistent-
field molecular orbital calculations on phenol have been
carried out by Nishimoto and Fujishiro?* and by
Forsen and Alm.? Kimura and Nagakura?® measured
the vacuum-ultraviolet spectrum of phenol vapor in the
wavelength range from 155 to 220 nm, and also carried
out molecular orbital calculations. All three theoretical
treatments give good agreement with Kimura and
Nagakura’s experimental results. We have used the
wave functions obtained by Nishimoto and Fujishiro
in this work.

Phenol has four transitions at wavelengths longer than
180 nm. The excited states involved in these transitions
are analogous to the By, By, and E,, states of benzene.?
Tyrosine in neutral aqueous solution has absorption
maxima at 275, 224, and 192.5 nm.2® The latter band
presumably contains two nearly degenerate bands
analogous to the A,, — E,, benzene transition. We
refer to these transitions, in order of increasing energy,
as T1, T2, T3, and T4.

Table II shows the theoretical polarization direction,
transition dipole moment, and oscillator strength cal-
culated from Nishimoto and Fujishiro’s wave functions
for the four phenolic transitions.?* Also shown are
the experimental oscillator strengths taken from Kimura
and Nagakura.? Kimura and Nagakura decomposed
the intense 185-nm phenol band into two components
of different oscillator strength, but the bands overlap
so strongly that this resolution is not likely to be very
accurate. Therefore we have assumed that the two
components each have half of the total oscillator
strength. In the case of the T1 transition, calculated
and observed oscillator strengths agree well, and so
monopole charges were calculated directly from the
wave functions. The remaining three transitions show
a more typical overestimate of oscillator strength by
theory. We have therefore applied correction factors
to the calculated monopole charges such that the ob-
served and calculated oscillator strengths are brought
into agreement. These factors are given in Table II
and are 0.70-0.75.  Also given in Table II are the actual
wavelengths we assumed in the calculation for the un-
perturbed chromophores.

Transition monopole charges for transitions between
excited states of the phenol group were calculated from
Nishimoto and Fujishiro’s wave functions.?* The
w-electron dipole moment for phenol was calculated to

(23) R. W. Woody, Biopolymers, 8, 669 (1969).

(24) K. Nishimoto and R, Fujishiro, Bull. Chem. Soc. Jap., 31, 1036
(1958).

(25) S. Forsen and T. Alm, 4Acta Chem. Scand., 19, 2027 (1965).

(26) K. Kimura and S. Nagakura, Mol. Phys., 9, 117 (1965).

(27) 1. N. Murrell, “The Theory of the Electronic Spectra of Organic
Molecules,” Wiley, New York, N. Y., 1963, p 125.

(28) D. B. Wetlaufer, Advan. Protein Chem., 17, 303 (1962).
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Table II. Characteristics of Electronic Transitions in Phenol

Wavelength, Oscillator strength Correction Transition
Transition A, nm Polarization® Calcd? Obsde factord morment,® u, D
T1 277 L 0.022 0.020 1.14
T2 227 I 0.251 0.132 0.716 2.45
T3 192.5 L 0.963 0.555¢ 0.751 4.74
T4 192.5 I 0.951 0.549/ 0.751 4.68

@ Polarization direction is defined with respect to the twofold axis of the m-electron system of phenol (the CO bond direction).
4 The factor required to bring theoretical and experimental transition dipole

from Nishimoto and Fujishiro’s wave functions.?4 © See ref 26,
moments into agreement,

and T4 in proportion to their calculated oscillator strengths.

¢ Experimental and adjusted theoretical values.

b Calculated

/ The total oscillator strength (1.103) was divided between T3

Table ITI. Monopole Chargese for Phenol Transitions and for Ground-State Permanent Dipole Moment

—~— Transitions from ground state Transitions between excited states Permanent

Center? T1 T2 T3 T4 T1-T2 T1-T3 T1-T4 T2-T3 T2-T4 T3-T4 monopole
Cy 0.6638 —0.2433 0.6494 0.0620 0.0687
Cs, 0.0132 —0.3398 —0.4610 —0.5510 —0.2810 —0.4083 0.5243 —0.0709 0.0293 —0.1633 —0.0043
Ce, —0.2500 0.3997 —0.5160 0.5290 0.2827 —0.3535 —0.6434 —0.1672 —0.0305 0.0730 0.0903
Ce —0.6178 0.2265 0.6102 0.0807 —0.0879
Ce, 0.2500 0.3997 0.5160 0.5290 —0.2827 —0.3535 0.6434 0.1672 —0.0305 —0.0730 0.0903
Cs, —0.0132 —0.3398 0.4610 —0.5510 0.2810 —0.4083 —0.5243 0.0709 0.0293 0.1633 —0.0043
0O, —0.1655 0.0608 0.2632 —0.1407 —0.1537
(6] —1,6000
H 1.6000

e Units of 1071 esu,
plane.?! The charges given are those for each monopole.

® Each center in the w-glectron system (the carbons and On) has two monopoles—one above and one below the
O and H are the OH ¢-bond monopoles and are located at their respective nuclei.

Table IV. Calculated Rotational Strengthse for PLT Decamers in Various Conformations

Band (Amax, DM)—

Conformation  T1(277) T2 (227) n-m* (220) C* (200) B? (193) A® (185)
RI1 —0.1035 —0.4814 —0.3320 —1.8891 0.6176 2.1885
RA 0.0555 0.2517 —0.2606 3.8492 —4.0440 0.1482
L1 —0.0162 —0.2484 0.4018 1.3981 —1.0075 —0.5277
LA 0.0032 —0.0928 0.1897 —2.6368 1.8120 0.7247
RI ¢ —0.1105 —0.3918 —0.3509 —1.7792 0.2230 2.4094
RA’* 0.0537 0.2276 —0.2621 4.1193 —4.0841 —0.0543
L1’ —0.0099 —0.2682 0.4067 1.6117 —1.7428 0.0024
LA’ ¢ 0.0040 —0.1079 0.1929 —2.8490 2.0658 0.6943

¢ Calculated rotational strengths are given in units of DBM = debye bohr magneton = 0.9273 X 10~% cgs unit,

®Bands A, B,and C

are summed over transitions 1-10, 11-20, and 21-30, respectively. The wavelengths given for these bands are the approximate centers of

the bands and may differ by several nanometers from the extremum obtained by summing the corresponding partial CD curves.

¢ These

conformations differ from the corresponding unprimed ones by rotation of the phenolic ring by 180° about its twofold axis (increasing x.

by 180°).

be 1.04 D. The side-chain OH bond has a dipole mo-
ment of 1.60 D! with H positive. The dipole moments
of the phenol CH bonds are small compared with other
contributions and were neglected. In this approxima-
tion, the dipole moment of phenol was calculated to be
1.50 D, which agrees well with the experimental value
for phenol of 1.55 D.?* Thus, the calculated m-electron
densities were used for the permanent =-electron mono-
poles above and below the phenol plane, and the o-bond
moment of the OH group was approximated by appro-
priate charges at the O and H nuclear positions. The
center of the benzene ring was used as the center for the
phenolic transitions. The transition monopole charges
and permanent monopole charges for the phenol group
are summarized in Table III.

In reporting rotational strengths, it is convenient to
take groups of N levels, rather than giving all MN ro-
tational strengths. Because the T1, T2, and n-=*
transitions have small or zero oscillator strengths, the
splittings within these bands are at most a few nanom-

(29) A. L. McClellan, “Tables of Experimental Dipole Moments,”
W. H. Freeman, San Francisco, Calif.,, 1963, p 193,

This is equivalent to rotating the phenolic OH group by 180°.

eters. Clearly strong coupling rules do not apply,
and we must sum over the N levels which make up each
band. The three fully allowed transitions do show large
splitting, and strong coupling rules are plausible. How-
ever, a good qualitative picture of the distribution of
rotational strengths is obtainable from summing over
groups of N levels.

For comparison with experiment, we have calculated
CD curves assuming Gaussian partial CD bands® as-
sociated with each transition. Again, for the three
long-wavelength transitions, we have summed over the
band and used only the net rotational strength, but for
polymer transitions arising predominantly from the
electrically allowed transitions, we have used one partial
CD curve for each discrete level. An arbitrary value
of 10 nm was assumed for the band width?®! for all
partial CD bands.

(30) A. Moscowitz in “Optical Rotatory Dispersion,” C. Djerassi,
Ed., McGraw-Hill, New York, N. Y., 1960, p 150.

(31) The band width is here defined as the difference in wavelength
between the CD maximum and the point on either side of the maximum
where the partial CD curve falls to 1/e of its maximum value, e being
the base of natural logarithms.
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Figure 1. The distribution of dipole (above) and rotational
strengths (below) for transitions in a PLT decamer (RA).

Results and Discussion

Calculated rotational strengths for a decamer (N =
10) of each of the conformations considered are sum-
marized in Table IV. Figure 1 gives a more detailed
picture of the distribution of oscillator and rotational
strengths among the various levels for a particular con-
formation (RA). Figures 2 and 3 show the calculated
CD curves for, respectively, the right- and left-handed
conformations.

The tyrosyl transition at 277 nm (T1) has a small ro-
tational strength, especially in the left-handed confor-
mations. This transition has a relatively small transi-
tion moment and is well separated in energy from the
other transitions considered. Calculations in which
only the phenolic transitions were considered showed
that for the right-handed conformations, most of the
rotational strength arises from mixing with the other
phenolic transitions, especially the T2 and T4 transi-
tions. In the left-handed conformations, mixing of the
T1 transition with the amide »—#* transition contributes
a substantial fraction of the rotational strength.

The rotational strength of the T2 transition is very
strongly affected by mixing of phenolic and amide
transitions in all of the conformations except R1. In
fact, calculations including only the phenolic transitions
lead to the wrong sign for the T2 rotational strength
in every case except for the R1 conformation. In the
case of the RA conformation, which we have analyzed
in most detail, the T2 transition couples more strongly
with the amide =—=* transition than with the n-=*
transition by about a factor of 5, in spite of the near
degeneracy with the n-=* transition.
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Figure 2. Calculated CD curves for PLT decamers in right-handed
a-helical conformations: Rl,——; RA, ==---,

There is no consistent relationship between the rota-
tional strengths for the T1 and T2 transitions. In
three of the four cases, the rotational strengths forT1 and
T2 have the same sign, but in the fourth they have op-
posite signs. In all cases, T2 has a substantially larger
rotational strength, but the ratio ranges from 5 to 30.

For each conformation, the sign of the n-=x* rota-
tional strength is the same as that in simple helical poly-
peptides of the same screw sense. Only in the case of
the LA conformation does coupling with phenolic tran-
sitions decrease the magnitude of the n-=* rotational
strength, and there the coupling is quite weak. Of the
phenolic transitions, the n—=* transition couples most
effectively with the T2 transition. Thus, in poly-L-
tyrosine, the sign of the n-#* rotational strength is
diagnostic of the helix sense, although there is no guar-
antee that this will be the case in other systems.

In the far-ultraviolet, below 205 nm, mixing of the
peptide 7—7* transition and the phenolic T3 and T4
transitions is very strong. For example, in the RA con-
formation, the level at 1959 nm with a rotational
strength of —0.86 DBM (Figure 1) is about 40 97 amide
m—7*, 209 T3, and 40 7 T4.

Beychok and Fasman?®® and Quadrifoglio and Urry??
reported CD spectra for PLT in aqueous solution at
high pH (11.2 and 10.8, respectively). Alkaline con-
ditions, unfortunately, are necessary to obtain an ap-

(32) F. Quadrifoglio and D. W. Urry, Annu. Rev. Phys. Chem., 19, 477
(1968).
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Figure 3. Calculated CD curves for PLT decamers in left-handed
a-helical conformations: L1,——; LA, «cemm,

preciable degree of solubility of PLT in aqueous solu-
tions. Although the absorption spectra of PLT at
pH 11.2 reported by Fasman, et al.,® indicate only a
small degree of ionization, the CD spectra at both pH
10.8 and 11.2 indicate that this small degree of ioniza-
tion has rather profound effects. In particular, both
groups.32 reported a CD band at about 245 nm.
Tyrosine does not show an absorption band at this
wavelength at neutral pH, but at high pH, where the
phenolic group is ionized, an absorption band appears
at about 240 nm.?® This tyrosinate anion band un-
doubtedly corresponds to the 225-nm band of neutral
tyrosine.

Shiraki and Imahori?? have studied PLT in methanol.
Their data show no CD maximum in the 240-nm region,
but a maximum at 230 nm. Therefore, we shall com-
pare our calculated CD curves with the data of Shiraki
and Imahori. They reported a very weak negative
([6] = —700) band at about 280, a positive band ([§] =
24,000) at 230, a weak negative band at 216 ([6]
—4000), and a strong positive band at 203 nm ([6]
98,000).

Studies in this laboratory3* of a block copolymer
(D,L-glu)so(L-tyr)so(D,L-glu)so, soluble in aqueous solu-
tion at neutral pH, agree qualitatively with the results of
Shiraki and Imahori,?? except that we find that the
280-nm band has a small positive rotational strength

~z
~

(33) M. Shiraki and K. Imahori, Sci. Pap. Coll. Gen. Educ., Univ,
Tokyo, 16, 215 (1966).
(34) C. Geary and R, W. Woody, unpublished data.
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Figure 4, Comparison of calculated (——) CD curve for PLT
decamer in the RA conformation with experimental (-----) curve
(experimental values taken from M. Shiraki and K. Imahori, Sei.
Pap. Coll. Gen, Educ., Univ. Tokyo, 16, 215 (1966).

and the trough at 216 nm is somewhat more pro-
nounced.

Consideration of Table IV and of Figure 2 and 3
shows that of the four conformations considered, only
the RA conformation has a CD spectrum consistent
with the experimental data below 250 nm. For the RA
conformation, we predict a positive 227-nm band, a
negative 220-nm band, and a positive 200-nm band, in
agreement with experiment. Each of the other con-
formations is predicted to have CD bands in one or
more of these regions which disagree in sign with experi-
ment. The CD band at 280 nm is calculated to be posi-
tive for the RA conformation, in disagreement with
Shiraki and Imahori.?®* However, our data for aque-
ous solution®! indicate a positive sign for the 280-nm
band. Results to be presented later suggest that this
band may be especially sensitive to external perturba-
tions such as solvent effects, and this may well account
for the apparent discrepancy.

In Figure 4, we compare the calculated CD curve for
a decamer helix in the RA conformation with the ex-
perimental curve of Shiraki and Imahori.?* Qualita-
tively, the agreement is good. Quantitative agreement
cannot be expected because of two factors: (a) the
arbitrary choice of a uniform band width of 10 nm,
which will affect the amplitude of the individual partial
CD bands and the extent of overlap; and (b) mobility
of the side chains, predicted (see below) to have a
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Table V. Calculated Rotational Strengthse for Five-Transition
Model for N = 10-20

Con-
forma- Band (Amax, nm)

tion T2 n-m* (o B A?

(N) (227) (220) (200) (193) (185)
R1 (10) —0.5153 —0.3396 —2.0453 0.7854 2.1148
R1 (20) —0.7009 —0.4700 —4.6448 5.0712 0.7442
RA (10) 0.2609 —0.2607 3.8267 —3.9313 0.1045
RA (20) 0.2500 —0.2853 3.9667 —4.7357 0.8042
L1 (10) —0.2420 0.3992 1.3910 —1.0020 —0.5462
L1 (20) —0.2499 0.5093 2.3883 —4.2592 1.6115
LA (10) -—0.0877 0.1897 —2.6129 1.7906 0.7204
LA (20) —0.0449 0.2178 —2.7679 2.5275 0.0676

e Rotational strengths in DBM (see footnote a of Table IV).
®Bands A, B, and C are summed over transitions 1 = N, N 4+ 1 —
2N, 2N 4- 1 — 3N, respectively. See footnote b of Table IV,

35

transition model calculation on a 20-mer. The ro-
tational strengths of the n-=* and T2 transitions differed
by at most 10~20%; from those for the decamer. Ro-
tational strengths in the far-ultraviolet were substan-
tially larger for the 20-mer compared to the decamer, as
is found in simple helical polypeptides.2? CD curves
calculated with these rotational strengths showed ex-
trema which were similar in position to those for
decamers (Table VI). For the RA and LA conforma-
tions, the amplitudes show only moderate changes on
going from the decamer to the 20-mer. For the R1 and
L1 conformations, there is a very substantial increase
in amplitude of the 20-mer over those of the decamers.
Even here, however, the qualitative characteristics of
the CD curves do not change with increasing chain

Table VI. Effect of Chain Length and of Position of Peptide =—r* Transition on Calculated CD Curves

Con-

forma- Ar—mk, Extrema

tion N nm Amazx, 0M; [flmax, 103 (deg cm?)/dmol

R1 10 196 173; =17 189; 386 204; —201 224; —123.0 277; —21.5
R1 20 196 175; —101 190; 735 203; —402 224; —180.0

R1 10 190 172; —38 188; 455 202; —264 225; —112.0 277; —21.5
RA 10 196 186; —233 201; 257 218; —16.5 231; 23.7 277; 11.5
RA 20 196 185; —211 200; 265 218; —24.3 231; 22.3

RA 10 190 185; —180 201; 229 218; —11.9 231; 20.1 277; 11.6
L1 10 196 177; 73 190; —183 203; 76 218; 41.0 233; —17.3 277; —3.4
L1 20 196 177, 126 191; —401 207; 206 234; —14.2

L1 10 190 175; 117 189; —261 202; 105 217; 38.5 232; —16.7 277; —3.4
LA 10 196 185; 211 199; —278 216; 31.1 233; —5.3 277; 0.7
LA 20 196 185; 252 198; —370 215; 55.7 238; —0.9

LA 10 190 182; 134 198; —179 219; 17.2 235; —2.1 277, 0.5

significant effect on the magnitude of the 280- and
200-nm bands.

Thus, these calculations on decamers provide strong
support for a right-handed helix in PLT in solution, in
agreement with previous ORD"?® and CD ¥ studies and
with the conformational energy calculations of Scheraga
and coworkers.'%#1% The side-chain conformation,
however, differs from that predicted to be most stable
by Ooi, et al.,'* and resembles more closely that assumed
by Applequist and Mahr!® for a right-handed PLT
helix. Before accepting this conclusion, however,
several important questions need to be answered con-
cerning the sensitivity of the calculated results to various
factors.

Are end effects serious? Calculations on simple «
helices® show that all of the qualitative features of the
infinite polymer are expressed in a decamer, but we
cannot be sure that this holds also for PLT. There-
fore, we have also carried out calculations on a 20-mer
for each of the four hypothetical conformations.

Were we to consider all six transitions in a 20-mer,
we would be confronted with a 120 X 120 secular deter-
minant, which would consume far too much computer
time. The 280-nm band mixes only slightly with other
transitions, and therefore a five-transition model was
considered, in which the T1 transition was neglected.
Calculations were first performed on a decamer, ne-
glecting the T1 transition. The resulting combined
rotational strengths are given in Table V. Comparison
with the data in Table IV shows that the effect of omit-
ting the T1 transition on the rotational strengths in
other regions is small. We then carried out a five-

length, Thus, end effects, though present in the deca-
mer calculations, cannot affect any conclusions based
on the general patterns of the CD curves.

Are the results sensitive to the energy separation of
the tyrosyl T3 and T4 transitions and the peptide z—=*
transitions? In the calculations we have described, we
have located the peptide =—r* transition at 196 nm,
rather than 186-188 nm found by Nielsen and Schell-
man?® for the wavelength of the =—=* transition in
secondary amides. The choice of 196 nm was found
by Woody?! to give good agreement with the observed
exciton components in simple helical polypeptides.
Shifts of several nanometers in the center of gravity of
an allowed transition can occur in a crystal or a polymer
owing to differences in the interaction of excited-state
and ground-state dipole moments with the permanent
field of the surroundings.?® In calculations on PLT,
one might worry that the positioning of the amide
m—m* transition relative to the T3 and T4 transitions
may be crucial for the CD pattern in the far-ultraviolet.
If one locates the T3 and T4 transitions at 192.5 nm,
as we have done here, the ordering of peptide and
phenolic far-uv transitions is reversed, depending on
whether the peptide =—r* transition is located at 190
or 196 nm.

Therefore, calculations have been performed for a
decamer exactly as described above, except that the
peptide 7—n* transition is located at 190 rather than
196 nm. CD curves calculated from the resulting ro-

(35) E. B. Nielsen and J. A, Schellman, J. Phys. Chem., 71, 2297
(1967).
(36) D. S. McClure, Solid State Phys., 8, 1 (1959).
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Table VII. Calculated CD Extrema for Variantse of the RA Conformation

Confor- X1, X2, Extrema:

mation deg deg Amax, AM; [f]max, 103 (deg cm?)/dmol

RA[ 180 280 187, —204 201; 221 217; —16.5 230; 27.1 277; 7.0
RA, 190 280 187; —124 201; 136 217; —16.3 230; 27.3 277; 2.9
RA, 190 290 190; —43 203; 47 217; —15.6 230; 24.3 277; 0.003
RA; 180 290 188; —118 202; 132 217; —16.0 231; 23.3 277; 3.6
RA, 170 290 187; —207 202; 228 218; —17.1 231; 22,1 277; 9.2
RA; 170 280 187; —257 201; 278 218; —15.5 231; 27.2 277; 11.5
RA; 170 270 186; —214 201; 236 218; —13.1 231; 28.3 277; 10.9
RA; 180 270 186, —232 201; 252 218; —17.1 230; 28.2 277; 8.6
RA; 190 270 187; —189 201; 207 217; —17.9 230; 28.4 277; 5.5

« Backbone conformational angles are ¢ = 132°, = 123°,

tational strengths show only quantitative differences
from those previously described. The location and
amplitude of extrema are given in Table VI. This re-
sult is not as surprising as it might seem at first sight.
Consider the first-order perturbation theory expression
for the rotational strength arising from the coupling
of two electrically allowed transitions!®

_21 Vioasiosva?sRis - (W08 X Wica)
c h(l![.}2 bt Vaz)

R{a = (6)

__2_1 V{Oa;joﬁvaVQRji'(viOa X L‘J’OB)
4 h(va® — vg?)

Ris @)
Suppose that R, is positive and R;s is therefore nega-
tive and that v, < vs. Then the resulting CD curve will
be positive on the long-wavelength side and negative on
the short-wavelength side. If », and vz are inter-
changed, the R,, and Rjs will each change sign, but the
resulting CD curve will be unchanged.

Does the orientation of the phenolic OH group af-
fact the results? As mentioned above, the effect of
rotating the phenolic OH by 180° is equivalent to chang-
ing x. by 180°. This was found to have only a small
effect on the conformational energy by Scheraga and
coworkers.1415  Therefore, there is a possible ambi-
guity in the angle x. of 180°, We carried out calcula-
tions on conformations obtained by changing x. by
180° for each of the four conformations, designating
these new conformations as R1/, RA’, L1/, and LA".
The resulting combined rotational strengths are given
in Table IV. It can be seen that the results are not
sensitive to the orientation of the phenolic ~OH.

Are the results sensitive to small variations in the
side-chain conformational angles, x; and x.? If our
results are highly sensitive to the exact values of x; and
Xz, their qualitative agreement with experiment for a
particular conformation may well be fortuitous. Fur-
thermore, some flexibility in the side-chain orientation
is highly probable (see below). Therefore, we have
considered variants of three (R1, RA, LA) of the four
conformations considered. The backbone angles ¢ and
¢ used were those chosen by Ooi, et al.,'4 for construct-
ing the side-chain conformation energy contours shown
in Figures 15 and 16 of ref 14. These differ slightly
from the ¢ and ¥ angles corresponding to the minimum
energy conformations. x; and X, values approximately
corresponding to the energy minima in Figures 15 and
16 of ref 14 were then varied by £10°, Thus we ex-
amined conformations at corners of a square 20° on a
side and centered at the various minima. The angles
¢, ¥, X1, and X; considered are given in Table VII for

the RA conformation. Rotational strengths for deca-
mers having these conformations were calculated and
CD curves generated as described above. The posi-
tions and amplitudes of the CD extrema are shown in
Table VII. Comparison of these results among them-
selves and with the data in Table VI shows that varia-
tions of +=10° in the side-chain conformational angles
do not change the qualitative characteristics of the CD
curves for the RA conformation. The amplitudes of the
230-nm band (T2) and the 220-nm band (n-=*) are
quite insensitive to these variations, The amplitudes
of the 277-nm band (T1) and the 200-nm band, however,
show larger variations. Similar results were obtained
for the R1 and LA conformations.

The difference in behavior of the T2 and T! transi-
tions can be understood by considering the difference in
polarization directions for these two transitions. The
T2 transition is polarized parallel to the two-fold axis
of the phenolic ring and therefore its transition moment
direction is not affected by the angle x.. By contrast,
T1 is polarized perpendicular to the axis and changes in
X, alter its direction.

One problem which we have not attempted to deal
with is that of disorder in the side chains. We have as-
sumed that the side chains all have the same conforma-
tional angles and therefore form a regular helical array.
This surely is not true in an exact sense, if only because
of Brownian motion. However, we believe that our
demonstration that small variations in regular confor-
mations do not seriously perturb the calculated CD
pattern suggests that a small degree of disorder will
also have only small effects. _

Thus, we have shown that our results are insensitive,
at least qualitatively, to a number of factors which
might lead to ambiguities in comparison with experi-
ment. Therefore, the agreement of the calculated CD
curve for the RA conformation with the experimental
CD curve leads us to assign the RA conformation to
PLT. While agrecing with Scheraga and coworkers!#16
on the helix sense, our conclusion about the side-chain
conformation appears, at first sight, in conflict with
their identification of the R1 conformation as having
minimum potential energy. However, examination
of the side-chain conformation energy contours given
in Figures 15 and 16 of ref 14 suggests an explanation.
The energies which Scheraga and coworkers calculated
were potential energies, not free energies. The potential
minimum at the R1 conformation is about 1 kcal
deeper than that at the RA conformation, but the po-
tential well at the RA conformation is much broader
than that at the R1 conformation. This latter effect
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implies that the entropy of the RA conformation is
substantially more positive than that of the R1 con-
formation. We therefore suggest that the RA con-
formation is actually the most favorable conformation
in terms of free energy. A range of side-chain confor-
mations about the RA conformation therefore appears
probable. We have previously seen that the qualitative
features of the calculated CD curve are not highly sen-
sitive to modest (% 10°) variations in x; and X,. How-
ever, the amplitude of the 280-nm band does show larger
variations, and, in fact, the band nearly vanished for
one of the variants of the RA conformation considered
(Table VII). This may account for the difference in
sign of the 280-nm band observed by Shiraki and
Imahori®? (in methanol) and in our laboratory?* (aque-
ous solution). Solvent effects could modify the dis-
tribution of side-chain conformations and thereby
change the magnitude and perhaps even the sign of the
280-nm band.

There appears to be no way in which we can reconcile
our calculations with the results of Applequist and
Mahr.'* Goodman, et al.,* suggested that PLT in
quinoline (the solvent used by Applequist and Mabhr for
their dipole moment measurements) may indeed form
left-handed helices, while forming right-handed helices
in the more conventional solvents used for optical
rotatory studies. However, this appears unlikely in
view of the observation by Applequist and Mahr that
the visible ORD behavior of PLT in quinoline is very
similar to that in other solvent systems.

We can only conclude that a key assumption in Apple-
quist and Mahr’s argument may well be incorrect.
They assumed that the conformation of PLT and of its
bromo derivative are essentially the same and attributed
all of the change in dipole moment to the change in the
dipole moment of the side-chain phenol upon bromina-
tion. Goodman, et al.,* have summarized results from
several laboratories which show that introducing para
substituents such as nitro, methyl, chloro, and cyano
groups in poly-B-benzyl-L-aspartate causes a reversal in
the sense of the helix. It is therefore plausible that in-
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troducing a bromine in the phenolic ring of poly-L-
tyrosine may at least cause a significant change in side-
chain conformation.

Summary

In this study, we have examined theoretically the
circular dichroism of four helical conformations of
poly-L-tyrosine—two right-handed and two left-handed
helices. We have shown that the qualitative features of
the calculated CD curves are insensitive to chain length,
to relative energy of the allowed =—#* transitions in the
backbone and side chains, and to small variations in
side-chain conformational angles. Of the four con-
sidered, only the RA conformation yields even qualita-
tive agreement with experiment, and, for this conforma-
tion, the agreement is strikingly good. This investi-
gation provides strong evidence, therefore, that poly-
L-tyrosine does form right-handed helices in solution.
It also indicates that the favored side-chain conforma-
tion is not that of lowest potential energy (R1), but
one with a broader potential well and presumably more
positive entropy. This ability to assign both the helix
sense and side-chain conformation provides further
evidence of the potential usefulness of combining con-
formational energy calculations with theoretical and
experimental optical rotatory studies.?~3?
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