Eur Biophys J (1994) 23:253-262

European
Biophysics Journal

© Springer-Verlag 1994

Contributions of tryptophan side chains
to the far-ultraviolet circular dichroism of proteins

Robert W. Woody

Department of Biochemistry and Molecular Biology, Colorado State University, Fort Collins, CO 80523, USA

Received: 10 March 1994 / Accepted: 29 April 1994

Abstract. It has often been assumed that the role of aro-
matic side chains in the far-ultraviolet region of protein
circular dichroism (CD) is negligible. However, some
proteins have positive CD bands in the 220-230 nm re-
gion which are almost certainly due to aromatic side
chains. The contributions to the CD of interactions be-
tween tryptophan side chains and the nearest neighbor
peptide groups have been studied, focusing on the indole
B, transition which occurs near 220 nm. Calculations on
idealized peptide conformations show that the CD de-
pends strongly on both backbone and side-chain confor-
mation. Because of the low symmetry of indole, rotation
about the C,C, bond (dihedral angle y,) by 180° general-
ly leads to large changes in the CD, often causing the B,
band to reverse sign. When side-chain conformational
preferences are taken into account, there is no strong bias
for either positive or negative B, rotational strengths.
The observation that simple tryptophan derivatives such
as N-acetyl-L-tryptophan methylamide have positive CD
near 220 nm implies either that these derivatives prefer
the o region over the P region, or that there is little
preference for x, < 180° over x, > 180°. Nearest-neigh-
bor-only calculations on individual tryptophans in 15
globular proteins also reveal a small bias toward positive
B, bands. Rotational strengths of the B, transition for
some conformations can be as large as ~1.0 Debye-Bohr
magnetons in magnitude, corresponding to maximum
molar ellipticities greater than 10° degcm?/dmol. Al-
though a substantial amount of cancellation occurs in
most of the examples considered here, such CD contribu-
tions could be significant, especially in proteins of low
helix content.
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Introduction

In many schemes for the analysis of protein secondary
structure by CD, it is assumed that the contributions of
side-chain chromophores to the far-ultraviolet CD are
negligible. Among the standard amino acids, only those
with aromatic functionalities (phenylalanine, tyrosine,
tryptophan and histidine) are likely to make significant
contributions. Aromatic chromophores have intense,
fully allowed nz* transitions in the wavelength range (ca.
180-230 nm) commonly used for secondary structure
analysis. In addition, the chromophore is attached to the
i carbon in these amino acids, which brings it into rela-
tively close proximity to the peptide backbone. Other
side-chain chromophores have substantially weaker ab-
sorption bands in this region, and (except for cysteine,
aspartate and asparagine) the chromophores are more
distant from the backbone by one or more carbons.

Sears and Beychok (1973) reviewed the far-ultraviolet
CD contributions of aromatic side chains in model com-
pounds, noting that the N-acetyl aromatic amino acid
amides (Shiraki 1969) all have positive bands near
220 nm. They suggested that, as a rule-of-thumb, a value
of ~12 000 deg cm?/dmol at 222 nm can be expected for
each aromatic amino acid. Sears and Beychok also in-
ferred from data on synthetic polypeptides and proteins
that the aromatic side chains could make much larger
contributions in the 200 nm region, of the order of 80 000
deg cm?/dmol.

Woody (1978) reported calculations of the rotational
strengths of the L, (Platt 1949) bands of phenylalanine
and tyrosine arising from interactions with the immedi-
ately neighboring amide chromophores. Theory pre-
dicted that these bands, giving rise to CD bands near
220 nm, although potentially being of either sign, have a
strong tendency to be positive for the L-amino acid when
the most favorable combination of backbone and side-
chain conformation are considered. The calculations also
gave rotational strengths for some specific conformations
which were compatible with the large values inferred by
Sears and Beychok (1973).
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No comparable theoretical calculations have been re-
ported on the far-ultraviolet CD of tryptophan-contain-
ing peptides, especially on the B, (Platt 1949) transition of
the indole group. In the present paper, I describe calcula-
tions on the contributions of tryptophan side chains to
the CD of dipeptide fragments and globular proteins and
discuss their implications for interpreting the far-ultra-
violet CD of peptides and proteins.

The indole chromophore

The indole chromophore of tryptophan exhibits four
readily identifiable electronic transitions in the wave-
length region from 180-300 nm, as exemplified by the
data given in Table 1 for 3-indolylacetic acid in water
(Yamamoto and Tanaka 1972). This observation fits the
theoretical picture developed by Platt (1949) for aromatic
chromophores. In Platt’s model, indole is considered as a
perturbed cyclodecapentaene, a system with 10 7 elec-
trons. The covalent link between C,, and C,, (IUPAC-
TUB 1976) of the indole ring and the substitution of a
nitrogen for two carbons constitute the perturbations.
Such a system is predicted to have two low-energy excited
states, L, and L,, and two high-energy excited states, B,
and B,. Transitions from the ground state to the L states
are weakly allowed. (In the parent cyclodecapentaene, the
transitions are strongly forbidden, but the perturbations
introduce some allowed character) The B states are
accessible from the ground state by fully allowed transi-
tions. As shown in Table 1, the observed transitions are
assigned, in order of increasing energy, to the L,, L,, B,
and B, excited states.

There is little doubt about the assignment of the L,
and L, transitions in the near ultraviolet, which have been
studied extensively (Strickland 1974; Kahn 1978; Callis
1991). Auer (1973) studied the far-ultraviolet absorption
and CD spectra of a number of indole derivatives. He

-resolved five or six Gaussian components in the spectrum

of a number of derivatives. The Gaussian components
were assigned to two (or possibly three) electronic transi-
tions. The component at highest energy (190—198 nm)
was assigned to the B, transition on the basis of its inten-
sity, energy and lack of vibrational fine structure. All (or
most) of the remaining bands were assigned to vibronic
components of the B, transition.

The presence of another electronic transition was sug-
gested by a weak, broad band which appeared just to the
red of the B, band in all the spectra. Auer suggested that
this band, which is relatively much more significant in CD
than in absorption, could be either an additional vibronic
component of the B, transition or a C band in the Platt
(1949) nomenclature. Transitions from the ground state to
C states are not only electrically forbidden but also mag-
netically forbidden. The substantially stronger contribu-
tion to CD than to absorption suggests that this long-
wavelength feature is magnetically allowed and thus
argues against both the B, and C assignments. Moreover,
n-electron-only calculations discussed below fail to indi-
cate any nz* transitions lying between the L, and B,
transitions in energy, and thus provide further evidence
against the tentative C band assignment. The most likely
explanation for the CD intensity is that all of the optically
active derivatives studied are carboxylic acids, esters or
amides and therefore have nz™* transitions in the 220-230
nm region. Auer presented arguments against any signifi-
cant carbonyl nz* contributions based upon: (1) identify-
ing corresponding bands in absorption and CD; (2) strong
similarities in effects of ionization of carboxylic and amino
groups; and (3) solvent effects. All of these arguments are
reasonable for the dominant bands, but become question-
able for the very weak absorption feature on the long-
wavelength edge of the main B, band.

Another aspect of Auer’s (1973) assignment may re-
quire revision. The Gaussian resolutions gave a band in

Table 1. Comparison of theory and experiment for indole transitions

Transi- Experiment * Calculation 1° Calculation 11 ©
tion
A fe 0¢ A ft ] A ft 8
L, 282 0.01 49, 58 304 0.004 45 284 0.007 80
45, 60

L, 269 0.11 —42, -30 270 0.200 —37 259 0.107 —~56

B, 214 0.68 225 0.700 25 213 0.807 15

B, 200 - 212 0.118 -4 200 0.117 —-44
205 0.322 —56 193 0.187 —18
201 0.061 39 190 0.399 —80
197 0.113 —15 187 0.004 —61

2 Yamamoto and Tanaka (1972) for 3-indolylacetic acid and (Gly-Trp) dihydrate, Philips and Levy (1986a) for indole, and Philips and Levy
(1986b) for tryptamine

b Parameters of Goux ct al. (1976)

¢ Parameters of Nishimoto and Forster (1965, 1966)

4 Oscillator strengths estimated for aqueous solution of L-Trp (Yamamoto and Tanaka 1972)

¢ The first two numbers are the transition moment directions for 3-indolylacetic acid and Gly-Trp dihydrate, respectively (Yamamoto and
Tanaka 1972). For the L, band, the third and fourth numbers are the transition moment directions for indole (Philips and Levy 1986a) and
for tryptamine (Philips and Levy 1986b), respectively. The angle 0 is defined with respect to the long axis of indole, which is directed from
the midpoint of the C5—C,4 bond through C,. Positive values correspond to clockwise rotations as shown in Fig. 1, ie, away from N

f Theoretical oscillator strengths calculated as geometric mean of f, and fy, the dipole length and dipole velocity approximations (Hansen
1967), respectively
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Fig. 1. a Theoretical transition moment directions calculated with
the parameters of Goux et al. (1975). The experimental directions
(Yamamoto and Tanaka 1972) for the L, and L, bands are not
shown because they are essentially coincident with the theoretical
directions. (Goux et al. adjusted parameters to obtain this fit.)
b Transition moment directions calculated with Nishimoto and
Forster (1965, 1966) parameters. Experimental directions for the L,
and L, bands are shown for comparison as dashed arrows

the 205-215 nm region, observable in both absorption
and CD. Although Auer assigned this band to a vibronic
component of the B, band, in most of the optically active
derivatives the CD of this band is opposite in sign to that
of the longer wavelength B, components. In electrically
forbidden transitions, it is not uncommon to observe vi-
bronic components differing in sign (Weigang 1966), but
such vibrations are not expected in strongly allowed tran-
sitions such as the indole B, transition. Thus, Auer’s re-
sults suggest that there may be an additional electronic
transition between the B, and B, transitions.

Transition moment directions for the L, and L, transi-
tions in the indole chromophore have been determined by
polarized absorption measurements on single crystals of
3-indolylacetic acid and glycyl-L-tryptophan dihydrate
(Yamamoto and Tanaka 1972). These experimental results
are shown in Fig. 1. Recently, the L, transition moment
direction has been determined for indole (Philips and
Levy 1986 a) and for tryptamine (Philips and Levy 1986 b)
in the gas phase by rotationally resolved absorption spec-
troscopy on supercooled jets. Given the differences in
environment and molecular structure, the polarization
for the transitions in crystalline 3-indolylacetic acid
(+49° with respect to the long axis) and Gly-Trp (+58°)
agree reasonably well with those for indole (+45°) and
tryptamine (+ 60°) in the gas phase.

Methods

The present calculations require transition moment di-
rections for the higher energy transitions, especially that
of the B, band, and also require transition monopole
charges (Tinoco 1962) to evaluate the coupling between
excited states within the chromophore and between tran-
sitions on different chromophores. These parameters
have been obtained from n-electron MO calculation of
the Pariser-Parr-Pople type (Murrell and Harget 1972).
Two choices (Goux et al. 1976; Nishimoto and Forster
1965, 1966) of m-electron parameters were considered.
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The geometry for indole was taken from the crystal struc-
ture of 3-indolylacetic acid (Karle et al. 1964).

The system studied is a tryptophan side chain and the
amide groups attached to the Trp C,. It is thus equivalent
to N-acetyl-L-Trp-NHMe. Rotational strengths and
transition energies have been calculated using an exciton-
like method (Tinoco 1962), in an origin-independent
version (Goux and Hooker 1980) of the matrix method
(Bayley et al. 1969). Most of the methods used in this
calculation have been described in detail in previous
papers (Woody 1968, 1978; Chen and Woody 1971). The
transition monopole positions for the indole group were
located at the atomic centers as were those for the amide
nr* transition, and the monopole charges were calculated
from the Nishimoto-Forster wavefunctions. The center
for the indole transitions was the center of the C;,—C,,
bond. The first six indole transitions were included, i.e., all
of the ones indicated in Table 1, except the weak band at
187 nm. The first two transitions (L, L,) were placed at
the energies reported by Yamamoto and Tanaka (1972),
and their transition dipole velocity magnitudes were ad-
justed to agree with the experimental oscillator strengths,
but the transition dipole velocity directions were taken
from the calculated transition dipole moments. The B,
transition was placed at 5.63 ¢V (220 nm) and the transi-
tion dipole velocity magnitude was adjusted to reproduce
the observed oscillator strength (Yamamoto and Tanaka
1972). For the higher energy transitions, transition dipole
velocity magnitudes were adjusted to give agreement with
the theoretical oscillator strengths calculated as the geo-
metric mean of the dipole length and dipole velocity oscil-
lator strengths (Hansen 1967). The transition monopole
charges calculated from the m-electron wavefunctions
were multiplied by a factor of 0.789, which was the mean
scaling factor required to produce agreement between the
calculated transition dipole moments and those which
reproduce the oscillator strengths as just described. (The
range of scaling factors for the first six transitions was
surprisingly narrow: 0.745 to 0.824.) The same scaling
factor was applied to the transitions connecting excited
states.

The values reported for the tryptophan B, transition
in this paper include the rotational strengths for the nn*
transitions, which will not generally be resolved from
those of the indole B, transition that has been located at
220 nm in the calculations. The geometries of the model
dipeptides were generated by the matrix methods of Ooi
et al. (1967), as modified by McGuire et al. (1971) with
respect to bringing the side-chain coordinate system into
the backbone coordinate system. The standard peptide
geometry of Momany et al. (1975) was used for the amide
groups, for the geometry around C,, and for the C,—-C,
and C,—C, bonds. The structure of the indole group was
taken from that of 3-indolylacetic acid (Karle et al. 1964).

Dipeptide conformations from various regions of the
Ramachandran map were considered: o (—62°, —41°)
(Barlow and Thornton 1988); § (—122°, 4+ 143°) (Richard-
son et al. 1978); a; (+60°, 4+ 60°); (—120°, —70°); (—80°,
—10°); the poly (Pro) II region (P,) (—80°, +150°); and
the extended region (—120°, + 180°). These regions were
chosen not only because they sample the most heavily
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populated regions of the Ramachandran map, but also
because they have differing preferences for side-chain
conformations according to the calculations of Lipkind
and Popov (1971). For each backbone conformation, a
number of side-chain conformations were considered, in-
cluding gauche™, trans, and gauche™ conformers around
the C,~C; bond, corresponding to yx,= 60°, 180° and
300°, respectively. Various studies (Sasisekharan and
Ponnuswamy 1971; Ponnuswamy and Sasisekharan
1971; Janin et al. 1978; Bhat et al. 1979; Benedetti et al.
1983; Ponder and Richards 1987; McGregor et al. 1987)
indicate that the most favorable y, value for aromatic
amino acid side chains is 90°, with the range of y, being
most restricted for y; = 60° and less restricted for the
trans and gauche™ conformers. Following Sasisekharan
and Ponnuswamy (1971), we have used y, = 90° and 270°
for y, = 60°; y,= 60°-120° and 240°-300° in 30° inter-
vals for y, =180°; and y,= 60°—150° and 240°-330° in
30° intervals for y, = 300°.

Calculations have also been performed on the 15
proteins from a widely used data base for the analysis of
protein structure by circular dichroism (Hennessey and
Johnson 1981). Each of these proteins contains at least
one tryptophan. The coordinates used were obtained
from the Protein Data Bank (Bernstein et al. 1977; Abola
et al. 1987). The proteins considered were: y-chymo-
trypsin A (bovine) (Cohen et al. 1981); cytochrome ¢
(tuna) (Takano and Dickerson 1980); elastase (tosyl,
porcine) (Sawyer et al. 1978); flavodoxin (oxidized,
Clostridium MP) (Smith et al. 1977); D-glyceraldehyde-3-
phosphate dehydrogenase (lobster) (Moras et al. 1975);
hemoglobin (aquomet, equine) (Ladner et al. 1977);
lactate dehydrogenase (dogfish, M, apo) (Abad-Zapa-
tero et al. 1987); lysozyme (chicken) (Herzberg and Suss-
man 1983); myoglobin (sperm whale, aquomet) (Watson
1969); papain (papaya, cysteinyl) (Drenth et al. 1976);
prealbumin (human) (Blake et al. 1978); rubredoxin
(Clostridium pasteurianum, oxidized) (Watenpaugh et al.
1980); subtilisin (Bacillus amyloliguefaciens) (Alden et al.
1971); thermolysin (B. thermoproteolyticus) (Holmes and
Matthews 1982); triosephosphate isomerase (chicken)
(Banner et al. 1976).

The transition monopoles were placed at the atomic
positions given by the crystal coordinates, except for the
amide nz* monopoles, which were placed at standard
positions (Woody 1968) around the carbonyl oxygen.
The transition dipole velocity vectors and the magnetic
dipole transition moment of the amide nn* transition
were transformed from the standard peptide and indole
coordinate systems into the crystal coordinate system by
a matrix transformation. Only the interaction of each
indole side chain with the two amides bonded to its C,
was considered.

Results and discussion

The first problem to consider is the choice of MO
parameters. Goux et al. (1976), starting from literature
values, adjusted their parameters to obtain close agree-
ment with the experimental transition moment directions

of Yamamoto and Tanaka (1972). The results using the
parameters of Goux et al. (1976) are shown in Table 1.
These results agree well with those reported by Goux et
al., with minor differences attributable to slightly different
geometries and to less extensive configuration interaction
in the present calculation (10 low-energy singlet excited
configurations vs. all 20 singly excited configurations). As
Goux et al. had shown, these parameters give excellent
agreement with the experimental transition moment di-
rections for the L, and L, bands (Yamamoto and Tanaka
1972). However, the parameters of Goux et al. (1976) pre-
dict a very congested spectrum just above 200 nm, with
four transitions between 197 and 212 nm. Therefore, the
parameters of Nishimoto and Forster (1965, 1966), which
generally work well in predicting transition energies and
intensities in heterocyclic systems, were also used. The
results from this calculation are shown in Fig. 1 and
Table 1, in comparison with experiment and with the re-
sults from the Goux et al. parameters. Although the Ly,
and L, transition moment directions are not given as well
with the Nishimoto and Forster parameters, the pileup of
transitions above 200 nm is eliminated. The Goux et al.
parameters place the B, transition at 205 nm, whereas the
Nishimoto-Forster parameters place it at 190 nm, in con-
siderably better agreement with Auer’s (1973) experimen-
tal data. Depending on the parameter choice, one or two
transitions are predicted to lie between the B, and B,
bands, which is consistent with the present interpretation
of Auer’s results. (The additional transition at 193 nm
with the Nishimoto and Forster parameters would not be
resolved from the much stronger B, band at 190 nm.)
Overall, the Nishimoto-Forster parameters give a better
account of the far-ultraviolet spectrum of indole and
therefore these parameters have been used in the treat-
ment of the CD of tryptophan-containing peptides.

The calculated B, rotational strengths for the various
dipeptide conformers are shown in Table 2. The first
striking feature of these results is that many of the con-
formers give rotational strengths, R, which are greater
than 0.2 DBM (Debye-Bohr magneton, 1 DBM =0.9273
x 10738 cgs units) in magnitude. Assuming a band width
of 9.0 nm, the maximum molar ellipticity is 1.9 x 10° R.
Thus, a rotational strength of 0.2 DBM corresponds to
[0]..., = 38 000 deg cm?/dmol. This is comparable (but
opposite in sign) to the CD contribution of the nn* tran-
sition in an a-helical peptide group. Therefore, many of
these conformers are predicted to have CD bands of sub-
stantial magnitude, with the strongest bands with [@],,,
~10° deg cm?/dmol.

Although more than half the conformers give rotation-
al strengths of the order of 0.2 DBM or larger in magni-
tude, there are a number of conformers which give a net
B, rotational strength less than 0.2 DBM in magnitude.
In most cases, however, the small net rotational strength
results from approximate cancellation of two large rota-
tional strengths of opposite sign that result from mixing
of the indole B, transition with the two amide nn* transi-
tions. For example, for the oy conformer with (y,, x,) =
(60°, 90°), the net B, rotational strength is predicted to be
0.073 DBM. However, this is a resultant of three transi-
tions at 220.56, 220.04 and 219.95 nm with rotational
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Table 2. Calculated tryptophan B, rotational strengths® in N-AcTrpNHMe

Backbone Side-chain conformation ?
conformation
(60, 90) (180,60)  (180,90)  (180,120)  (300,60)  (30090)  (300,120) (300, 150)
OR —-0.197 0.207 —0.064 —0.235 —0.063 0.020 0.217 0.413
(—62, —41) —0.260 0.553 0.542 0.299 0.449 0.381 0.477 0.495
B 0.657 0.513 —0.013 —-0.519 —0.380 —0.390 —0.274 —0.058
(—122, +143) —0.687 —0.318 —0.047 0.180 0.725 0.395 0.028 —0.246
o 0.512 —0.174 —0.065 —0.485 —0.156 —0.389 —0.484 —0.382
(60, 60) —0.071 —0.220 —0.018 —0.009 —0.273 —0.351 —0.466 —0416
1.086 0.384 0.129 —0.338 —0.285 —0432 —0.274 0.103
—120, —-70 —0.471 —0.304 0.161 0424 0.746 0.246 —0.032 —0.022
—0.280 0.365 0.063 —-0.037 —-0.179 —0.149 0.028 0.142
—80, —10 —0.033 0.238 0.319 0.288 0.832 0.815 0.812 0.656
B, 0.017 0.289 —0.247 —0.659 —0.226 —0.088 0.183 0.453
(—80, +150) —-0.519 0.386 0.470 0.398 0.888 0.746 0.646 0.470
0.611 i 0.567 0.175 —0.115 —0.121 —0.259 —0.327 —0.205
—120, +180 —0.281 -0.659 —0.353 0.084 1.057 0.744 0.270 —0.093

2 Includes rotational strengths of indole B, and peptide nr* transitions. In Debye-Bohr magnetons (1 DBM = 0.9273 x 10~ 38 cgs units)

® The upper number in each entry is for the (x,, x,) pair at the top of the column. The lower number is for (x,, x,+ 180)

strengths of —0.527, 0.401 and 0.200 DBM, respectively.
Because the splittings are small compared with the band
width and because there is a net rotational strength, CD

Table 3. Calculated tryptophan B, rotational strengths® for most
favorable conformations

spectra calculated (data not shown) from the theoretical f;;é 'z::ﬁon Favored  7,=90" %, =270"  Average over 1, *
rotational strengths do not exhibit the classical couplet 1 Unweighted Weighted
shape (Schellman 1968; Bayley 1973).

Does the choice of 220 nm for the B, band position % 180 —00636 +0.5421 02172 0.1347
affect the results significantly ? Calculations of rotational £ 300 —0.3%00 +0.3952 —0.0249 —0.1084
strength and CD were performed for two alternative °‘_L120 _70 ;88 :822?‘5‘ ;ggiég ;8383 :832;‘;
wavelengths. The absorption maximum for 3-indolyl- —80, 10 60 02801 —00329 —01565 —01977
acetic acid in water is at 214 nm (Yamamoto and Tanaka —80, +150 180 —02466 04696 01060  0.0022
1972), whereas poly(Trp) exhibits a CD maximum near —120, +180 60 06110 —02808  0.1651  0.3137

225 nm (Cosani et al. 1968; Peggion et al. 1968). Calcula-
tions with either of these wavelengths for the B, transition
gave net rotational strengths and CD spectra which dif-
fered only quantitatively. The magnitudes were generally
greater when the B, band was placed at 214 nm and least
for 225 nm. This trend results from the fact that the prin-
cipal source of B, rotational strength is through mixing
with higher energy indole and peptide nz* transitions.

A second striking feature of the results shown in
Table 2 is that there are generally large differences associ-
ated with rotating about the C,—~C, bond (,) by 180°. In
nearly all cases where the rotational strengths are large in
magnitude for both conformers differing in y, by 180°, the
B, band has rotational strengths opposite in sign. Dipep-
tides in the a; region are exceptional in giving negative
rotational strengths for all but one side-chain conforma-
tion.

Is there any preference for positive over negative B,
bands, or vice versa? The number of positive and negative
entries in Table 2 are essentially equal. However, each
main-chain conformation will have a preference for par-
ticular side-chain conformations (Lipkind and Popov
1971; Janin et al. 1978; Benedetti et al. 1983; McGregor
et al. 1987). In Table 3, the preferences of various main-
chain conformations for particular y, values are taken

2 Includes rotational strengths of indole B, and peptide nz* transi-
tion. In DBM

® Based on calculations of Lipkind and Popov (1971)

¢ Unweighted average includes all x, for the favored y,, with the
same weight. In the weighted average, rotational strengths for
%2> 180° were assigned a weighting factor of 0.5 while those for
X2 < 180° were given unit weight

into consideration in calculating average B, rotational
strengths. The preferences inferred by Lipkind and Popov
(1971) are used here, as these are the most complete and
explicit ones available, although based upon limited data.
They are consistent with the results of subsequent studies
with larger data bases (Janin et al. 1978; Benedetti et al.
1983; McGregor et al. 1987).

Except for the (— 120, + 180) region, the B, rotational
strength is negative for the favored y, values when y, =90°.
The band is predicted to be positive for y, =270° and the
favored y, value in four of the seven conformations con-
sidered, and these include the most populated regions of
the Ramachandran map. The unweighted averages over
¥ are positive for the oy, Py and extended regions and
very weakly negative for the f region. Only the lightly
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populated o; and bridge (—80, — 10) regions give signifi-
cant negative B, bands.

Analyses of protein structures (Janin et al. 1978; Bhat
et al. 1979; McGregor et al. 1987) indicate that trypto-
phan side chains with y, between 0° and 180° occur about
twice as frequently as those with y, between 180° and
360°. The smaller sample of tryptophan residues in glob-
ular proteins considered in the present work exhibits a
ratio of ca. 3:1. The weighted averages given in Table 3
use the 2:1 weighting for y, implied by the protein struc-
tural data. When this preference is considered, the three
most populated regions give positive (ag), negative (f) and
very weakly positive (P;) B, bands. Only the improbable
o, region gives a strongly negative B, band. Overall, the
weighted average could yield either a positive or negative
B, band, depending on the relative weights of the o and
B regions. Thus, our calculations do not make a strong
prediction for the sign of the Trp B, band, in contrast to
the L, bands of Phe and Tyr (Woody 1978).

Experimentally, the CD spectrum of N-acetyl-L-trypto-
phanamide in water (Shiraki 1970) has a positive band at
227 nm with [@],,, = 12 900 deg cm?/dmol, a crossover
at ~217 nm, a negative shoulder near 212 nm, and a neg-
ative maximum at 196 nm with [@],4¢ = — 10 800 deg
cm?/dmol. A similar spectrum is observed for Glu-Trp
(Brahms and Brahms 1980). All of the tryptophan deriva-
tives studied by Auer (1973) also exhibited a positive CD
band in the 220—230 nm region. The present calculations,
therefore, imply a predominance of peptide conformers in
the o, relative to the f region. Alternatively, the bias
against y, > 180° may be minimal in these peptides, in
which case the unweighted average is more appropriate
and the oy and PP, regions are predicted to give rise to
moderately strong positive B, bands, whereas the § re-
gion gives a weakly negative contribution.

The results for the globular proteins are shown in
Table 4. The limits on these calculations must be kept
clearly in mind. Only nearest-neighbor interactions are
included. The interactions of each tryptophan side chain
with other amides than those attached to its o carbon, and
with other chromophoric side chains, are ignored. It is
likely that these non-nearest neighbor contributions are
of comparable, if not greater, importance in determining
the far-ultraviolet CD of the tryptophan side chains.
Nevertheless, the present calculations can give some idea
of the possible strength of such effects.

The protein calculations again show a bias toward
positive B, contributions from tryptophan. Although
nine of the 15 proteins have overall negative contribu-
tions, six of these are quite weak, while those proteins
with positive B, bands give generally stronger bands.
Comparison of the average magnitudes with the net rota-
tional strengths shows that there is substantial cancella-
tion. For example, elastase has a net B, rotational
strength which is close to zero, but the average magnitude
is 044 DBM. This corresponds to [@],. Vvalues of
~5 x 104,

Although most proteins have negative CD bands near
220 nm, dominated by «-helix and/or f-sheet contribu-
tions, a few proteins have positive CD at 220 nm, with
maxima between 220 and 235 nm. Table 5 gives data on

Table 4. Calculated tryptophan B, rotational strengths * in globular
proteins

Protein R nt (R {IR|> PDBfile®
Chymotrypsin —0.2200 8 —0.0275 0.3451 2gch
Cytochrome ¢ 2.1560 4 0.5390 0.5390  3cyt
Elastase -0.0218 7 —0.0031 04392  flest
Flavodoxin —0.7650 3 —02550 03000 3fxn
G3PDH ¢ —-00576 6  —0.0096 03150 1gpd
Hemoglobin 0.6753 3 02251 0.2833 2mhb
LDH © 07381 6 0.1230 02309  6ldh
Lysozyme —00746 6 —0.0124 0.2141 Tlyz
Myoglobin 03602 2 01801 03323 1mbn
Papain —~0.8140 5 —0.1628 02369 2pad
Prealbumin 04040 4 0.1010 0.2662  2pab
Rubredoxin —-02920 1 —0.2920  0.2920 Srxn
Subtilisin 05199 3 01733 01754  1sbt
Thermolysin  —0.0559 3 —0.0186  0.6241 3tin
TIM ¢ ~0.6745 10  —00675 03201  1tim

2 Includes indole B, and amide nn* rotational strengths. In DBM
® Number of tryptophan residues in asymmetric unit of crystal

¢ File name in the Protein Data Bank for the crystal structure used
in the calculation

4 Glyceraldehyde-3-phosphate dehydrogenase

¢ Lactate dehydrogenase

f Triose phosphate isomerase

some of these proteins. It is not certain that aromatic
groups are responsible for these positive CD bands in all
cases (see below), but the position of the bands is consis-
tent with an assignment of the B, transition of tryptophan
or the L, band of tyrosine, or both. For this reason,
Table S contains a column reporting the ellipticity per
aromatic group, assuming that all tryptophans and
tyrosines contribute equally. It can be seen that this value
ranges from ~ 3500 deg cm?/dmol to ~ 80 000 deg cm?/
dmol. Such values are well within the range predicted in
this study for tryptophan side chains. In a previous study
{Woody 1978), calculations on the L, band of tyrosine
indicated possible contributions of up to ~0.5 DBM,
corresponding to a molar ellipticity of ~65 000 deg cm?/
dmol. Thus, the anomalous CD of the proteins in Table 5
can be accounted for by aromatic side chain contribu-
tions resulting solely from nearest-neighbor interactions.
However, those with very large values per aromatic side
chain, such as avidin, require a large degree of reinforce-
ment among the side chains and only weak negative pep-
tide contributions. Of course, contributions of chromo-
phores more distant in the primary structure but near in
the tertiary structure can modify this picture.

The assignment to aromatic side chains of the positive
CD bands near 230 mm in snake neurotoxins and car-
diotoxins has been excluded (Dufton and Hider 1983;
Grognet et al. 1988; Hider et al. 1988). Tyr25 and Trp 29
(erabutoxin numbering) are strongly, but not completely,
conserved among these toxins. The 228 nm band is ob-
served in a number of toxins which lack the Trp ho-
mologous to Trp29 and the few toxins lacking the Tyr
homologous to Tyr25. Hider et al. (1988) have suggested
that the 228 nm band is largely due to the disulfides,
which are completely conserved in these toxins.



Table 5. Positive CD bands in proteins (220—235 nm)

PrOtein Amax [@]max : nTyr b nTrp € [@]max
(mm) nTyr + nTrp
Agglutinin 223 470 000 7 1 59 000 ¢
(wheat germ)
Avidin 228 410 000 1 4 82000 ©
Cobrotoxin 228 219 000 2 1 73000f
y-Crystallin IV 234 138 000 16 4 7000 #
DNase (acid) 225 63 000 12 6 3500°
Erabutoxin b 228 100 000 1 1 50 000 1
Factor H 230 3300000 58 36 35000
Ferredoxin 227 225 000 2 2 56 000 &
Fibronectin 228 8800000 146 88 38 000"
Gene 5 protein 228 17 000 5 0 3400™
f,-Glycoprotein I 235 199 000 12 4 12000"
Hemopexin (apo) 231 117 000 12 17 4 000°
Hevein 221 190,000 1 2 630009
High-potential 228 460 000 3 3 77 000 ®
iron protein
Myotoxin a 225 12 500 1 1 63004
a-Neurotoxin 228 100 000 1 1 50 000 *
Neocarzinostatin 223 96 000 1 2 32000
Ribonuclease Sa 235 160 000 7 0 23000"
B-Ricin 232 870 000 9 6 58000
Trypsin inhibitor 226 430 000 4 2 72000
(Kunitz soybean)
Trypsin inhibitor 227 229 000 1 1 19000 ™

 Ohmori (1984)

! Osterlund et al. (1985)
™Day (1973)

™ Lee et al. (1983)

° Morgan and Smith (1984)
P Przysiecki et al. (1985)

9 Cameron and Tu (1977)

* Menez et al. (1976)

* Maeda et al. (1973)

' Kéry et al. (1986)

v Wawrzynczak et al. (1988)
v Ikeda et al. (1968)
*Gruen et al. (1984)

2 Per subunit or per protein

® Number of tyrosine residues
per subunit or per protein

¢ Number of tryptophan
residues per subunit or per
protein

¢ Rodriguez-Romero et al. (1989)
¢ Green and Melamed (1966)

f Yang et al. (1968)

¢ Mandal et al. (1985)

b Timasheff and Bernardi (1970)
! Menez et al. (1976)

1 Discipio and Hugli (1982)

The CD spectrum of the bacterial ribonuclease
barnase shows a prominent negative band at 231 nm
(Vuilleumier et al. 1993). Vuilleumier et al. have mutated
each of the three Trp and each of the seven Tyr residues
to Phe. Difference CD spectra between the mutant and
wild-type proteins lead to the conclusion that Trp 94 and
Tyr 24 contribute ca. — 180 000 deg cm?/dmol and ca.
—110 000 deg cm?/dmol, respectively, to the 231 nm CD
band. Trp 35 makes a contribution of ca. -+ 140000
deg cm?/dmol at 224 nm, while Tyr 90 and 97 give rise to
CD bands at 221 nm with amplitudes of ca. 4250 000
and —110 000 deg cm?%/dmol, respectively. Further in the
ultraviolet, difference bands of comparable and even
greater magnitude are detected, but the analysis is more
complex in this region because the Phe residues also may
contribute here, as well as the peptide groups. The results
for the Trp B, bands are comparable in magnitude to
those predicted in this work. It must be emphasized again,
however, that coupling of the Trp B, band with other
peptides than the nearest neighbors and with other aro-
matic groups may actually dominate the By CD contribu-
tions in many cases.
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Two cases in which coupling of the Trp B, transition
with groups other than flanking peptides have recently
been documented. Kuwajima et al. (1991) have reported
that the difference CD spectrum between wild-type E. coli
dihydrofolate reductase and the mutant in which Trp 74
is replaced by a leucine has a strong positive band at
230 nm and a negative band at 220 nm (WT-mutant). The
overall amplitude of this couplet is ca. 2.3 x 10? deg cm?/
dmol residuc or 360 000 per protein. Kuwajima et al.
attributed this couplet to an exciton interaction between
the B, bands of Trp 74 and Trp 47, which are in close
proximity in the structure of E. coli DHFR. This assign-
ment is supported by explicit calculations (Grishina and
Woody to be published).

The CD spectrum of the filamentous phage fd qualita-
tively resembles that of an a-helix, consistent with the
high helix content of the coat protein. However, the ratio
of the 222 nm band to that of the 208 nm band is close to
1.5, rather than 1.0 as normally observed with a-helices.
Arnold et al. (1992) have shown that oxidation by N-
bromosuccinimide of the lone Trp per coat protein mole-
cule leads to a decrease of the 222 nm amplitude and an
increase in the 208 nm band, ie., a normalization of the
o helix spectrum. The difference spectrum between the
unmodified and modified virus CD thus shows a strong
couplet with a negative peak at 224 nm and a positive
peak at 210 nm. The overall amplitude of the couplet is
estimated to be ca. +10 deg cm?/dmol. The difference
CD bands are substantially to the blue from those in the
dihydrofolate reductase. This argues against exciton cou-
pling between Trp B, bands, and data on the capsid struc-
ture indicate that the Trp residues on different subunits
are too far apart to give rise to a significant exciton effect
(K. Dunker, private communication). However, Trp 26
on one subunit is expected to lie close to Phe 42 on a
neighboring subunit (Marvin et al. 1994) and the band
positions in the couplet would be compatible with a Trp
B,—Phe L, interaction. Detailed calculations will be re-
quired to ascertain whether such an interaction can give
rise to the extraordinary CD magnitude observed.

Although most methods (Yang et al. 1986; Johnson
1988; Woody 1994) for secondary structure analysis of
proteins from CD do not explicitly consider aromatic
contributions, three methods have attempted to take
them into account. Brahms and Brahms (1980) measured
the CD of model dipeptides for Trp, Phe and Tvr, e.g.,
Glu-Trp, and combined these spectra with amino acid
composition data to yield a simple correction to the
observed spectrum. Although this led to a slightly better
least-squares fit to the spectrum in some cases, as mani-
fested by a smaller r.m.s. deviation from the experimental
curve, the content of various secondary structural cle-
ments changed by only a few percent at most. Further-
more, it is not clear that these changes led to improved
agreement with X-ray data. It seems unlikely that a sim-
ple dipeptide can serve as an adequate model for all of the
aromatic chromophores in a protein.

Bolotina and Lugauskas (1986) have extended the
nonlinear least squares method to include contributions
of aromatic chromophores. The CD spectra of a set of
proteins of known structure are measured at regular
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intervals. The observed CD spectrum of a protein is con-
sidered to be made up of a contribution from each sec-
ondary structural type, weighted by the fraction of that
structural type in the protein, plus aromatic contribu-
tions. The aromatic contributions are unique for each
protein and are taken to consist of three bands, with
wavelengths in the ranges 190-210, 210-226 and
226-235 nm. Each of the bands is taken to have a shape
function which is a log-normal distribution (Siano and
Metzler 1969), and thus each band requires four parame-
ters. An iterative nonlinear least squares procedure was
used to obtain the peptide reference spectra for the struc-
tural types, assumed common to all proteins, and the
twelve parameters describing the aromatic contribution,
unique to each protein. Proteins of unknown conforma-
tion were analyzed to obtain the unique aromatic contri-
bution and the fractions of secondary structural elements.

As gauged by improved agreement between the CD
analyses and X-ray diffraction for proteins outside the
basis set, the method of Bolotina and Lugauskas (1986)
represents an improvement over the analysis omitting the
aromatic contributions. The allowance for unique aro-
matic contributions for each protein represents a major
advance which may provide useful information about
these contributions, as well as improving the accuracy of
secondary structural estimates from CD.

However, there are several concerns about the Bolo-
tina and Lugauskas (1986) method. The large increase in
the number of parameters raises questions about the sta-
bility and convergence of the least squares procedure. The
analysis constrains the secondary structure fractions to
be positive and to sum to one, as do nearly all earlier
methods. However, most recently developed methods fol-
low Hennessey and Johnson (1981) and do not apply such
constraints. Instead, the extent to which the uncon-
strained secondary structural fractions satisfy these con-
ditions provides useful criteria for a valid analysis. No
such test is available in the Bolotina-Lugauskas method
and it is possible that the additional parameters could
yield a good fit to the experimental CD spectrum, but the
derived fractions could be in error.

Perczel et al. (1992) applied their convex constraint
analysis (CCA) (Perczel et al. 1991) to a set of proteins
which included four proteins rich in f-sheets, in addition
to the 18 proteins used in their initial work. The CCA
method does not require any input data from X-ray struc-
tures. Instead, the CD data are treated as vectors which
are subjected to rotations that yield a set of pure compo-
nent spectra, the number of which can be varied. When
the B-protein-enriched data set was analyzed to obtain
five components, four of the components were spectra
resembling secondary structural elements such as the a-
helix, antiparallel S-sheets, etc. One component, however,
showed only one significant feature, a positive band
centered at 230 nm. Perczel et al. suggested that this
band arises from aromatic and disulfide side chain groups
and showed that its amplitude in the CD spectra of the
basis set proteins showed a modest correlation (r = 0.48)
with the fraction of aromatic + disulfide-linked cysteine
residues. This method of correcting for aromatic contri-
butions will break down in cases where the net contribu-

tion for a specific protein is negative, since the coefficient
for each pure component is restrained to be prositive.

Several recently developed methods (van Stokkum et
al. 1990; Sreerama and Woody 1993) use the variable
selection principle introduced by Manavalan and John-
son (1987). In this approach, various combinations of
protein CD spectra are used to fit the spectrum of one
unknown protein, rather than a single set. This has the
advantage that proteins which have CD features in com-
mon with the unknown protein are given additional
weight in the analysis while those which have very differ-
ent features are deleted from the basis set. Thus if one or
more proteins in the total basis set have aromatic CD
contributions similar to those in the spectrum of the un-
known protein, the variable selection method will weight
that (those) proteins more heavily in the analysis. If none
of the proteins in the initial basis set have such contribu-
tions, the variable selection method will not lead to an
improved result. In such cases, if the aromatic feature is
very prominent, €.g., in the proteins listed in Table 5, the
analysis can generally be recognized as flawed by the
failure of the secondary structure fractions to all be posi-
tive and/or to sum to one.

From the present work, it is clear that tryptophans can
make a significant contribution to the CD of proteins in
the far ultraviolet. In general, this is likely to substantially
perturb the CD spectrum only in cases where the peptide
contribution is weak, in particular, in proteins with low
helix content. Unlike the L, bands of tyrosine and pheny-
lalanine (Woody 1978), there is not a clear tendency for
the B, band of tryptophan to be positive when only
nearest-neighbor interactions are considered. Neverthe-
less the anomalous CD spectra of certain proteins which
exhibit positive CD bands near 225 nm are probably due,
at least in part, to Trp B, contributions. For proteins with
apparently normal CD spectra, the extent to which these
contributions may interfere with secondary structure
analysis, and how best to recognize and correct for such
effects, remains to be elucidated.
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