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ABSTRACT: Electronic transitions in aromatic side chains are responsible for the characteristics of proteins
in the near UV. We present the first systematic study of a large number of proteins focused on the accurate
calculation of near-UV circular dichroism (CD) spectra. We report new parameter sets derived from ab
initio calculations for benzene, phenol, and indole that describe the valence electronic transitions to the
1Lb, 1La, 1Bb, and1Ba states in the side chains of amino acids phenylalanine, tyrosine, and tryptophan. CD
spectra were calculated, using the matrix method with the new side-chain parameters, for 30 proteins
whose CD spectra and crystal structures have been made publicly available. The new parameter sets are
fully self-consistent and yield near-UV spectra better than those obtained using previous parameter sets.
The mean absolute errors for computed wild-type spectra in the near UV are reduced by a factor of∼2.
A similiar reduction is found for the near-UV spectra (and difference spectra) of mutants involving aromatic
amino acids. Empirical modifications to model vibronic coupling in the side-chain chromophore of
phenylalanine offer no overall improvement. Protein CD calculations from first principles coupled with
atomic-level modeling enhance the utility and interpretability of CD measurements in the near UV.

Circular dichroism (CD)1 spectroscopy is a useful experi-
mental technique for protein secondary structure determi-
nation. The method is often used to study the impact that
various physiochemical factors, for example, pH, have on
the conformation and on the secondary structural content of
a globular protein. The technique can furnish insight into
protein folding events. Time-resolved CD allows one to study
the time evolution of a protein’s secondary structure in
various native and non-native environments, and recent
advances have enabled protein dynamics to be monitored
on sub-microsecond time scales (1). Recent progress has
yielded theoretical CD calculations that are sufficiently
accurate that, when allied with molecular dynamics simula-
tions, they may be of use in predicting and interpreting such
experiments. Inclusion of chromophores other than the
peptide or amide group in theoretical descriptions of CD
should enhance the agreement between theory and experi-
ment (2).

There are many examples of the application of CD in
biochemical and biophysical investigations. One recent study
(3) on a homodimeric DNA binding protein, the factor for
inversion stimulation (FIS) which possesses four tyrosines,
employed far- and near-UV CD (among other techniques)
in an effort to understand how the side-chain residues
contribute to its conformational and spectroscopic properties.
CD was measured for the wild type and for four Tyrf Phe
mutants. It was concluded that the Tyr51Phe mutation
perturbs the hydrogen bonding network within the C-
terminus, and that a tyrosine residue (Tyr51) is central for

modulating the local environment in FIS. This structural
difference accounts for the near-UV CD spectra of the wild
type and the Tyr51Phe mutant. A more precise understanding
of the origins of near-UV CD would enhance its utility in
such studies. This motivates efforts toward accurate first-
principles calculations in the near UV.

The far-UV CD of a protein reflects its secondary
structure; for example, a predominantlyR-helical protein,
such as myoglobin, will have a CD spectrum with negative
peaks at 222 and 208 nm and a positive peak around 190
nm. Excitations of valence electrons in the amide group are
responsible for the dominating features in this region, where
the transitions are from a lone pair on the oxygen to theπ*
orbital (nπ*) and from the nonbondingπnb orbital to theπ*
orbital (πnbπ*). Exciton splitting of the latter gives rise to
the peaks at 208 and 190 nm. In addition to the polypeptide
backbone, other chomophoric groups contribute to the CD
in both the far and near UV. Particularly important are the
aromatic side chains of amino acids phenylalanine, tyrosine,
and tryptophan, due to four associated electronically excited
valence states:1Lb, 1La, 1Bb, and 1Ba as labeled in Platt’s
notation (4). Therefore, the influence of the aromatic residues
should be taken into account, both in the near UV, where
transitions due to the amide groups do not feature, and in
the far UV, where strongly allowed transitions to the aromatic
1Bb and1Ba states occur.

Bands in the near UV of a protein’s CD spectrum reflect
the side chains that are present, since the aromatic chro-
mophores have characteristic electronic transitions in that
region. Exciton coupling of these transitions in closely
neighboring side chains may result in more intense bands
and couplets in the near UV that allow the proximity of the
side chains and their local environment to be determined (5).
Site-directed mutagenesis may be used to generate a mutant
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in which an aromatic side chain in the wild type is replaced
with a nonaromatic residue, for example. The difference
spectrum generated from the respective CD spectra gives
the contribution of the particular side-chain residue to the
total CD (5).

Theoretical CD calculations employing the dipole inter-
action model (6) or the matrix method (7) have been
successful at predicting spectra in the far UV (8-11), in
particular, for proteins with a highR-helical content. A recent
study (12) employed the matrix method in its origin-
independent form (13) to calculate from structures deter-
mined by X-ray crystallography the far-UV CD spectra of
47 proteins, whose CD spectra have been made publicly
available (14, 15). The agreement between the calculated
and experimental spectra was good; considering two amide
transitions (nπ* and πnbπ*), a mean absolute error of 5400
deg cm2 dmol-1 over the wavelength range of 190-230 nm
was obtained. The parameters describing the amide electronic
transitions were derived from ab initio calculations (10, 11)
onN-methylacetamide (NMA), where a dielectric continuum
model was employed to represent bulk solvent.

Using parameters derived from semiempirical calculations
and experiment, Woody and co-workers have incorporated
the side-chain chromophores of phenylalanine, tyrosine, and
tryptophan into matrix method calculations. The total and
difference spectra of several proteins have been calculated
(16-20), and the side chains influenced the computed CD
in both the far- and near-UV regions. For instance, the CD
computed for bovine pancreatic trypsin inhibitor was sensi-
tive to the number and character of the side-chain transitions
included in the calculations and the local environment of
the side chains (16, 18). The overall spectra computed for
mutants Tyr21Leu and Phe22Leu (the residues with the
greatest number of neighboring aromatic side chains) agreed
poorly with experiment, implying that local conformation
and aromatic coupling of side chains in the proximity affected
the computed CD.

The aim of our study is to improve the description of the
aromatic side chains for use in the matrix method and to
investigate their inclusion in the calculation of protein CD
from first principles. New parameters describing electronic
transitions to the1Lb, 1La, 1Bb, and1Ba valence states of the
aromatic side chains of phenylalanine, tyrosine, and tryp-
tophan are presented. They are enhanced variants of the
parameters presented in a recent study (21). Rotational
strengths and CD were calculated for 30 proteins whose near-
and far-UV CD spectra are available in the literature, along
with their X-ray crystal structures. The calculated CD for
each protein is compared with experiment and with spectra
obtained using an alternative semiempirical side-chain
parameter set.

METHODS

Computational Details. The matrix method (7) enables the
calculation of CD spectra for large biomolecules, such as
proteins. The method is well-established; however, for
completeness, it is summarized in the Appendix. The
parameters in the matrix method that describe the peptide
backbone nπ* and πnbπ* transitions at 220 and 193 nm,
respectively, are derived from calculations on NMA and have
been described previously (11). To calculate the side-chain

contributions, new parameter sets describing electronic
transitions to the four electronically excited valence states
(1Lb, 1La, 1Bb, and1Ba) of the side chains of phenylalanine,
tyrosine, and tryptophan were employed. These sets are
derived from ab initio calculations on the chromophores
benzene, phenol, and indole, respectively (22), which were
performed at the complete active space self-consistent field
level of theory (23) with the polarizable continuum model
(24), a self-consistent reaction field technique, to mimic bulk
solvent. Transition energies were calculated using multicon-
figurational second-order perturbation theory (25). Complete
active space state interaction (CASSI) calculations (26)
furnished permanent and transition electric and magnetic
moments and the associated charge densities. The derivation
of the new side-chain parameters follows analogous work
(11) on the peptide backbone based on calculations on NMA;
the new side-chain parameters are derived from the ab initio
calculations with water as the bulk solvent.

Charges for use in eq 5 (in the Appendix) are constructed
to reproduce the total electrostatic potentials such that the
least-squares difference is minimized. Five charges are
located around each non-hydrogen atom, giving a total of
30, 35, and 45 charges for benzene, phenol, and indole,
respectively. The electronic transitions involve a translation
of charge in the symmetry plane, and the charges are
arranged in the symmetry plane (one centrally located on
each atom with two orthogonal pairs of dipoles that intersect
at the atomic center). The charges were adjusted to conserve
the total charge of each system. Using the procedure
described above, charges describing the five permanent
electronic states (S0, 1Lb, 1La, 1Bb, and1Ba) for each system
were generated, in addition to charges that represent transi-
tions between the states. The electrostatic potentials evaluated
for each system were rotated in the symmetry plane to match
the ab initio dipole orientations (22, 27). In the parameters
presented in this work, the electric dipole moments take
values from the charge fitting calculations. The mean
absolute errors for the electric dipole moments described by
the fitted charges are 0.01, 0.07, and 0.10 D for benzene,
phenol, and indole, respectively. The new side-chain param-
eters and further details of their calculation are provided in
the Supporting Information.

Benzene possessesD6h symmetry; therefore, the symmetry-
allowed transitions are from the ground state S0 to the
degenerate1Ba and1Bb (1E1u) states, where theD6h label is
in parentheses. The two lowest transitions to1Lb (1B2u) and
1La (1B1u) are dipole-forbidden; however, they become
accessible due to vibronic coupling. Therefore, for benzene,
we only consider electronic excitations from S0 to the 1Lb,
1La, 1Bb, and 1Ba states, i.e., four transitions. Transitions
between the excited states are symmetry-forbidden (inD6h

symmetry). The ab initio calculations on benzene neglected
the effect of vibronic coupling on the excitations to the1Lb

(1B2u) and1La (1B1u) states. Therefore, following Woody and
co-workers (18), we augmented the ab initio parameters
describing phenylalanine with four sets of atom-centered
charges (six charges for1Lb and four for1La) that reproduce
the two orthogonal components of the transition moments
for the1Lb and1La states such that, when combined with the
calculated transition energies, they yield the observed oscil-
lator strengths of 0.015 and 0.063 for1Lb and 1La, respec-
tively (28). In atomic units, the absolute magnitude,|µb|, of
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one component of the transition moment is

where f is the observed oscillator strength and∆E is the
transition energy. However, given that vibronic coupling
should be accounted for from first principles (as are the
unperturbed transitions), this approach may prove to be
unsuitable.

To assess our calculations in the far and near UV, we use
a set of 30 proteins whose far- and near-UV CD spectra we
collated from the literature. Table 1 displays the secondary
structure class for each of the 30 proteins. Proteins that
contain mostlyâ-sheets may be categorized as class I (â-I)
or class II (â-II), on the basis of their CD spectra (29). Class
â-I proteins, for example, prealbumin, exhibit minima in the
wavelength ranges of 170-180 and 210-220 nm. Proteins
belonging to the latter class, such asR-chymotrypsin, have
spectra that resemble a random coil’s spectrum, with minima
around 200 nm and positive bands in the range of 185-190
nm. This categorization may reflect the underlying secondary
structure; classâ-I proteins contain fairly regular sheets,
whereas classâ-II proteins contain more irregular strands
and â-bulges. The proteins in this set were chosen on the
basis of the availability of their X-ray crystal structures and

on the basis of the resolution of their published CD spectra.
Proteins were not included if their experimental ellipticity
at 222 nm indicated a helicity significantly different from
that suggested by a DSSP (58) analysis of the crystal
structure, as this might reflect a large conformational change.
For example, we did not include human apolipoprotein A-I
(PDB entry 1av1), since the experimental ellipticity at 222
nm (59) indicated anR-helical content of approximately 60%,
whereas the crystal structure shows 85%R-helical secondary
structure.

Rotational strengths were calculated using all distinct
chains for multimeric proteins, from the appropriate PDB
atomic coordinates. Spectra were generated with Gaussian
bands with a width of 12.5 nm. All calculations included
the peptide nπ* and πnbπ* transitions described by param-
eters derived from calculations on NMA (11). The alternative
semiempirical side-chain set employs four transitions for the
side chains of phenylalanine and tyrosine and six transitions
for the tryptophan side chain; energies and monopole charges
describing the transitions were taken from the URL cited in
ref 9, with the transition dipole moments assigned values
consistent with the monopole charges.

RESULTS
Absolute Errors in the Far and Near UV. Figures 1 and 2

show, as histograms, the root-mean-square errors of the CD
calculated for the 30 proteins in the far- and near-UV regions,
respectively. In the far UV, transitions to the aromatic1Bb

and1Ba states occur in addition to transitions to the1La states
of phenylalanine and tyrosine. Absolute errors for the
R-helical proteins are similar for each of the parameter sets
in the far UV; inclusion of the semiempirical side-chain
parameters improves the agreement with experiment for the
proteins interleukin-6 and serum albumin. The ab initio side-
chain parameters improve the quality of the calculated CD
for relaxin, interleukin-6, serum albumin, and hen egg white
lysozyme. The situation is analogous for the mixedR,â-
proteins; inclusion of the semiempirical side-chain parameters
reduces the errors for subtilisin and thioredoxin, with the ab
initio set improving the computed spectra for cyclodextrin

Table 1: Thirty Proteins Studied and Their Secondary Structure
Class

no. of side-chain residues
in monomer chainclass and proteins

(PDB entry) Phe Tyr Trp
no. of
chains

R-helix
human growth hormone (1axi) (30) 11 9 1 1
cytokine (1iar) (31) 6 2 1 1
relaxin (6rlx) (32) 1 1 1 2
calmodulin (1cfd) (33) 8 2 0 1
interleukin-6 (1alu) (34) 7 3 1 1
serum albumin (1n5u) (35) 31 18 1 1
phospholipase C (1qm6) (36) 15 26 10 2
staphylococcal nuclease (1snc) (37) 3 7 1 1
hen egg white lysozyme (1hf4) (38) 3 3 6 2
apolipophorin III (1aep) (39) 2 0 2 1
horse cytochromec (1hrc) (40) 4 4 1 1
â-lactamase (1btl) (19, 41) 5 4 4 1

mixedR,â
sticholysin II (1gwy) (42) 6 12 5 2
papain (9pap) (43) 4 19 5 1
cyclodextrin glucanotransferase

(1pam) (44)
33 34 13 1

monellin (1mol) (45) 5 7 1 2
subtilisin (1sbt) (46) 2 7 3 1
ribonuclease T-1 (1i0v) (47) 4 9 1 1
thioredoxin (2trx) (48) 4 2 2 2
phosphatidylethanolamine-binding

protein (1a44) (49)
3 10 5 1

glucose oxidase (1cf3) (50) 18 27 10 1
barstar (1ay7) (51) 2 3 3 1
dihydrofolate reductase (5dfr) (52) 6 4 5 1
ribonuclease A (3rn3) (20) 3 6 0 1
barnase (1ban) (53) 4 7 3 3

â-I
pertactin (1dab) (54) 10 5 7 1
human carbonic anhydrase II

(2cba) (55)
12 8 7 1

â-II
chymotrypsinogen A (2cga) (56) 6 4 8 2
human tissue factor (2hft) (57) 8 11 4 1
bovine pancreatic trypsin inhibitor

(5pti) (18)
4 4 0 1

|µb| ) ( 3f
4∆E)1/2

(1)

FIGURE 1: Root-mean-square errors in the far UV for the 30
proteins: (A) ab initio backbone, (B) ab initio backbone and
semiempirical side-chain parameters, and (C) ab initio backbone
and ab initio side-chain parameters.
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glucanotransferase and thioredoxin. For theâ-I and â-II
proteins, the smallest errors are obtained using the backbone-
only parameters, with the exceptions being bovine pancreatic
trypsin inhibitor and chymotrypsinogen A where the semiem-
pirical and ab initio sets yield the smallest errors, respec-
tively.

The errors in the near-UV region (Figure 2) are smaller
than in the far-UV region, mainly because the ellipticity of
a given protein is weaker in the near UV. Transitions to the
1Lb states of phenylalanine and tyrosine and to the1Lb and
1La states of tryptophan dominate this wavelength region.
The absolute errors of the computed CD are generally smaller
for the ab initio side-chain parameters, and only the
calculated spectrum of monellin is in error by more than
400 deg cm2 dmol-1, where the ab initio side-chain param-
eters underestimate the negative band at 277 nm. The
semiempirical side-chain parameters give calculated spectra
with errors greater than 400 deg cm2 dmol-1 for four
proteins: chymotrypsinogen A, phosphatidylethanolamine-
binding protein, horse cytochromec, and glucose oxidase.
The majority of the spectra obtained with the ab initio side-
chain parameters are in error by not more then 200 deg cm2

dmol-1.
Inclusion of Vibronic Coupling. The contribution that

vibronic coupling makes to the computed CD was investi-
gated by augmenting the phenylalanine ab initio parameter
set with four groups of monopoles that reproduce the
observed1L r S0 transition dipoles for benzene. The effect
of these additional charges on the CD in the far and near
UV is negligible for most of the 30 proteins (Figure 3). Slight
improvements in the calculated spectra were found for some
proteins in the far and near UV, but inclusion of the vibronic

monopoles worsens the calculated spectra for other proteins.
As the vibronic monopoles do not consistently improve the
calculated spectra, we do not consider them further.

Mutants. We applied the matrix method with the different
side-chain parameter sets to calculate CD spectra for mutants
of barnase, human carbonic anhydrase II, and bovine
pancreatic trypsin inhibitor. Table 2 displays the selected
mutants. For each mutant, the appropriate side-chain residue
was removed from the calculation, with the exception of the
Tyr f Phe mutants of barnase where the phenolic oxygen
was deleted. PDB atomic coordinates of the wild type were
used throughout. Figures 4 and 5 display the root-mean-
square errors for the computed total and difference (wild type
minus mutant) spectra of the 20 mutants in the near UV.
The errors of the computed total CD in the far UV for the
mutants are comparable to those for the 30 wild-type proteins
shown in Figure 1, with little difference between the side-
chain parameter sets. However, the semiempirical side-chain
parameters led to slightly better difference spectra than the
ab initio set in the far UV. In the near UV, the calculated
total spectra for the mutants using the ab initio side-chain
parameters are in better agreement with experiment; all the
errors are less than 300 deg cm2 dmol-1 (Figure 4B). For
the semiempirical side-chain parameters, the three proteins
with errors greater than 300 deg cm2 dmol-1 in the near UV
(Figure 4A) are the Tyr97Phe mutant of barnase and human
carbonic anhydrase II mutants Trp192Phe and Trp97Cys. The
ab initio side-chain parameters yield difference spectra with
errors of less than 200 deg cm2 dmol-1 in the near UV
(Figure 5). For the semiempirical side-chain parameters, the
two proteins with errors greater than 200 deg cm2 dmol-1 in
the near UV (Figure 5A) are the Tyr97Phe mutant of barnase
and the Trp16Phe mutant of human carbonic anhydrase II.

FIGURE 2: Root-mean-square errors in the near UV for the 30
proteins: (A) ab initio backbone and semiempirical side-chain
parameters and (B) ab initio backbone and ab initio side-chain
parameters.

Table 2: Mutants of Barnase, Human Carbonic Anhydrase II, and Bovine Pancreatic Trypsin Inhibitor

protein mutants

barnase (53) Phe7Leu, Phe56Met, Phe82Leu, Tyr78Phe, Tyr90Phe, Tyr97Phe, Trp35Phe, Trp71Phe, Trp94Phe
human carbonic anhydrase II (55) Trp16Phe, Trp97Cys, Trp192Phe
bovine pancreatic trypsin inhibitor (18) Phe4Leu, Phe22Leu, Phe33Leu, Phe45Leu, Tyr10Leu, Tyr21Leu, Tyr23Leu, Tyr35Leu

FIGURE 3: Difference in the absolute errors calculated with and
without the vibronic monopoles in the (A) far UV and (B) near
UV. The plot displays with minus without.
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Selected Spectra. To illustrate the effectiveness of the new
side-chain parameters, we present a representative selection
of spectra from the set of 30 proteins. First, we consider
â-lactamase, barnase, and human carbonic anhydrase II, since
these proteins were included in a recent study (21). Figure
6 displays the far- and near-UV experimental (19, 41) and
calculated CD spectra for wild-typeâ-lactamase. This
enzyme consists of 263 residues, including five phenylala-
nines, four tyrosines, and four tryptophans. The predomi-
nantly R-helical structure is reflected in the far UV (Figure
6A), where a positive band at 190 nm is observed, in addition
to two negative bands around 210 and 220 nm. None of the
computed spectra clearly resolves the two negative bands
characteristic of anR-helix. However, application of the ab
initio side-chain parameters reduces the extent of overpre-
dicted intensity around 210 nm. In the near UV (Figure 6B),
the negative band with a minimum around 280 nm is

overestimated with the semiempirical side-chain parameters,
and better captured with the new side-chain set, albeit with
the band center shifted to 266 nm.

Figure 7 displays far- and near-UV CD spectra for wild-
type barnase (53), a protein of theR+â class. Each barnase
monomer consists of 110 residues, including four phenyl-
alanines, seven tyrosines, and three tryptophans. The CD was
calculated for the trimer. A typical far-UV CD spectrum for
a protein of this structural class has a positive band at around
195 nm and a negative band around 217 nm, both with low
intensities. All the calculated spectra give positive bands
between 195 and 200 nm, with the backbone only and with
the backbone and the ab initio side-chain parameters predict-
ing negative bands between 210 and 220 nm (Figure 7A).
The backbone and semiempirical side-chain parameters
reproduce the experimentally observed negative band at 230
nm, which is associated with the Trp94 residue (53). The
semiempirical tryptophan parameters feature a transition at
225 nm (1Bb r S0), whereas the ab initio calculations on
indole place this transition at 204 nm. We discuss this
difference later. In the near-UV region (Figure 7B), the
observed positive band has a maximum around 280 nm. The
semiempirical parameters yield a positive band at 268 nm
and a weak negative band at 289 nm. The spectrum obtained
using the ab initio side-chain set is qualitatively similiar to,
but much weaker than, the semiempirical side-chain spec-
trum, with positive and negative bands at 260 and 283 nm,
respectively.

FIGURE 4: Root-mean-square errors in the near UV for the total
spectra of the 20 mutants: (A) ab initio backbone and semiempirical
side-chain parameters and (B) ab initio backbone and ab initio side-
chain parameters.

FIGURE 5: Root-mean-square errors in the near UV for the
difference spectra of the 20 mutants: (A) ab initio backbone and
semiempirical side-chain parameters and (B) ab initio backbone
and ab initio side-chain parameters.

FIGURE 6: Experimental (19, 41) and calculated CD spectra of wild-
typeâ-lactamase in the (A) far UV and (B) near UV: experiment
(s), ab initio backbone (‚‚‚), ab initio backbone and semiempirical
side-chain parameters (- - -), and ab initio backbone and ab initio
side-chain parameters (-‚-).
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The far-UV spectrum of the Tyr90Phe mutant of barnase
is similar to that of the wild type, with the exception that
the negative band at 230 nm (due to Trp94 in the wild type)
is less pronounced. The computed spectra are similar to those
for the wild type, with the semiempirical side-chain param-
eters predicting the band around 230 nm and with the
backbone-only and the ab initio side-chain parameters
agreeing better with experiment in the 210-220 nm range.
The experimental (53) and calculated near-UV spectra of
the Tyr90Phe mutant are very similiar to their counterparts
for the wild type. Panels A and B of Figure 8 display the
difference spectra for the Tyr90Phe mutant of barnase in the
far and near UV, respectively. In the far UV, the observed
difference spectrum has two major regions: one negative
between 185 and 200 nm and one positive with a maximum
around 220 nm. Both the computed difference spectra follow
a similiar trend, where the minima and maxima occur at
wavelengths around 185 and 200 nm, respectively. The
semiempirical side-chain parameters also predict a negative
change centered at 233 nm. The observed difference spec-
trum in the near UV indicates no substantial changes, and is
best reproduced with the ab initio side-chain parameters.

Figure 9 displays far- and near-UV CD spectra for wild-
type human carbonic anhydrase II. This class Iâ-sheet
protein comprises 260 residues, including 12 phenylalanines,
eight tyrosines, and seven tryptophans. The experimental far-
UV spectrum (55) consists of a very weak positive band at
200 nm and a negative band at 210 nm (Figure 9A). The

calculated spectra all show positive bands at 195 nm with
each of the parameter sets substantially overestimating the
ellipticity at this wavelength. The negative band at 210 nm
is not particularly well reproduced by any of the calculations.
Figure 9B shows a negative band at 270 nm in the
experimental spectrum in addition to two small bands above
280 nm with negative extrema at 287 and 296 nm (55). The
backbone and semiempirical side-chain parameters give a
spectrum with an overly intense negative band at 266 nm
and a positive band at 287 nm. The ab initio side-chain
parameters give less intense maxima in much better accord
with experiment.

The above remarks for the calculated wild-type spectra
also apply to the far- and near-UV CD spectra for the
Trp192Phe mutant of human carbonic anhydrase II. Differ-
ence spectra for the Trp192Phe mutant of human carbonic
anhydrase II are shown in panels A and B of Figure 10. In
the far UV, the observed difference spectrum has one
negative region and one positive region. Both side-chain sets
correctly predict a positive change at 200 nm, and the
semiempirical side-chain parameters also indicate a positive
change at 220-230 nm. The observed difference spectrum
(55) in the near UV shows two weak negative changes
around 270 and 295 nm (Figure 10B). The ab initio set is in
closer agreement than the semiempirical set.

The final class of protein, classâ-II, is represented in
Figure 11, which shows the far- and near-UV experimental
spectra (18) alongside the calculated spectra for bovine

FIGURE 7: Experimental (53) and calculated CD spectra of wild-
type barnase in the (A) far UV and (B) near UV: experiment (s),
ab initio backbone (‚‚‚), ab initio backbone and semiempirical side-
chain parameters (- - -), and ab initio backbone and ab initio side-
chain parameters (-‚-).

FIGURE 8: Experimental (53) and calculated CD difference spectra
of the Tyr90Phe mutant of barnase in the (A) far UV and (B) near
UV: experiment (s), ab initio backbone and semiempirical side-
chain parameters (- - -), and ab initio backbone and ab initio side-
chain parameters (-‚-).
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pancreatic trypsin inhibitor, a small 58-residue protein with
four phenylalanines and four tyrosines. In the far UV (Figure
11A), the experimental spectrum has a negative band around
202 nm, which is absent in the spectrum from the backbone-
only parameters and is best reproduced by the semiempirical
side-chain parameters. In the near UV (Figure 11B), a
negative band centered around 275 nm is observed, which
is overestimated with the semiempirical side-chain set and
underestimated with the ab initio set.

The experimental (18) and calculated far- and near-UV
CD spectra for the Tyr21Leu mutant of bovine pancreatic
trypsin inhibitor have character similiar to that of the wild-
type spectra. Figure 12 displays the computed difference
spectra (along with the experimental spectra) for the Tyr21Leu
mutant of bovine pancreatic trypsin inhibitor in the far and
near UV. In the far UV, the negative difference around 200
nm is reproduced by both side-chain parameter sets, albeit
with the minima shifted to longer wavelengths (Figure 12A).
The agreement with experiment is good in the near UV,
where both side-chain parameter sets give negative differ-
ences around 275 nm (Figure 12B). The semiempirical side-
chain parameters give a difference spectrum that is closer
in magnitude to the experimental difference.

DISCUSSION

We have derived a new set of parameters that describe
the electronic transitions in the aromatic side chains of

phenylalanine, tyrosine, and tryptophan. When these param-
eters are combined with the amide parameters of Besley and
Hirst (11) and incorporated in the matrix method, fully first-
principles CD calculations may be performed in the far- and
near-UV regions. To determine the influence of the side-
chain chromophores on the computed CD in the far and near
UV, a set of 30 proteins was considered.

For the 30 wild-type proteins, the mean absolute errors in
the far UV are 6100, 7300, and 6300 deg cm2 dmol-1 for
the backbone, semiempirical side-chain, and ab initio side-
chain parameters, respectively. Mean absolute errors for the
near UV are 240 and 110 deg cm2 dmol-1 for the semiem-
pirical side-chain parameters and for the ab initio side-chain
parameters, respectively. The far-UV errors for this set may
be compared with the absolute errors of Hirst et al. (12),
where a value of 6100 deg cm2 dmol-1 was obtained for 47
proteins. In the near UV, the ab initio side-chain set yields
a mean absolute error that is a 2-fold improvement over the
semiempirical side-chain set. The mean absolute errors for
the computed total spectra of the 20 mutants are 6900 and
7500 deg cm2 dmol-1 in the far UV and 200 and 170 deg
cm2 dmol-1 in the near UV for the semiempirical and ab
initio side-chain sets, respectively. For the difference spectra,
the mean absolute errors are 1600 and 1800 deg cm2 dmol-1

in the far UV and 98 and 54 deg cm2 dmol-1 in the near UV
for the semiempirical and ab initio side-chain parameters,
respectively. The difference spectra presented in Figures 8,
10, and 12 indicate the contribution of a single side-chain

FIGURE 9: Experimental (55) and calculated CD spectra of wild-
type human carbonic anhydrase II in the (A) far UV and (B) near
UV: experiment (s), ab initio backbone (‚‚‚), ab initio backbone
and semiempirical side-chain parameters (- - -), and ab initio
backbone and ab initio side-chain parameters (-‚-).

FIGURE 10: Experimental (55) and calculated CD difference spectra
of the Trp192Phe mutant of human carbonic anhydrase II in the
(A) far UV and (B) near UV: experiment (s), ab initio backbone
and semiempirical side-chain parameters (- - -), and ab initio
backbone and ab initio side-chain parameters (-‚-).
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residue to the CD of barnase, human carbonic anhydrase II,
and bovine pancreatic trypsin inhibitor, respectively. The
contribution of side chains to the ellipticity of proteins is
important when one is concerned, for example, with estimat-
ing the degree of helicity by measuring CD at 222 nm (60).

Spearman rank correlation coefficients at key wavelengths
of 190, 208, and 222 nm were calculated. These wavelengths
are points of extrema (positive and negative) in a helical
CD spectrum and are of particular interest. At 190 nm, the
side-chain parameter sets yield correlation coefficients of
approximately 0.7. The backbone-only parameters give a
correlation of 0.87, and a similiar level of correlation is
evident at 208 and 222 nm. At these latter two wavelengths,
both side-chain sets show correlations above 0.8. At 222 nm,
for example, the side-chain chromophores are predicted to
give a positive contribution to the CD for the majority of
the 30 proteins. Further assessment based on a larger set of
47 proteins, as reported by Hirst et al. (12), suggests that
any adverse effect in the far UV is relatively minor. For the
larger set, the correlation at 222 nm between observed and
computed CD (using each of the parameter sets) is greater
than 0.9 and slightly enhanced by the new side-chain
parameters, although the correlation at 190 nm falls by 0.06
for the backbone-only parameters. However, the emphasis
in the current study is on the quality of the calculations in
the near UV, where backbone amide transitions do not
obscure the weaker side-chain transitions.

The ab initio calculations on benzene (the phenylalanine
side-chain chromophore) neglected vibronic coupling and,
therefore, gave small transition dipoles to the1L states. To
investigate the effect of this, sets of charges that mimic the
vibronic coupling in benzene were added to the phenylalanine
parameters to account for the missing intensity for transitions
to the 1L states. The inclusion of the vibronic monopoles
had a mixed effect on the CD computed for the 30-protein
set, with a negligible change in the absolute error for the
majority of the proteins in the far and near UV (Figure 3).
The benefit of this sort of ad hoc approach is at best marginal.
A more rigorous inclusion of vibronic coupling should be
derived from first principles, for example, using a methodol-
ogy that considers the vibrational modes of benzene that
induce the coupling (61). However, such an approach is
beyond the scope of the current study.

There are some notable differences between the semi-
empirical and the ab inito tryptophan side-chain parameters;
the number of transitions is greater in the semiempirical set,
and the wavelength of the1Bb r S0 transition differs by 21
nm. In the gas phase, the vertical transition occurs at 206
nm (62). When indole is in a stretched polyethylene
environment, the transition has a band maximum at 215 nm;
for 3-methylindole, the transition has a maximum at 222 nm
(63). To study the influence of the latter discrepancy on the
CD computed with the ab initio side-chain parameters, we
shifted the1Bb r S0 transition to 225 nm in the ab initio
parameters that describe tryptophan’s side chain. For the 47-

FIGURE 11: Experimental (18) and calculated CD spectra of wild-
type bovine pancreatic trypsin inhibitor in the (A) far UV and (B)
near UV: experiment (s), ab initio backbone (‚‚‚), ab initio
backbone and semiempirical side-chain parameters (- - -), and ab
initio backbone and ab initio side-chain parameters (-‚-).

FIGURE 12: Experimental (18) and calculated CD difference spectra
of the Tyr21Leu mutant of bovine pancreatic trypsin inhibitor in
the (A) far UV and (B) near UV: experiment (s), ab initio
backbone and semiempirical side-chain parameters (- - -), and ab
initio backbone and ab initio side-chain parameters (-‚-).
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protein set, the resulting correlation between observed and
computed CD at 222 nm is 0.85, which is lower than the
correlation found for the original set (rλ)222 ) 0.92). With
respect to the pseudosymmetry long axis of indole (with the
nitrogen in the fourth quadrant), the orientation of the ab
initio electric transition dipole moment is-34°, which differs
from the experimental value of 0( 15° (63). The semi-
empirical set gives the transition dipole an angle of 15°,
which is close to previously reported orientations of 16° (62)
and 23° (22) calculated in the gas phase and just falls within
the error range for the condensed phase experimental value
(63). CD was therefore recomputed for the 47 proteins using
the ab initio side-chain parameters with the parameters
describing indole’s1Bb r S0 transition (at 225 nm) rotated
to give a transition electric moment of 0°. The resulting
correlation at 222 nm is 0.90, which is comparable to the
correlation of the initial parameter sets. For barnase (wild
type and Tyr90Phe mutant), the total and difference far-UV
spectra obtained using this hybrid set are similiar to the
spectra obtained using the original set. The negative band at
230 nm, observed for the wild type, is not reproduced;
however, the ellipticity recomputed for the wild type is more
negative in the region of 215-240 nm. Spectra recomputed
for human carbonic anhydrase II differ from the spectra
shown in Figures 9 and 10. In the far UV, the recomputed
total wild-type spectrum is less negative in the range of 211-
224 nm, and for the difference spectrum, a second positive
change is found with a maximum at 226 nm. Clearly, the
computed CD is sensitive to both the orientation and energy
of the1Bb r S0 transition in indole. However, there is not a
compelling case for empirical modifications of the ab initio
side-chain parameter set, and as it stands, it represents a fully
self-consistent model. The sensitivity of the1B transition
moments to different environments arises from the extent
of configurational mixing between the1Bb and 1Ba states.
The ratio of the oscillator strengths of1Bb to 1Ba for indole
(from the ab initio calculations in water) is 1.1, implying
that a significant amount of configurational mixing will occur
between these two states. The new side-chain parameters
were derived from ab initio calculations that considered water
as the bulk solvent; this choice of solvent is consistent with
the backbone parameters derived from calculations on NMA
in water. More generally, one could consider constructing
alternative parameter sets to describe the chromophores in
less polar environments, such as protein interiors, and using
different parameter sets depending on the extent of burial
of the chromophore. However, the additional complexity of
the protein CD calculations would be less than desirable.

Computed CD may be sensitive to the conformational
dynamics of the protein. We plan to explore this aspect in a
future study, by computing spectra for structural snapshots
from molecular dynamics simulations and for families of
structures from NMR experiments. In addition, we have
considered only two transitions for the peptide backbone.
Higher-energy amide transitions and charge-transfer transi-
tions between neighboring amide groups may couple with
the aromatic side-chain transitions in the far UV and alter
the character of the computed CD spectra. We are actively
exploring this.

The incorporation of aromatic side chains into the matrix
method is necessary for reproduction of qualitative features
of a CD spectrum, and is essential in the near UV. The

combination of the peptide backbone parameters with the
improved ab initio side-chain parameters yields spectra that
broadly agree with experiment for the majority of the proteins
that have been studied. Although more remains to be done,
this work takes us a step closer to fully quantitative first-
principles protein CD calculations.
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APPENDIX

The methodology considers a protein to compriseM
chromophores, with each having a set of characteristic
electronic transitions. The interaction of these chromophores
and their transitions gives a series of delocalized transitions
(and corresponding intensities, i.e., rotational strengths) for
the protein as a whole. The interaction of the isolated
chromophores is described by the Coulombic interaction of
charge densities associated with each transition. The charge
densities are approximated by sets of point charges that
reproduce either the electrostatic potentials arising from ab
initio densities or the appropriate electric moment associated
with each electronic transition.

The total wave functionΨk for a statek of a biomolecule
may be expressed as a linear combination of basis functions
Φia:

wherea is an excited state on chromophorei, ni is the number
of transitions on a group, andcia

k is an expansion coef-
ficient. Each basis function is a product ofM monomer wave
functions

where the first and second subscripts denote the chromophore
and the electronic state, respectively. For example,φia labels
a transition from the ground state to excited statea on
monomeri. The Hamiltonian operatorĤ for the biomolecule
may then be defined as

where Ĥi is the Hamiltonian for chromophorei and V̂ij is
the interaction between monomersi and j. The diagonal
elements of the Hamiltonian matrix are the excitation
energies of the electronically excited states, with the off-
diagonal elements,Vij, arising from interactions between
groups or from interactions between excitations on the same
group. A typical off-diagonal element takes the form

whereFi0a(r i) andFj0b(r j) represent permanent and transition
electron densities on chromophoresi and j, respectively,ε0

Ψk ) ∑
i

M

∑
a

ni

cia
k Φia (2)

Φia ) φ10‚‚‚φia‚‚‚φj0‚‚‚φM0 (3)

Ĥ ) ∑
i)1

M

Ĥi + ∑
i)1

M-1

∑
j)i+1

M

V̂ij (4)

Vi0a;j0b ) ∫∫Fi0a(r i)Fj0b(r j)

4πε0rij
dr i dr j (5)
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is the permittivity of free space, andrij is the distance between
the chromophores. The densities in eq 5 may be represented
by point charges, thereby replacing the double integral in
eq 5 with a sum over the discrete charges:

where qs and qt are point charges on monomersi and j,
respectively, with the number of charges in each set defined
by Ns and Nt, respectively. The Hamiltonian matrix is
diagonalized to yield the transition energies (eigenvalues)
of the composite system and the mixing coefficients (eigen-
vectors) that describe the contributions of the excited states
of individual chromophores to the interacting system. The
rotational strength of each delocalized transition may be
calculated from an expression (eq 7), derived (64) from the
Rosenfeld equation (65), which involves the imaginary part
(denoted by Im) of the scalar product of the electric and
magnetic transition dipole momentsµb andmb.

Application of eq 7 is origin-independent only for electric
moments in the dipole velocity representation; we employ
the dipole length representation, following Goux and Hooker
(13), and calculate the origin-independent chiral strength:

where Re denotes the real part of the scalar product,R is
the fine structure constant,pb0k is the linear momentum, and
LBk0 is the angular momentum moment. The latter quantities
are obtained from the electric and magnetic moment vectors
of the individual chromophores. The unitary transformation
that diagonalized the Hamiltonian is used to transform the
linear and angular momentum moment vectors before ap-
plication of eq 8. The resulting chiral strength is then readily
converted to rotational strength (13). Finally, a CD spectrum
is obtained by centering a band function, such as a Gaussian
curve, around the rotational strengths calculated for the
specific transition energies.

SUPPORTING INFORMATION AVAILABLE

Ab initio side chain parameters for phenylalanine, tyrosine,
and tryptophan. This material is available free of charge via
the Internet at http://pubs.acs.org.
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