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Abstract: Proteins have characteristic circular dichroism spectra in the far-ultraviolet, depending on their
secondary structure content. Perhaps the most distinctive spectrum is ¢thhebéal proteins, with an intense
positive band centered about 190 nm and a negative, double-peaked band with minima at 208 and 220 nm.
Traditionally, calculations of such spectra from first principles have involved parametrizations of the charge
distributions associated with the electronic states and transitions of the constituent chromophoric groups. The
amide group is the most important of these chromophores. In this study, using solution phase ab initio
parametrizations of the amide chromophore, we present first-principles calculations of protein circular dichroism.
Over a set of 29 proteins, there is a significant correlation between the calculated and measured intensities at
190, 208, and 220 nm. The agreement is highest at 220 nm, with a Spearman rank correlation coefficient of
0.90. This near-quantitative accuracy has allowed us to investigate, with some confidence, the dependence of
the intensity at 220 nm on helix length and backbone conformation for a number of real and model helices.
In this study, a better understanding of the electronic structure of amides and improved calculations and
parametrizations of the relevant charge distributions has led to significantly more accurate protein circular
dichroism calculations.

Introduction transition”8 All electronic transitions can, in principle, contribute
to the CD spectrum and another important transition is the
magnetically allowed amidest (lone pair on oxygen tor*
orbital) transition. This results in the band at 220 nm, which
has been observed to correlate with helical content of the
protein? Electronic transitions of higher energy can influence
the far-UV CD spectra through coupling with the*rand 7z,pr*
transitions.

While measuring the CD spectra of proteins is routine, the
calculation of electronic CD spectra has challenged theoreticians
for a number of years. Several approaches have been devised.
In the dipole interaction model of ApplequiStthe CD spectrum
is calculated by considering individual atoms and the amide
chromophore as point dipole oscillators. These interact through
mutually induced dipole moments in the presence of an electric
field. A number of systems have been studitd? based on
the mpp* transition and an empirical optimization of the

Circular dichroism (CD) spectroscopy is an important tech-
nigue in the study of protein< In particular, far-UV CD spectra
yield information on protein secondary structure. Increasingly,
time-resolved methods are used to study peptide and protein
folding® and time-resolved far-UV CD measurements have been
developed on the microsecdnand nanosecofidime scales.
Such experiments have the time-resolution to follow early events
in protein folding. Furthermore, the nanosecond time scale is
becoming increasingly accessible to molecular dynamics simu-
lations® This convergence of experiment and theory stimulates
the need for accurate calculations of protein CD spectra to
provide greater insight into the relationship between protein
conformation and the associated spectra.

The major elements of protein secondary structorbglix,
pB-sheet, and coil, all have characteristic CD spectra. The most

distinctive of these is perhaps that of thehelix. A typical polarizabilities of the amide chromophdfeRecently, this model

o-helical protein has a spectrum that consists of an intense f ot
o . was tested on a set of 16 proteifisn another recent application
positive band at 190 nm and negative bands at 208 and 220 polarizability theory, a cyclic pentapeptide was studied

nm. The bands at 190 and 208 nm arise from the exciton c o
o ; . > i considering both ther,yv* and nz* transitions®
splitting of the amideryv* (nonbondingr orbital tos* orbital) g b
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Several recent papérs2® have reported calculations of the calculations. In what follows, we describe the matrix method
molar optical rotation angle based on ab initio methods. and the origin of our new parameters in more detail. The new
Comparison of calculated optical rotation angles with those from parametrization is tested against a set of experimental CD spectra
experiment has enabled the determination of the absoluteand then used to investigate the CD of a number of real and
stereochemistry of several molecules. In one study, hennoxazolemodel helices. We conclude with a broader discussion of the
was divided into three weakly interacting fragmeHttsand CD of g-strands.
another study? proposed a method that determines individual

atomic contributions to the optical rotation. Larger systems, such pethods

as proteins, have not been studied.

The calculations presented in this study are based on the CD is the differential absorption of left and right circularly polarized
matrix methoc?1-22 This approach has been used to study a light or the difference between the respective extinction coefficients:

number of protein$ 2% and related systen?§.While these

calculations reproduce the general features of the CD spectra,

Ae =€ — e

@

guantitative agreement between experiment and theory has not

been achieved. The matrix method requires parameters thatCD can also be given in terms of ellipticity, as reported in this study.
describe the charge distributions associated with the different The differential absorption results in the elliptical polarization of the
electronic states of the chromophoric groups of the protein. This transmitted light to a degree directly proportional to the CD. Another
parametrization is crucial to the success of this approach. In USeful measure is the rotational strength of a transifior 0, R,

earlier work, parameters describing tihemethylacetamide

(NMA) and acetamide chromophores derived from the semiem-

pirical complete neglect of differential overlap (CNDO/S)
method have been used. In a recent stiidyew parameters

were presented for NMA based on gas-phase multireference

configuration interaction (MRCI) ab initio calculatiof&When

tested on a set of 23 different proteins, an improved correlation
between the calculated and experimental intensity at 220 nm

was found.

The process of improving the parametrization of the amide
chromophoric group has not been exhausted. In this work we
introduce two new advances. First, recognizing that protein CD
spectra are measured in solution and the protein itself is, in som
sense, a condensed phase, we base the new parameters on
initio calculations of NMA in solution. Second, the representa-

tion of the charge distribution is improved. The interaction

€

which represents the integrated intensity beneath a single band in the
CD spectrunt®

R 0 [ 55 @

The rotational strength can be expressed as the imaginary part of the
product of the electronic and magnetic transition dipole moments using
the Rosenfeld equatiohi:

Roa = IM(Wpol el AL al el 100 (3)

For small systems, the electronic and magnetic dipole moments can

35 computed ab initio. However, for large systems, such as proteins,
's is computationally prohibitive. The matrix metidéf provides a

framework for computing the CD of large systems. In the matrix

method, the protein is considered to consis¥lathromophoric groups.

between chromophores is approximated in the matrix method The total wave function is expressed as a linear superposition of basis
by the electrostatic interaction between charge densities. Thesdunctions®;,. Each basis function is a product bf monomer wave
interactions have previously been evaluated using the monepole functions. Electronic excitations may occur within a group but not

monopole approximatioff, where charge densities are repre-

between groups. The basis is further restricted to allow only one group

sented by a set of point charges (or monopoles) that may beto be excited. Thus:

derived in a variety of ways. In our previous studythe point

charges describing the various charge distributions were derived
by reproduction of the appropriate dipole and quadrupole

Diy = @10 Pia--Pjo-- Pmo 4)

moments. In this study, the point charges are fitted to reproducewhere i, represents the wave function of chromophpreshich has
the ab initio electrostatic potential arising from the various states. undergone an electronic excitatian— 0. The excited-state wave

This eliminates a significant approximation in matrix method
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functions of the whole moleculéy,, can each then be written as a
linear superposition of these basis functions, involvingthexcitations
within each chromophoric grouj,

M 0
Y= zz CaPia

In general, each transition from the ground state to one of the excited
states may have a nonzero rotational strength at its particular transition
energy, and the CD spectrum is the sum of all these rotational strengths.
By considering the electronic Hamiltonian of the system:

®)

M M-1 M
A=A+

a Hamiltonian matrix is constructed in which the diagonal elements
are given by the energies of the electronically excited states and the

(6)

(30) Schellman, J. AChem. Re. 1975 75, 323-331.
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off-diagonal elements are typically of the form:

Vicajoo = f b/j‘gﬂiogaiavij(pjoq)jb dr; dr; (7)
These off-diagonal elements describe the interaction between the
different chromophoric groups, while other off-diagonal elements
account for the mixing of electronic excitations on a given chromophoric
group arising from the field of the rest of the molecule. If the interaction
between individual chromophoric groups is assumed to be purely
electrostatic in nature, then the off-diagonal elements in eq 7 have the
form:

Pioall DPjon(T;)

Meori’j (8)

ViOa;jOb:'fri ,ﬁi

where piga(ri) and pjon(rj) represent permanent and transition electron
densities on chromphoréandj, respectively. The Hamiltonian matrix
is then diagonalized by a unitary transformation. The diagonal elements

dr, dr;

of the new matrix are the excited state energies of the interacting system.

The electric and magnetic dipole moments describing the localized
transitions can also be transformed to the interacting system by the
same unitary transformation. From these, the rotational strengths in
the interacting system are readily calculated.

In this procedure, a crucial step is the evaluation of the matrix
elements of the original Hamiltonian matrix. In the current study, the
CD spectra are calculated based on the amide group in the protein

Besley and Hirst

tions are described in detail elsewhétegut we review the
findings. In the gas phase, the electronic spectrum of NMA
features transitions to Rydberg states. However, in solution the
diffuse Rydberg states were found to be destabilized by the Pauli
repulsion of solvent, resulting in an electronic spectrum consist-
ing of transitions to valence states. The spectrum is dominated
by a broadryr* transition that undergoes a red-shift in solution.
The intensity of ther,y* transition in solution is lower than

in the gas phase. The orientation of thgr* transition dipole
moment also changes. Using the carbonyt@ bond as a
reference axis with negative angles representing rotations away
from the nitrogen atorf3 an & rotation from—36° to —44° is
observed. This compares well with the experimentally deter-
mined values of-41° (myristamide)!* —35° (propanamide}?

and —55° (N-acetylglycine)?

The reaction field calculations reproduce the experimental
transition energies well, and may provide the diagonal elements
of the Hamiltonian matrix directly. To give better agreement
with experimental CD spectra, thgyr* transition energy was
adjusted slightly. However, this change was within the error of
the ab initio calculation. Traditionally, the off-diagonal elements
have been evaluated using the monopal®nopole approxima-
tion,2° where the permanent and transition densities are repre-
sented by a number of point charges. Thus the integral in eq 8
becomes a sum over discrete charges:

backbone, although side-chain chromophores do also contribute to the

CD spectr&332-34 Here we focus on improving the amide parameters.

To generate analogous parameters describing all the side-chain chro-
mophoric groups is beyond the scope of this study. Previous calculations

and the observed correlation of CD spectra with protein secondary

Ns N qsqt

Vicajoo = Z Z
s=1t= rst

9)

structure suggest that the backbone chromophores are the primaryThe densitypia(ri) is represented biys chargesys and similarly

determinant of protein CD spectra in the far-UV. NMA provides a
model of the amide chromophore in the protein backbone. To construct
the Hamiltonian matrix, the permanent and transition densities associ-
ated with the ground and excited states of NMA must be described.
This is a problem well suited to modern ab initio techniques.

Ab Initio Calculations

It has been shown that improving the quality of the
parametrization results in more accurate calculations of CD

pjob(rj) is represented bi{; chargesy.

In the first model presented in this paper, charges that
reproduced the dipole and quadrupole moments of the distribu-
tions are used. Six charges represent each charge density. Two
charges reproduce the dipole and four reproduce the quadrupole.
This is similar to a previous calculation using the matrix
method?’ except here solution-phase ab initio calculations have
been used. In the second model presented, we use the same
solution phase calculations, but improve the derivation of the

spectr&’ To date, parameters have been derived from gas-phasé:arges. The role of the fitted charges is to model the ab initio

calculations. Experimental studf8®have shown that solvation
has a large influence on the electronic structure of amides. It
follows that failure to account for solvation in the parametriza-
tion of the amide chromophore may lead to significant errors

electrostatic potential, which is not necessarily well reproduced
by a multipole expansion to the second-order moment. The most
direct approach is to evaluate the electrostatic potential and then
fit charges to reproduce this potential. In this study we have

in the calculated CD spectra. We have used the complete-activeymniemented this approach, the technical details of which are

space self-consistent-field method implemented within a self-
consistent reaction field (CASSCF/SCRFY° combined with
multi-configurational second-order perturbation theory (CASPT2-
RF)2940to calculate the electronic spectrum of NMA in solution.
The MOLCAS4! program package was used. These calcula-
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Chem.1997, 65, 167—181.
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now discussed.

Calculation and Fitting of the Electrostatic Potential

The electronic component of the electrostatic potential
between two states described by wave functions:

¢1=293‘I’Z

"
¥, =) C @, (10)
"

in which <I>;‘ represents a configuration state function con-

structed from orbitalsg‘;)1 (and similarly for indexb), is given
by a product of the density matriX,, with a matrix,f, whose

(42) Besley, N. A.; Hirst, J. DJ. Phys. Chem. A998 102 10791
10797.

(43) Clark, L. B.J. Am. Chem. S0d.995 117, 7974-7986.

(44) Peterson, D. L.; Simpson, W. IJ.Am. Chem. So&957, 79, 2375~
2382.
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Table 1. Proteins Used To Evaluate Parameters

class protein (PDB code)
all-a cytochromec (3cyt), hemoglobin (1hco), myoglobin (1mbn), bacteriorhodopsin (2brd)
mixeda, f (mainly o) alcohol dehydrogenase (5adh), glutathione reductase (3grs), lactate dehydrogenase (6ldh), lysozyme

(7lyz), papain (9pap), rhodanese (1rhd), subtilisin (1sbt), thermolysin (4tln), triose phosphate
isomerase (1tim), flavodoxin (2fx2)

p (class 1) carbonic anhydrase (1ca2), concanavalin A (3dramunoglobulin (1rei), ribonuclease A (3rn3),
ribonuclease S (2rns), erabutoxin (3ebx), plastocyanin (1plc), porin (3por), prealbumin (2pab)
[ (class I1) a-chymotrypsinogen A (2cgad-chymotrypsin Il (5cha), elastase (3est), superoxide dismutase (2sod),

trypsin inhibitor (4pti), trypsin (3ptn)

elements involve the orbitals and the operator for the property was good, with typically a 5% error on a given data point. Using
of interest® this procedure, charges were obtained for the permanent
densities of the five lowest valence states (ground stat&, n
u} 1 D: ab <ab T, N'7*, and zy), in addition to the respective transition
1 F‘U’Z zrpq qu (11) densities between the states. In this study only the grourid, n
P ands* states are used in the CD calculations. Although the
computational cost of the CD calculation is proportional to the
square of the number of charges, it is sufficiently fast that the
increase in the number of charges does not present a problem.

where

ab __ v ~a ~b
Tog= Z qu GGy (12) On a present day workstation the CD calculations take a few
o minutes.
fab _ B(a 1 bD CD spectra were then calculated for a set of 29 proteins and
pa — Ap| ¢ %p (13) compared with experiment. The experimental CD spectra of 23

proteins were determined by Pancoska gt’%dnd to facilitate
andA values are the coupling coefficients. In our implementa- comparison with other work, these data were augmented by
tion, the permanent and transition density matrices produced inbacteriorhodopsif,porin? prealbumiri* flavodoxin?* erabu-
the RASSI prograrft-45are imported into our modified version ~ toxin,5? and plastocyanif? The spectra were calculated from
of the PROPERTY program in the MOLPRO9&uite of ab the crystal structures from the Protein Data Bank (PB¥Bhis
initio programs. This enables us to calculate the electronic test set of proteins, shown in Table 1, encompasses a broad
contribution to the electrostatic potential at a given point for range, from highly helical proteins to those that are largely
permanent and transition densities (for wave functions of all p-sheet.
symmetries) obtained from our solution-phase calculations. The ) )
total electrostatic potential is then evaluated by addition of the Results and Discussion

appropriate nuclear component. _ Calculations using the matrix method yield rotational strengths.
The electrostatic potential was evaluated at 0.5 au intervals T produce a CD spectrum, a functional form has to be assumed

ona7x 7 x 7augrid around the NMA molecule. This is @  for each band, with the area beneath a given band proportional

total of 24389 points. A smaller grid in which data points were 5 the rotational strength. Usually Lorentzian or Gaussian

spaced by 1.0 au led to similar results. Grid points that lay within fynctions are use®, introducing a parameter, the bandwidth,
the van der Waals radius of an atom were removed from the that propably lies between 9 and 18 AMCD spectra are

data set. van der Waals radii of 1.7, 1.55, and 1.2 A were gensitive to the bandwidth, with a small bandwidth making all
assumed for carbon, nitrogen, and hydrogen, respectively, basecﬂ,eakS narrower and higher, while a larger bandwidth makes
on the work of Bondf.” A value of 1.4 A was used for oxygen peaks lower and wider. However, this does not alter the
following the suggestion of Tiim et al*® The removal of these  ynderlying correlation of the calculated rotational strengths with
points prevents biasing toward the nuclear potential, which was experiment. In this study, we have used Gaussian functions with
a concern particularly for the permanent densities. Furthermore, 5 single bandwidth for all peaks. A bandwidth of 15.5 nm was
these regions are not important, because atoms within the protein.nosen based on a comparison of the calculated and experi-
do not become this close. The charges are then fitted to
reproduce this electrostatic potential such that the Ieast-squaresl 9‘(145) Malmqyist, P.-A.; Roos, B. @Chem. Phys. Let.989 155 189~

. . C g
difference is minimizeds . . (46) MOLPRO is a package of ab initio programs written by H.-J. Werner

The carbon, oxygen, nitrogen, and amide hydrogen atoms of and P. J. Knowles, with contributions from R. D. Amos, A. Berning, D. L.
the peptide group were used as centers for the location of Cooper, M. J. O. Deegan, A. J. Dobbyn, F. Eckert, T. Leininger, R. Lindh,

Hiaa ; A. W. Lloyd, S. J. McNicholas, W. Meyer, M. E. Mura, A. Nicklass, P.
charges. For densities involving states of the same symmetrypalmieri’ K Poterson. R. Pitzer, P. Pulgy, G. Rauhut, M. 8chi: Stoll

(i.e. two A or two A" states, as the calculations assumed C A J. Stone, and T. Thorsteinsson.
symmetry) five charges were located on each atom, giving a (47) Bondi, A.J. Phys. Chem1964 68, 441—451.

total of 20 charges. These charges were arranged in the, 1!(342)2;23]2'3!6; Silla, E.; Pascual-Ahuir, J.-L1. Am. Chem. S0d993
symmetry plane of the molecule, with one central charge and (49) Press: W. H.; Teukolsky, S. A.: Vettering, W. T.: Flannery, B. P.

two orthogonal pairs of dipoles. For densities involving wave Numerical RecipesCambridge University Press: Cambridge, 1992.
functions of two different symmetries, a different arrangement -(30)|-PanCTOSAka,:’> Pt-; .Bltéo'. 1595%320{% ﬁl%ganova, M.; Gupta, V. P.;
H elaeriing, 1. A.FProtein Scl. , .
of chayges was used pecause .the symmetry plane is a nodaf (51) Brahms, S.; Brahms, J. Mol. Biol. 198Q 138 149-178.
plane in the electrostatic potential. Eight charges were located (52) Dahms, T. E.; Szabo, A. Giophys. J.1995 69, 569-576.
around each atom center, arranged such that they occupied the (53) Draheim, J. E.; Anderson, G. P.; Duane, J. W.; Gross, Bidphys.
: i J. 1986 49, 891—-900.
corners of a cube centered around the atom site, giving a total (54) Bernstein, F. C.: Koetzle, T. F.: Wiliams, G. J. B.: Meer, E. F.:
of 32 charges. The charges were adjusted such that the overalkyice ‘v, D.: Rodgers, J. R.; Kennard, O.; Shimanouchi, T.; Tasumil.M.

charge of the system is conserved. The overall quality of the fit Mol. Biol. 1977, 112 535-542.
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60000 , Table 2. Correlation between Experimental and Calculated CD
Spectra
_ (a) myoglobin (b) elastase
40000 T 1 r
S model A=190nn¥ A=208nm A=220nm
g 20000 CNDO/S NMA (g) 0.44 —-0.14 0.48
= CNDO/S acetamide (g) 0.08 —0.16 0.65
g MRCI NMA (g) 4, Q 0.12 —-0.24 0.74
Py 0 CASSCF NMA (aqy, Q 0.50 0.51 0.67
=z CASSCF NMA (aq) ESP 0.84 0.73 0.90
® 20000 aSpearman rank correlation coefficient calculated for 29 proteins.
Bold: probability of random correlatior0.01.Differences from values
40000 - “ } reporte_d earlier (_ref 27) are due_to the larger data set, and to the
correction of previous mis-processing of a couple of protein structures.
40000 - T ]
20000 with two or more residues in one strand opposite a single residue
g on an adjacent strand, leading to a buig®. The CD spectra
= of these proteins are very different and resemble the spectrum
g 0 of a random coil. This is illustrated by elastase, which has a
é" T minimum at about 200 nm. The calculated spectra for this type
> 20000 - ' I | are poor. Above 220 nm there is good agreement with
experiment; however, below 220 nm theory predicts a band with
{ (¢) concanavalin A (d) lactate dehydrogenase the wrong sign. We discuss the source of this discrepancy in a
-40000 J later section.

200 225
Wavelength (nm)

200 225
Wavelength (nm)

175 175

More generally, both our calculations and the dipole interac-
tion model predict less negative bands at 175 nm than the
CNDO/S parameters. It had been thought that there might be a
monomer amide transition in this region, partly based on the
prediction of the CNDO/S parameters. Both our CD and ab initio
] ) ) calculations indicate that this is not the case. The ab initio
mental spectra for the 29 proteins. Plots comparing experimental .5culations place the's* transition at 123 nm and theyr*
and calculated spectra for all 29 proteins are available in the {ransition at 129 nm. Furthermore, they show no evidence of
Supporting Information. Figure 1 shows illustrative examples n* or zo* transitions.
of the four different types of CD spectra. _ To compare different parameter sets objectively, it is neces-

The first type of protein is-helical, for example, myoglobin. o451 15 have a measure of the agreement with the known
The experimental spectrum is typical of arhelical protein, gy arimental spectra. In this study, we measure the agreement
with an intense positive band at 190 nm and a minimum at 208 4 ‘the three key wavelengths, 190, 208, and 220 nm. The

nm associated with therr* amide transition. The other  ,qreement with the experiment is represented by a Spearman
minimum at 220 nm is associated with the amide transition. rank correlation coefficiert r, which permits one to evaluate

The spectrum calculated using the CNDO/S parameters repro-y,q significance of correlation through the Fiskzgest. Table
duces the intensity at 220 nm. Theyr* band is less well 5 ghos the Spearman rank correlation between experiment and
described and the intensities at 190 and 208 nm do not agregy,qqry for different parameter sets. Where the probability of
with experiment. The dipole interaction model describes the iis correlation occurring by chance is less than 19,shown
7T band more accurately and has a significant intensity at ;, 114 type. For our latest parameters, the probability of a
208 nm. However, above 208 nm theory and experiment begin chance correlation is less than 0.001%. This represents a
to diverge, because of the absence of the& tnansition in the significant agreement between experiment and theory.

model. For our latest parameters, the calculated spectrum agrees Results are shown for five parameter sets. In addition to the

flaglgy we}l ac(rj‘oss ihe rtar(;ge gfﬂ\]N avelel?gths: The é)ntte nsity zaéstwo new parameter sets, previous parameters based on CNDO/S
nm IS underestimated and the small maximum between calculations on NMA or acetamiétand the recent parameters

and 220 nm is not reproduced. This is in part due to the choiCe o6 from MRCI calculations on NMB&22are included. The
of bandwidth. The second class of proteins, those with signifi- labels “(g)” and “(aq)” indicate parameters derived from gas-

E:art}t] amC)tlrJ]ntts otﬁn-i;]elllpesl anq?lish:aets,dhgs Ia stlrrglla(; Srf’e dctrum phase and condensed-phase calculations, respectively. The label
0 those that are-helical, as lllustrated by lactate dehydroge- “u, Q" indicates the charges reproduce dipole and quadrupole

na_ls_(he. cD tra of predominantisheet proteins are much moments, while “ESP” indicates that the charges were fitted to
| 'et S?ﬁc ?ho pa?ﬂwol' Ia t@t’s. eeTﬁ ote Sl?ed' .lécd reproduce the ab initio electrostatic potential. Results are
ess Intense than those@inelical proteins. 1hey can be divide reported for calculations based the two lowest electronic

I 5 1 1 .. .
into two classe8® The first type, class I, have a maximum at transitions, i.e., n* and zr*,

about 195 nm and a minimum in the range 2220 nm. An Previous parameters only show a significant correlation at
example, concanavalin A, is included in Figure 1. The calculated 220 nm, which is greatest for the MRCI NMA parameters.

spectrum derived from the new parameters agrees with experl'Introducing solvent effects produces an improvement in the

ment qualitatively, reproducing the intensity at 195 nm and the : )
minimum. Class IjB-sheet proteins have a significant proportion agreement between experiment and theory. Moderate correlation

Figure 1. Calculated and experimental CD spectra: bold solid line,
experiment; solid line, CASSCF/SCRF/ESP; dashed line, dipole
interaction modet? and dotted line, CNDO/S paramtéfs.

of B-bulge in their secondary structure, reflecting disorder in
the S-sheets. A3-bulge involves the mis-pairing of two strands,

(55) Manavalan, P.; Johnson, W. C., Blature 1983 305 831-832.

(56) Richardson, J. S.; Getzoff, E. D.; Richardson, D.Rtoc. Natl.
Acad. Sci. U.S.A1978 75, 2574-2578.

(57) Chan, A. W. E.; Hutchinson, E. G.; Harris, D.; Thornton, J. M.
Protein Sci.1993 2, 1574-1590.
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Figure 2. Calculated and experimental mean residue ellipticities at 0
220 nm. The subset of proteins studied by Bode and Applé§aist < 0.8
marked with asterisks.
< 0.6
is observed at 190 and 208 nm, while the correlation at 220 nm % 04
is retained. The results for the final parameter set, for which =
the charges were fitted directly to the ab initio potential, show £ 02 _—— 23
a highly significant correlation at all three wavelengths. The S n=29
. . . “ ” 0.0 L L L L
increase in correlation o_b_serv_ed f_or the !,ESP scheme suggests 180 190 200 210 220 230
that there are some deficiencies in the Q" scheme, as noted Wavelength (nm)

in a preliminary comment elsewhet®.The calculated CD _ , ) .
igure 3. Error in computed intensities. Upper panel: Mean absolute

spectra are sensitive to changes in the parameters deSCribinirror (solid line) and mean absolute intensity (dashed line). Center
the charge distributions, and it is important to describe them as panel: Normalized mean absolute error. Lower panel: Pearson cor-

accurately as possible. ) . . relation coefficient. Data below 195 nm are only available for 23 of
The agreement between experiment and theory is particularly the proteins.

strong at 220 nm. This is illustrated in Figure 2, which shows _ S _

the calculated and experimental intensities at 220 nm. The datalable 3. Comparison with Dipole Interaction Model

lie close to the least-squares fit line, which has a gradient of r

0.92. The largest error occurs in bacteriorhodopsin. This may model 2 =190nnf A =208 nm 4=220nm
be due to distortions in the experimental spectrum arising from — - -

particulate scatteringThe magnetically allowedt transition ggcgg(lznée’\rla’\;l:zo(ggc&dsél 063987 0g571 0526

will couple mainly with thes,,z* transition. Thus the two- : : : : —
state model used in these calculations should provide a good *©The dipole interaction model does not include the transition,
description of the band at 220 nm. In contrast, the electronically S© @ high correlation is not anticipated.

allowedsnp* transition may couple significantly with a large . )
number of states not included in the two-state model. The Bode and Applequist) examined by both methods are shown

inclusion of the higher energy' s and my7* transitions had @n Tablr_e 3. For this comparison the spectra from the dipole
little effect on the calculated correlations. However, they did interaction model calculated at a half-peak bandwidth of 6000

reduce the intensity of the band at 190 nm. cm~! were used, as overall these appeared to correlate better
The accuracy at all wavelengths is shown in Figure 3. The With experiment. The two models perform comparably at 190

correlation is generally good except in the region42%0 nm. and 208 nm, while our calculations achieve better correlation

The error in this region is partly due to the clasg Iproteins. at 220 nm. The dipole interaction model does not include the

In addition, the correlation is particularly sensitive in this region, Nn* transition, so our calculations, which do, would be expected
because at these wavelengths the intensity changes from positivéo perform better in this region.
to negative, so small shifts in the calculated spectra can result The data set of 29 proteins contains three groups of proteins
in large errors. The upper panel shows the mean absolute errothat are homologous. These include hemoglobin and myoglobin;
and mean absolute intensity. The mean absolute error decreasegponuclease A and ribonuclease S; and elastase, trypsin,
across the spectra. However, the mean absolute intensity S_hOW%L-chymotrypsin I, and chymotrypsinogen A. The data set was
a marked decrease in the region around 200 nm. The ratio of constructed to allow a direct comparison with many of the
these two measures gives a normalized mean absolute ermop e, ioysly studied proteins. The original set and corresponding
(cen_ter panel) .that shows a Iargg peak ar?”“d 202 nm. PDB structures of 23 proteins was chosen to match the work
Itis appropriate to compare this work with the recent study ¢ pancoska et afd with an additional six proteins added
of Bode and Applequis€ who used the dipole interaction model following the work of Bode and Applequidt The homologues
to calcu_late the CD spectra of 16 proteins. The Spearman ranl(could result in a bias in the calculated correlation coefficients.
correlation coefficients between experiment and theory for 15 The 16 proteins studied by Bode and Appledidisontain no
proteins (rubredoxin was omitted, as its solvated structure is homologues. The results show that a greater correlation is
probably quite different from X-ray structure, as discussed by achieved forl this second data set. The inclusion of the homo-

(58) Hirst, J. D.; Besley, N. AJ. Chem. Phys1999 111, 2846-2847. logues actually provides an unfavorable bias, because one of
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Figure 4. Variation of the mean residue intensity at 220 nm with helix
length.

the homologous groups comprises clas§-Hheet proteins for
which our calculations perform poorly.

Helices

Theory coupled with knowledge of the precise conformation
of X-ray structures provides an opportunity to investigate helical
fragments of proteins, in a manner not possible by experiment
alone. Helical peptides have been studied using CD to assess -70
helical propensities of different amino acit?$ The fullest -90
interpretation of such experiments requires an understanding
of the conformational effects on CD. The accuracy of our
calculations at 220 nm is nearly quantitative (as shown in Figure
2) and this enables us to study, with some confidence, helical —  —-10000
fragments and to examine the relationship between their =
conformation and the mean residue ellipticity at 220 nfiugf).

Helical fragments were extracted from the 29 proteins. Those ;c
helices that were severely distorted or had mg¢am 1 angles g
outside of the range-90° < ¢, < —20° were removed from 80
the data set. This gave a set of 124 real helical fragments, Ee

2}

mo

-30000

varying in length from 4 to 26 peptide groups. The CD spectra
of these fragments were then calculated and scaled by a factor

of 1.08 (the inverse of the gradient of the line in Figure 2). The —50000 ‘ ! . | ‘
variation of [f]220 with helix length of these fragments and the -50 =30 -10 10
Pauling-Corey heli¥!is shown in Figure 4. The magnitude of 0.74¢ — 0.67y

[6]220 increases with the helix length and slowly converges to

an asymptotic value. This has been previously observed in a A e : : i
imilar studv on model helicd& The value for a PaulingCore conformatlon. Upper panel: Dlstrlb_utl(?n qf residue dlhe_dral angles in
Simi y ’ ng y helical fragments. Center panel: Distribution of mean dihedral angles.

helix of 200 peptide groups can give an estimatetds, for Lower panel: Variation of ]2, with dihedral angle distribution.
an infinite helix (Phw]220). This is found to be—37000 deg

cm? dmol™?, which is at the lower end of the range of values of This length dependence has been expresséd as:
experimental estimaté853.64Our calculations probably under-

estimate the intensity at 220 nm slightly more than the scaling [0ulr00= [6,1.] r—k (14)
factor suggests. The real helices follow the same trend with a H1220 Heal220°

small spread of values around those of the Paulidgrey helix.

Figure 5. Variation of the mean residue intensity at 220 nm with helix

where Pus]220 represents the mean residue ellipticity of an
(59) Platzer, K. E. B.; Ananthanarayanan, V. S.; Andreatta, R. H.; infinite helix, r is the number of residues in the helix, aké
Scheraga, H. AMacromoleculesl972 5, 177-187. a constant that accounts for an end-effect. An estimakecah

Bal(g\?,)i:agnl‘_m%%f‘e”igga 3'\4"12@%%?62’73'; Ridgeway, T.; Laue, T. M- e made by optimizing bothfi.]220 andk in eq 14 to give a

(61) Pauling, L.; Corey, R. BProc. Natl. Acad. Sci. U.S.A951, 235 least-squares fit to the calculate] o of the Pauling-Corey
24(()62) Manming. M. G- Woodv. R. Weionol <1991 31, 569586 helix. This procedure suggests values of-238) for k.
anning, M. C.; Woody, R. iopolymer: . iti ; iti
(63) Chen. Y -H.. Yang, J. T Chau, K. Biochemistryl 974 13, 3350~ In addltlon_ to Izen_gth, the CD of a helix may also b(_a sgnsfuve
3359 to conformatiorf2 Figure 5 (upper panel) shows the distribution

(64) Luo, P.; Baldwin, R. LBiochemistry1997, 36, 8413-8421. of the main chain dihedral angles in the 124 helical fragments.
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i i+1 i+2
i E,.
CAE E,.
i+1 0 wm  E.
um K, CAE E,.
i+2 0 0 0 wm  E.
0 Ky wm K, CAE E,.
i+3 0 0 0 0 0 u-m
0 K., O K., wm K,

Figure 6. Portion of the matrix computed in the matrix method for a
helix of 20 peptide groupsp(= —57°, v = —47°).

J. Am. Chem. Soc., Vol. 121, No. 41, 19683

(p = —=57°, v = —47°), our parameters give the following:
CAE~ 0, u-m' ~ 0, u-m~ —280,Kj+1 ~ —150,Kj;» ~ —640,

Ki+s ~ —370, andKi+j ~ 0 (for j > 3), where the units are
consistent with energies in inverse centimeters. The matrix is
formulated in terms of peptide groups, not residues, s&thg
term corresponds to the hydrogen bond in thkelix. Local
effects are most important, with the principal terms being the
dynamic coupling between ther* transition of peptide group

i with the nz* transition of peptide groupt1 and the coupling

of wa* transitions between peptide groups+2 andi, i+3.

For the idealized @-helix, the dynamic coupling is over a factor
of 2 smaller, which leads to a less intense peak at 220 nm
compared with ther-helix. The value of th&, term is similar

for the 3-helix and then-helix, but theK; 3 term is essentially
zero for the 3g-helix. For the idealizedx-helix, the earlier
CNDO/S parametet$lead to matrix elements that are generally
of significantly larger magnitude, with the exception of the
dynamic coupling terms, which are much smaller. Thus, in

The center panel shows the mean dihedral angles of each helicafontrast to previous work, our parameters suggest that dynamic

fragment. This distribution, in contrast to the previous, is nearly

coupling is much more important that static coupling in the CD

linear indicating a single coordinate may be used to describe Of a-helices.

the different helical conformations. The lower panel shafs}
plotted against a new/y coordinate that describes this line.
The length dependence has been removed fréia.d by
normalizing to a PaulingCorey helix of 26 peptide groups.

p-Strands

The CD spectra gB-sheet proteins fall into two classég!
Class |1 -proteins 3-I) exhibit a negative band at 21218

There is a weak, but nevertheless significant trend, that helicesnm and a positive band at 195 nm. Clasgiéheet proteins

with a more negatived have lower intensity at 220 nm than
helices with a more negativg. Superimposed are values for
polyalanine helices of 20 peptide groups with different confor-
mations, which were studied by Manning and Woé&dy.he
geometry of these helices was minimized with the dihedral

(B-1) have CD spectra that resemble those of random coil
models, namely an intense negative band near 198 nn3-The
proteins tend to contain some disulfide bridges (which may
contribute to the CD in the far-U¥) and haves-sheets that
are more irregular than thel proteins, reflected by a larger

angles restrained, allowing other degrees of freedom to relax. content of-bulge structures. However, the structural origins

In particular, it is important to allow the hydrogen bond distances

of the CD spectra gf-Il proteins are not fully understood. Our

to relax. These points conform to the relationship observed for calculations of CD are unable to distinguish betwg@ehand
the helical fragments. The three data points that lie significantly -1l proteins, predicting-l spectra for both classes. To

above the line correspond tgehelices. In short peptides
helical structure may be commé#.6” Our calculations predict
that [Oh«]2201s roughly 0.75 times smaller fornghelices. Thus
simple relationships of the type shown in eq 14 may not be
appropriate for the CD of peptides with a significant fraction

investigate the CD calculations @gnl and5-11 proteins further,
we have analyzed the structures of concanavalin AG4{a
protein) and elastase (&ll protein) in greater detail and we
have also calculated the CD of idealized regulastrands.

Our calculations suggest that protein CD in the far-UV is

of 3;0-helical structure. Over an entire protein the conformational determined primarily by local backbone structure. This seems
dependence will tend to average out. However, this conforma- reasonable, as short-range interactions between chromophores
tional dependence is likely to be more important in the CD of dominate over long-range interactions and local structure is

smaller systems.

To illustrate the relative importance of different terms in the
matrix method, a portion of the (symmetric) matrix computed
by the matrix method is shown in Figure 6. The potentially
significant interaction terms for the-helix are labeled, and have
been discussed by Bayley et?alThese interactions can result
in mixing of states within a given group, in addition to coupling

much more regular and repetitive than long-range structure.
Although S-bulges can have atypical dihedral angles, the
population of~10% of residues iB-bulge conformations in
elastase compared t60% in concanavalin A is not sufficient
for the distributions of the dihedral anglesandzy, of the two
proteins to be significantly different. There is little difference
between the calculated CD gfstrands excised from elastase

of states in different groups. The static coupling corresponding and concanavalin A, probably reflecting the similarity of the

to the mixing of the m* and wz* states on a single peptide
group is denote€AE, for the mechanism described by Condon,
Altar, and Eyring®® The analogous dynamic couplfgbetween
neighboring peptide groups) is denoted pym. Coupling
betweenzz* states on different peptide group® is denoted
by K. For an idealized helix comprising 20 peptide groups, with

(65) Miick, S. M.; Martinez, G. V.; Fiori, W. R.; Todd, A. P.; Millhauser,
G. L. Nature 1992 359 653-655.

(66) Millhauser, G. L.Biochemistryl995 34, 3873-3877.

(67) Sheinerman, F. B.; Brooks, C. L., 1l Am. Chem. Sod995 117,
10098-10103.

(68) Condon, E. U.; Altar, W.; Eyring, Hl. Chem. Physl937, 5, 753~
777.

(69) Kuhn, W.Trans. Faraday Socl93Q 26, 293-308.

(70) Kirkwood, J. G.J. Chem. Phys1937, 5, 479-491.

backbone dihedral angles. The calculations on individual strands
also suggest that the calculated CD of these proteins may be
crudely approximated by the sum of the CD of the secondary
structure fragments. It appears that our CD calculations reflect
the local structural similarity of the two proteins, as defined by
their static X-ray crystal structures.
Calculations of the CD of idealize@+strands, whose struc-

tures were generated in a fashion similar to the idealized
o-helices described in the previous section, show that just two

(71) Wu, J.; Yang, J. T.; Wu, C.-S. @nal. Biochem1992 200, 359—
364.

(72) Woody, R. W.; Dunker, K. A. InCircular Dichroism and the
Conformational Analysis of BiomolecujeBasman, G. D., Ed.; Plenum
Press: New York, 1996.
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7500 ‘ \ \ The complex relationship between the parameters and the
computed CD makes it difficult to isolate the advantageous
properties of a given parameter set. However, it is clear that it
is important to describe the,,7* intensity and transition dipole
orientation accurately. Very recently, CNDO/S parameters
combined with experimental data of thgpr* transition have
been used to compute CD spectra with some sucéess.

There are several ways in which our calculations of protein
CD may be further improved. First, our calculations only
consider the protein backbone. Side-chain chromophoric groups
can contribute to the CD in the far-UV. In principle, the
inclusion of side chains into the matrix method is straightforward
through parameters describing the side-chain groups. Using
7500 ‘ ‘ ‘ existing CNDO/S parameters for side chains did not improve
170 19 210 230 250 the calculated spectfd.The calculation of parameters at the

Wavelength (nm) CASSCF/SCREF level is a considerable undertaking, and beyond
Figure 7. Calculated CD of an ideg8-strand: solid line, dynamic  the present study. The effect of nonchromophoric groups is also
coupling = 300 cm'*; dashed line, dynamic coupling 0 cm™. In likely to have a significant role, through coupling with thgy*
both casei1 = 900 cnT* and all other interactions are zero. transition®s In principle, all possible electronic transitions should
| . . . ) . . be included. The calculations reported here have been limited
ocal interactions are dominant: the interaction between nearestto electronic transitions to thest and s.or*
npt* states of the

neighborzz* transitions,K;+1 ~ —900 cnt?, and the dynamic . : . s,
> . . backbone amide groups, but the inclusion of additionat*
m M.u-m ~ ntl m
xing term,u 300 cnr*. The former is large and negative, and riz* amide transitions did not significantly affect the

as mlgh'g be antmm;a ted f!rqrﬁ-strand cpnformatlons, which correlation with experiment. Additional effects that may be of
place neighboringiz* transitions almost in the same plane and . . h )
importance include protein dynamiés.

pointing in almost opposite directions. The dynamic mixing term . ) L

is almost independent @f in the -strand region of conforma- Wh'le. work remains to be done before fully quantitative

tional space, but changes quite steeply wjthAs y changes calcule_ltlons of protein CD spectra are readlly performed,_ the

from ~14C° to ~17C, the dynamic mixing term falls from 300 attraction of the maitrix method is clear. First, the c_alculatlo_ns
are relatively straightforward to perform. The entire protein

to 0. A similar change is seen gsgoes from~30° to ~0°. . d.in th lculati ith dificati
Strikingly, the location of the calculated negative band moves Structure Is used in the calculations without modification.
Second, the full potential of the method has yet to be realized,

from 218 to 200 nm, as the dynamic mixing term falls from . . :

300 to 0 (Figure 7), leading to a calculated CD spectrum that is and we are currently addressing some of the limitations outlined

much closer to thﬁ-’ll spectrum. It may be that our calculations above. Nevertheless, the current calculations are sufficiently
y reliable and accurate to allow some questions concerning the

do not reproduce the dynamic mixing term sufficiently ac- ) . .

curately, but it is also conceivable that in solution there are relatlonsmp between protein structure and CD to be addressed.

relatively minor fluctuations of 30in backbone dihedral angles Th|§ has bgen demonstra_ted by our study of real and model

which lead to structures whose calculated CD spectra would helices, which has reexamined the dependence of CD on helical
length and conformation. Investigations of this type illustrate

be much closer to those observed experimentally. . - ) >
the practical value of calculations from first principles.
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