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Electronic circular dichroism �ECD� parameters of the disulphide chromophore have been
calculated for dihydrogen disulphide, dimethyl disulphide, and cystine using density-functional
theory, coupled-cluster theory, and multiconfigurational self-consistent field theory. The objective is
twofold: first, to examine the performance of the Coulomb-attenuated CAM-B3LYP functional for
the calculation of ECD spectra; second, to investigate the dependence of the ECD parameters on the
conformation around the disulphide bridge. The CAM-B3LYP functional improves considerably on
the B3LYP functional, giving results comparable to CCSD theory and to MCSCF theory in an
extended active space. The conformational dependence of the ECD parameters does not change
much upon substitution, which is promising for the application of ECD in structural investigations
of proteins containing disulphide bridges. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2759203�

I. INTRODUCTION

Disulphide bonds are among the most important deter-
minants of secondary and tertiary structures of proteins, due
to the presence of cystine disulphide bridges. The conforma-
tion around the disulphide bridge often plays a significant
role in the biological function of peptides and its knowledge
may greatly improve our understanding of processes in
which the system is engaged. This issue is thus widely in-
vestigated, and new methods for investigation of the confor-
mation around the disulphide bond are in constant demand.
Chiroptical spectroscopic methods are particularly promising
for diagnosis of the geometric structure of the disulphide
bridge,1 since the disulphide bridge is an inherently chiral
moiety.

Among chiroptical techniques, electronic circular di-
chroism �ECD� is one of the oldest tools for structural
investigations,2–4 retaining its usefulness in biochemistry1–3

for the following reasons. First, much smaller peptide con-
centrations are needed for ECD than, for example, for
nuclear magnetic resonance; second, crystallization is not
necessary �unlike for crystallographic methods�; third and
perhaps most important, ECD is a “fast” method, which can
serve as a tool for observation of structural changes such as
protein folding.4 Typically, ECD spectra are used to provide
information on the general amount of beta sheets and alpha
helix in polypeptide chain. Such data can be derived from the

far-ultraviolet region of the ECD spectrum �from
190 to 225 nm�, where the bands associated with peptide-
bond transitions are located. The region from 250 to 350 nm
serves to identify aromatic amino-acid side chains or other
specific chromophores, among them disulphide bonds, which
show a broad band at 250–300 nm.1

The application of ECD to conformational studies is
based on correlations between the main ECD parameter—the
rotatory strength—and molecular structure. However, the re-
lation of rotatory strength to molecular conformation is com-
plex and simple empirical correlations are often insufficient.5

In this situation, a computationally inexpensive and reliable
method of the a priori prediction of ECD spectra would be
of great value. Density-functional theory �DFT� has a low
computational cost and has been applied to the calculation of
ECD spectra by several groups,6–10 although the performance
of exchange-correlation functionals needs improvement in
this respect. The circular dichroism of compounds with a
disulphide bridge �mainly HSSH� has been the subject of
theoretical investigations since 1960s, and some empirical
rules connecting the sign of the ECD bands associated with
the S–S bond with its screw character have been derived.1

However, the validity of such semiempirical models is lim-
ited and the investigation of compounds with disulphide
bridge by means of modern quantum-chemistry methods ap-
pears to be necessary.

The object of our study is twofold. First, we investigate
the performance of the Coulomb-attenuated hybrid func-
tional CAM-B3LYP �Refs. 11 and 12� for the calculation of
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ECD parameters of the disulphide chromophore, comparing
the results with multiconfigurational self-consistent field
�MCSCF� and coupled-cluster results for HSSH, the smallest
molecule containing the disulphide bridge, and with coupled-
cluster results for the larger system CH3SSCH3. Second,
having selected an appropriate level of theory, we study the
dependence of the ECD intensity on the conformation
around the disulphide bond for the molecules HSSH,
CH3SSCH3, and cystine. The discussion of the results is pre-
ceded by a short description of the theoretical background
and followed by a summary of the main conclusions.

II. THEORY AND COMPUTATIONAL DETAILS

A. Theory of ECD calculations

ECD spectroscopy is based on the phenomenon of dif-
ferential absorption of left and right circularly polarized light
by a chiral sample. For a sample of randomly oriented mol-
ecules, the difference between the absorption coefficients of
left and right circularly polarized light for a transition from
the ground electronic state to the nth excited electronic state
is proportional to the scalar rotatory strength nR, which can
be obtained as a scalar product of the electric dipole and
magnetic dipole transition moments.

In linear response theory, the scalar rotatory strength is
calculated as a residue of the linear response function.13,14

For a transition from the ground state �0� to an excited state
�n�, it is in the velocity and length gauges given by, respec-
tively,

nRv =
1

2�n
�0�p�n� · �n�L�0�

=
1

2�n
Tr� lim

�→�n

�� − �n���p;L���	 , �1�

nRr = −
i

2
�0�r�n� · �n�L�0�

= Tr� lim
�→�n

�� − �n���r;L���	 . �2�

In these expressions, r, p, and L are the electronic position,
momentum, and orbital angular-momentum operators, re-
spectively; ��n is the excitation energy of the nth electronic
transition, and ��;�� denotes the linear response function.13 In
the length gauge, the results obtained in a finite orbital basis
depend on the choice of the gauge origin. For variational
methods such as MCSCF and DFT, this problem can be over-
come by using London atomic orbitals �LAOs�.15 Because of
their explicit dependence on the external magnetic induction,
the results obtained with LAOs are independent of the gauge
origin.8,14

B. Computational details

As the first step in the investigation of the conforma-
tional dependence of ECD parameters, the molecules studied
were subjected to constrained geometry optimization with
the XSSX dihedral angle �X=H for HSSH; X=C for

CH3SSCH3 and cystine� fixed at 30° intervals from 0° to
180° for HSSH and CH3SSCH3 and from −180° to 180° for
L-cystine. Additional calculations were carried out at −75°
and −105°, commonly found in S–S compounds. These op-
timizations were performed using DFT with the hybrid
Becke three-parameter Lee-Yang-Parr �B3LYP�
functional16,17 in the cc-pVTZ basis18,19 for HSSH and
CH3SSCH3 and in the cc-pVDZ basis18,19 for cystine. C2

symmetry was assumed in all optimizations except for
�CSSC=−30° in cystine, where the symmetry was relaxed
since no stable C2 structure could be found. The geometry
optimizations were carried out with GAUSSIAN 98 program
package.20

The ECD parameters were calculated using several ab
initio quantum-chemical methods, including the complete-
active-space �CAS� and restricted-active-space �RAS�
MCSCF models, the coupled-cluster singles-and-doubles
�CCSD� model, and DFT with different functionals:
BP86,16,21 BLYP,16,22 B3LYP,16,22 and CAM-B3LYP.11,12 In
the ECD calculations, we used Dunning’s correlation-
consistent basis sets augmented with diffuse
functions.18,19,23,24 Double augmentation was employed ex-
cept for cystine, where we limited ourselves to single aug-
mentation because of numerical instabilities. The rotatory
strengths were mostly calculated for the five lowest excita-
tions of each symmetry, in both the velocity gauge and the
length gauge �with and without LAOs�. The differences be-
tween these approaches are negligible and we discuss here
only the results obtained with LAOs in the length gauge. All
calculations of ECD spectra were performed using a local
version of the DALTON program package,25 in which the
CAM-B3LYP functional is implemented.

Some comments are in order about the CAM-B3LYP
functional. A well-known deficiency of the B3LYP functional
is the incorrect long-range behavior of the exchange poten-
tial, which decays as −0.2r−1 rather than −r−1, causing a
significant underestimation of Rydberg excitation energies
and related errors in optical properties—especially for dif-
fuse anionic states26 and for excited states.27 To overcome
this problem, Tawada et al.28 proposed different treatments
of the short-range and long-range interactions of exchange
functionals. Developing this idea further, Handy and
co-workers11,12 constructed the three-parameter Coulomb-
attenuated B3LYP �CAM-B3LYP� functional. The CAM-
B3LYP functional has the same correlation treatment as the
B3LYP functional but a different exchange treatment, the
proportions of functional and exact exchange depending on
the interelectronic distance r12. Specifically, the exact ex-
change is calculated from ��+� erf��r12��r12

−1 rather than
from r12

−1, with the functional exchange modified accordingly.
The short- and long-range proportions of exact exchange are
thus � and �+�, while � determines the intermediate region.
In this manner, the CAM-B3LYP functional retains the ener-
getic qualities of the B3LYP functionals while improving the
asymptotic behavior. In the original CAM-B3LYP formula-
tion, � and � are equal to 0.19 and 0.33, respectively. Apart
from the original CAM-B3LYP functional, we have also
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used a modified version, CAM-B3LYPm, with � and � equal
to 0.30 and 0.50, respectively, constructed on the basis of the
results for HSSH �see below�.

III. RESULTS AND DISCUSSION

A. Electron-correlation and basis-set effects

Being the simplest compound containing the disulphide
chromophore, HSSH is here used for assessment of DFT by
comparison with CCSD and MCSCF results. We are particu-
larly concerned with the low-lying 2A and 1B excitations of
the disulphide chromophore, which are excitations from the
highest occupied, sulfur lone-pair orbital of each symmetry
into the lowest unoccupied, �S–S

* antibonding orbital. Some
results for the comparison of DFT and wave-function meth-
ods have also been obtained for CH3SSCH3, again with em-
phasis on the 2A and 1B chromophore transitions.

1. MCSCF calculations

The ECD parameters of HSSH calculated using different
CAS wave functions at a dihedral angle of 90° are listed in
Table I. There are large differences between the excitation

energies and between the rotatory strengths calculated with
different active spaces, some transitions switching places as
the active space increases. Unable to converge the CAS re-
sults, we have tried the more flexible RAS model.

Tables II and III contain the excitation energies and ro-
tatory strengths, respectively, of the lowest singlet excita-
tions of HSSH at a dihedral angle of −90°, calculated with
different RAS wave functions. The RAS-0 expansion �which
contains one more active orbital than our largest CAS expan-
sion� is our primary active space, from which the others are
generated. In the RAS-I wave function, four rather than two
electrons are allowed into RAS3; in the RAS-II wave func-
tion, four orbitals inactive in RAS-0 have been moved into
RAS2; in the remaining RAS-III to RAS-VI wave functions,
RAS3 is systematically extended.

On the whole, the RAS method appears better suited for
the task than the CAS method, the largest RAS wave func-
tions having almost converged. Although the inclusion of
more than two electrons in RAS3 has some effect on the
excitation energies, it does not significantly affect the rota-
tory strengths. Rather, the ECD parameters are primarily in-
fluenced by the number of virtual orbitals in RAS3, although

TABLE I. Excitation energies �in eV� and rotatory strengths �in 10−40 esu2 cm2� of HSSH with dihedral angle
−90° obtained using CAS method.

Excitation

Excitation energy Rotatory strength

CAS-I
�5,5/�/6,6/��a

CAS-II
�6,6/�/7,6/��

CAS-III
�5,5/�/8,6/��

CAS-I
�5,5/�/6,6/��

CAS-II
�6,6/�/7,6/��

CAS-III
�5,5/�/8,6/��

1A 5.28 5.09 5.13 5.08 5.69 5.67
2A 6.68 6.54 6.62 −51.48 −44.27 −43.70
3A 7.74 7.18 7.50 5.87 9.42 3.00
4A 8.46 7.81 8.42 −13.92 −13.27 −6.24
5A 8.56 8.28 8.52 11.68 −5.42 9.54
1B 5.28 5.09 5.03 −9.72 −11.11 −9.96
2B 6.70 6.55 6.63 53.66 49.96 43.51
3B 7.72 7.27 7.28 −1.81 −3.04 −13.65
4B 8.23 8.21 7.66 −1.23 8.88 1.77
5B 8.48 8.25 8.42 16.00 12.41 11.48

aSymbols in parentheses denote the number of orbitals in each symmetry placed, respectively, in the inactive
space, in the RAS1 space �from which electrons are excited, empty for CAS wave function�, in the RAS2 space
�in which all occupation numbers are allowed�, and in the RAS3 space �to which electrons are excited, empty
for CAS wave function�.

TABLE II. Excitation energies �in eV� of HSSH with dihedral angle −90° obtained using the RAS method.

RAS-0
�5,5/�/

�4,4/4,3�2e,a

RAS-I
�5,5/�/

�4,4/4,3�4e

RAS-II
�3,3/�/

�6,6/4,3�2e

RAS-III
�5,5/�/

�4,4/6,5�2e

RAS-IV
�5,5/�/

�4,4/7,6�2e

RAS-V
�5,5/�/

�4,4/8,8�2e

RAS-VI
�5,5/�/

�4,4/10,10�2e

1A 5.16 5.15 5.15 5.01 5.01 5.00 4.96
2A 6.65 6.65 6.64 6.62 6.30 6.30 6.30
3A 7.66 7.64 7.65 7.60 7.47 7.30 7.27
4A 8.48 8.51 8.47 8.52 8.10 8.03 8.04
5A 8.59 8.63 8.58 8.69 8.23 8.08 8.10
1B 5.17 5.16 5.17 5.01 4.99 5.01 4.95
2B 6.65 6.66 6.65 6.63 6.55 6.32 6.32
3B 7.65 7.63 7.64 7.59 7.42 7.30 7.28
4B 8.28 8.29 8.28 8.22 8.02 7.97 7.98
5B 8.51 8.54 8.50 8.55 8.24 8.06 8.06

ane in the superscript denotes maximum number of electrons allowed in RAS3.
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the extension of RAS2 from RAS-0 to RAS-II does affect the
rotatory strength of the high-energy transitions. However,
since we are concerned mostly with the low-energy transi-
tions in the disulphide chromophore �2A and 1B�, that treat-
ment of dynamical correlation, determined mostly by the size
of RAS3, is more important than the other aspects of the
RAS model. Accordingly, RAS-VI results �obtained with the
largest RAS3 space� are used for our comparisons with DFT.

2. Performance of DFT in comparison with MCSCF
and CC

The excitation energies of HSSH calculated by means of
the different methods are listed in Table IV, while the corre-
sponding rotatory strengths are shown in Table V. All CAM-
B3LYP excitation energies �obtained with the original and
modified CAM-B3LYP functionals� are close to the RAS-VI
results. For the rotatory strengths, the improvement upon
B3LYP is also substantial when using CAM-B3LYP, al-
though there are some discrepancies for higher excitation of
B symmetry. This can to some extent be rectified by using
another modification of CAM-B3LYP, where � and � have
been changed from 0.19 and 0.33, respectively, to 0.30 and
0.50, so as to bring the calculated excitation energies of H2S2

�for several geometries� closer to the RAS-VI results. The
rotatory strengths of the low-lying transitions �including 2A
and 1B� are hardly affected by this modification, while the

excitation energies are somewhat improved. �The excitation
energies obtained with the original CAM-B3LYP functional
underestimate the RAS-VI energies slightly.� Changes in the
� parameter leave the results practically unaffected.

The BP86 and BLYP functionals perform much poorer
than the CAM-B3LYP functional, their rotatory strengths
disagreeing with the RAS-VI results. The B3LYP functional
performs somewhat better but is still inferior to the CAM-
B3LYP functional. Calculations at other dihedral angles �not
included here� confirm our conclusions—namely, that the use
of the CAM-B3LYP functional rather than the B3LYP func-
tional greatly improves the agreement with the RAS-VI re-
sults.

In general, the RAS-VI results �which we use for bench-
marking� are close to the CCSD results. Two exceptions are
the 4A and 3B transitions, which have slightly different
�mixed� orbital characters in CCSD and RAS-VI theories, as
reflected in the different rotatory strengths. The �modified�
CAM-B3LYP results are close to the RAS-VI ones.

To confirm the good performance of CAM-B3LYP, we
have carried out CCSD and DFT calculations for
CH3SSCH3, see Table VI. �For this molecule, a RAS space
large enough for the results to be of benchmark quality
makes the calculations too expensive.� The original CAM-
B3LYP functional performs remarkably well for excitation
energies and reasonably well for rotatory strengths. The

TABLE III. Rotatory strengths �in 10−40 esu2 cm2� of HSSH with dihedral angle −90° obtained using the RAS
method.

RAS-0
�5,5/�/

�4,4/4,3�2e

RAS-I
�5,5/�/

�4,4/4,3�4e

RAS-II
�3,3/�/

�6,6/4,3�2e

RAS-III
�5,5/�/

�4,4/6,5�2e

RAS-IV
�5,5/�/

�4,4/7,6�2e

RAS-V
�5,5/�/

�4,4/8,8�2e

RAS-VI
�5,5/�/

�4,4/10,10�2e

1A 5.64 5.64 5.31 5.34 6.10 7.54 7.37
2A −44.32 −44.32 −39.96 −43.77 −68.18 −57.09 −53.36
3A 1.09 1.09 1.94 2.45 −16.20 −2.52 −0.61
4A −8.56 −8.56 −4.08 −9.87 −7.40 −7.91 −7.50
5A 9.03 9.03 5.64 9.63 21.37 11.18 10.20
1B −11.32 −11.32 −11.37 −10.56 −12.22 −14.28 −14.09
2B 46.72 46.72 45.54 45.47 37.09 61.83 59.00
3B 4.51 4.51 9.05 1.67 15.22 7.82 4.43
4B 0.66 0.66 −12.00 1.49 10.65 10.22 6.93
5B 9.96 9.96 6.26 11.02 −27.40 1.18 3.97

TABLE IV. Comparison of excitation energies �in eV� of HSSH, calculated with different methods at a dihedral
angle of −90°.

RAS-VI CCSD B3LYP BLYP BP86 CAMB3LYP CAMB3LYPma

2A 4.96 4.86 4.52 4.29 4.37 4.67 4.89
3A 6.30 6.08 5.61 5.19 5.45 5.88 6.25
4A 7.27 6.94 6.28 5.80 6.04 6.71 7.20
5A 8.04 7.79 6.93 6.32 6.57 7.47 8.01
6A 8.10 7.86 6.99 6.39 6.66 7.54 8.08
1B 4.95 4.87 4.53 4.31 4.38 4.68 4.90
2B 6.32 6.10 5.63 5.21 5.48 5.91 6.28
3B 7.28 6.94 6.27 5.80 6.03 6.70 7.20
4B 7.98 7.78 6.95 6.33 6.59 7.48 7.95
5B 8.06 7.82 7.00 6.39 6.65 7.52 8.04

aCAMB3LYPm denotes the modified form of CAMB3LYP functional �see text�.
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modification of CAM-B3LYP optimized for ECD spectrum
of HSSH performs significantly better for excitation energies
of the valence transitions in disulphide bridge of CH3SSCH3,
but for the other calculated ECD parameters of CH3SSCH3

the original form of the functional gives actually results
closer to CCSD. The agreement of CAM-B3LYP and CCSD
is encouraging, but it should be noted here that the CCSD
model is not always the best model for the calculation of
electronic spectra,29 so it is not necessarily generally
conclusive.

3. Basis-set effects

In Table VII, we have listed the excitation energies and
rotatory strengths of HSSH in the daug-cc-pVTZ, taug-cc-
pVTZ, and daug-cc-pVQZ basis sets. The basis-set behavior
of the excitation energies and the rotatory strengths is simi-
lar. For the low-lying transitions �e.g., the 2A and 1B valence
transitions of interest to us�, the extension from d-aug-cc-
pVTZ to d-aug-cc-pVQZ �i.e., the inclusion of more valence
orbitals� is more important; for the high-energy transitions
�especially the 6A and 5B Rydberg transitions�, the addition
of the diffuse functions is more important. We note that the

basis-set effects in Table VII are far smaller than the differ-
ences between the results obtained with the various compu-
tational methods.

For dimethyl disulphide, smaller basis sets were used.
The results in Table VI have been obtained with daug-cc-
pVDZ on the hydrogen and carbon atoms and taug-cc-pVDZ
on the sulfur atoms �the basis set denoted “mixed” in Table
VI� and by using daug-cc-pVTZ on all atoms. The differ-
ences in the excitation energies are small. For the rotatory
strengths, the differences are somewhat larger, especially for
low-lying valence transitions, similar to the changes in
HSSH from daug-cc-pVTZ to daug-cc-pVQZ.

B. Conformational dependence of ECD
of the disulphide chromophore

Having analyzed the results obtained for single confor-
mations of HSSH and CH3SSCH3, we shall now discuss the
conformational dependence of the ECD parameters calcu-
lated at the CAM-B3LYP level of theory, for three mol-
ecules: HSSH, CH3SSCH3, and cystine.

TABLE V. Comparison of rotatory strengths �in 10−40 esu2 cm2� of HSSH calculated with different methods at
a dihedral angle of −90°.

RAS-VI CCSD B3LYP BLYP BP86 CAMB3LYP CAMB3LYPma

2A 7.37 8.31 8.01 8.11 6.36 7.97 7.52
3A −53.36 −61.40 −50.42 −44.54 −45.28 −51.80 −46.88
4A −0.61 13.37 23.45 21.53 22.93 16.41 5.97
5A −7.50 −10.16 0.22 2.93 2.61 −7.64 −8.62
6A 10.20 8.29 1.68 −3.78 −0.32 10.04 11.77
1B −14.09 −13.49 −12.57 −11.58 −10.28 −13.95 −15.14
2B 59.00 68.18 59.63 54.99 56.26 58.62 54.24
3B 4.43 −19.82 −38.06 −41.64 −42.49 −19.59 1.05
4B 6.93 9.78 3.56 −0.28 −0.21 3.60 6.33
5B 3.97 6.67 11.11 2.54 2.02 17.60 2.44

aCAMB3LYPm denotes the modified form of CAMB3LYP functional.

TABLE VI. Excitation energies �in eV� and rotatory strengths �in 10−40 esu2 cm2� of CH3SS CH3 with dihedral
angle −90°, obtained using CAM-B3LYPm with different basis sets.

Excitation energy Rotatory strength

CCSD/
mixed

CAM-
B3LYPm/

mixed

CAM-
B3LYP/
mixed

CAM-
B3LYPm/

daug-
cc-pVTZ

CCSD/
mixed

CAM-
B3LYPm/

mixed

CAM-
B3LYP/
mixed

CAM-
B3LYPm/

daug-
cc-pVTZ

2A 5.02 5.07 4.83 5.09 14.12 11.26 12.51 10.50
3A 6.00 6.45 5.98 6.42 −10.46 −0.65 −2.71 −1.21
4A 6.21 6.61 6.15 6.62 −28.55 −34.64 −28.43 −34.37
5A 6.46 7.03 6.43 7.01 6.27 12.27 7.69 14.99
6A 6.79 7.39 6.79 7.40 −0.36 0.11 0.26 0.14
1B 5.03 5.08 4.84 5.10 −21.64 −16.95 −17.68 −17.27
2B 6.01 6.42 5.98 6.39 40.36 20.74 28.42 21.21
3B 6.18 6.62 6.13 6.63 29.85 46.12 30.45 46.95
4B 6.44 6.99 6.41 6.98 −87.11 −97.36 −88.01 −101.10
5B 6.75 7.34 6.75 7.34 4.22 16.22 6.77 16.85
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1. Dihydrogen disulphide

The rotatory strengths of the 2A and 1B transitions of
HSSH, calculated at the RAS-VI, CAM-B3LYP, and
CAM-B3LYPm levels of theory �with daug-cc-pVTZ basis
set�, are plotted as functions of the dihedral angle �HSSH in
Fig. 1. The 2A and 1B transitions are degenerate for �HSSH

=90°, see Refs. 30 and 31. Except for the 2A dent at −60°
�visible for all employed methods�, the two plots are almost
mirror images of each other—the 2A rotatory strength is
positive for −180° 	�HSSH	0°, while the 1B rotatory
strength is negative, and vice versa. The dent at −60° reflects
the changing nature of the 2A transition: from being a tran-
sition to the �S–S

* antibonding orbital, it becomes a transition
to the �S–H

* antibonding orbital �normally a 3A transition�. At
this geometry, there is also a large discrepancy between the
CCSD and RAS-VI rotatory strengths, occurring since the
2A and 3A transitions are interchanged at the RAS level. We
note that the optical rotation of HSSH has a maximum at
−60°, which is a further evidence that this geometry is par-
ticularly problematic. The three sets of results are generally
close to each other, with the largest absolute differences oc-
curring, not unexpectedly, for the dihedral angles with large
rotatory strengths.

2. Dimethyl disulphide

The dimethyl disulphide is structurally more similar to
cystine than is dihydrogen disulphide. Consequently, we ex-
pect the ECD spectrum of CH3SSCH3 to resemble the cys-
tine spectrum more closely than does the HSSH spectrum. In
Fig. 2, we have plotted the rotatory strengths of the 2A and
1B transitions, localized in the S–S chromophore, as func-
tions of �CSSC. As for HSSH, we encountered problems in
assigning the obtained spectrum to transitions between indi-
vidual orbitals, in particular, for dihedral angles close to 60°,
where the nature of the transition changes. Broadly speaking,
however, the conformational dependence of the ECD spec-
trum of CH3SSCH3 is almost the same as that of HSSH. As
for HSSH, the 2A and 1B transitions are degenerate for
�CSSC=90°. However, the range of rotatory strengths is wider
for CH3SSCH3 and no distortion occurs close to 60°. There
are no large differences between the results obtained using
the modified and original form of CAM-B3LYP functional,
and both sets of results are close to the CCSD ones �those
with the original functional are somewhat closer�.

3. Cystine

The �CSSC dependence of the rotatory strength of the
lowest electronic transitions in the disulphide bridge of cys-

TABLE VII. Excitation energies �in eV� and rotatory strengths �in 10−40 esu2 cm2� of HSSH with dihedral angle
−90°, obtained using CAM-B3LYPm with different basis sets.

Excitation energy Rotatory strength

daug-cc-pVTZ taug-cc-pVTZ daug-cc-VQZ daug-cc-pVTZ taug-cc-pVTZ daug-cc-VQZ

2A 4.89 4.89 4.88 7.52 7.52 7.40
3A 6.25 6.25 6.24 −46.88 −46.89 −46.62
4A 7.20 7.20 7.18 5.97 5.74 4.15
5A 8.01 8.01 8.00 −8.62 −8.98 −7.75
6A 8.08 8.08 8.07 11.77 12.5 11.55
1B 4.90 4.90 4.88 −15.14 −15.14 −15.32
2B 6.28 6.28 6.26 54.24 54.24 54.32
3B 7.20 7.20 7.19 1.05 1.17 2.71
4B 7.95 7.95 7.94 6.33 6.11 5.02
5B 8.04 8.04 8.03 2.44 2.25 2.67

FIG. 1. The rotatory strengths of 2A and 1B transitions in HSSH as a
function of the HSSH dihedral angle, calculated at the RAS-VI,
CAMB3LYP modified �CAMB3LYPm�, and CAMB3LYP unmodified levels
of theory, with daug-cc-pVDZ basis set. The numbers on the graph indicate
the RAS-VI excitation energies.

FIG. 2. The rotatory strengths of 2A and 1B transitions in CH3SSCH3 as a
function of the CSSC dihedral angle, calculated at the CCSD, CAMB3LYP
modified �CAMB3LYPm�, and CAMB3LYP unmodified levels of theory
�daug-cc-VDZ basis set, with taug-cc-pVDZ on sulfur atoms�. The numbers
on the graph indicate the CCSD excitation energies.
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tine is depicted in Fig. 3. Cystine is a very flexible molecule
and our calculations therefore by no means explore its entire
conformational space. Instead, the investigation is restricted
to a certain type of conformations, which, for selected dihe-
dral angles, are shown in Fig. 4. The geometry has been
separately optimized for each �CSSC, with starting geometries
chosen so as to avoid interactions between the sulfur atom
and the hydrogens from the carboxyl and amino groups, to
mimic the environment of sulfur in cystine-containing pep-
tides �where no such interactions take place�. For some dihe-
dral angles �30°, 90°, 120°�, the structures analogous to those
found for other angles were unstable, leading to a different
spatial arrangement of the amino and carboxyl groups. As
previously noted, C2 symmetry was assumed in all optimiza-
tions except for −30°, where symmetry was relaxed.

In spite of these problems, the shape of the cystine curve

in Fig. 3 is similar to that of HSSH in Fig. 1 and that of
CH3SSCH3 in Fig. 2. Moreover, the range of rotatory
strengths is similar to that of CH3SSCH3. The rotatory
strengths of the excitations in the disulphide bridge of cys-
tine change strongly with �CSSC, assuming �when calculated
with the modified CAM-B3LYP� values between −18

10−40 and +18
10−40 esu2 cm2, with extrema at −60° and
150° for the 2A transition and at −120° and 90° for the 1B
transition. When the original form of the CAM-B3LYP func-
tional is used, the range is much wider, since for two dihedral
angles, −150° and −30°, the rotatory strengths obtained with
the original CAM-B3LYP functional are twice as big �in a
sense of an absolute value� than those obtained with modi-
fied CAM-B3LYP. In view of the good performance of the
CAM-B3LYP functional �in comparison with the RAS and
CCSD results for HSSH and CH3SSCH3�, the cystine curve
should be reliable, although the excitation energies are un-
derestimated in comparison with experiment. What may
cause some difficulties in employing the rotatory strengths in
structural investigation is the significant variation of the ex-
citation energy, which would make the relevant bands shift
their position for different structures, overlapping with other
bands in electronic spectrum.

IV. SUMMARY AND CONCLUSIONS

The electronic circular dichroism �ECD� of the disul-
phide chromophore has been calculated for dihydrogen dis-
ulphide, dimethyl disulphide, and cystine using a variety of
quantum-chemical methods: density-functional theory, mul-
ticonfigurational self-consistent field theory, and coupled-
cluster theory. Our aim has been twofold, namely, to inves-
tigate the performance of the Coulomb-attenuated CAM-
B3LYP functional for the calculation of ECD parameters and
to study the dependence of the ECD intensities of the disul-
phide chromophore on the conformation around the disul-
phide bridge. Our conclusions can be summarized as fol-
lows.

The CAM-B3LYP functional performs better for excita-
tion energies and rotatory strengths than does the B3LYP
functional and the other exchange-correlation functionals in-
vestigated here �BLYP and PB86�. The improvement is par-
ticularly large for excitations to diffuse states but noticeable
also for valence transitions. Reoptimization of CAM-B3LYP
parameters for HSSH improves the excitation energies of
valence transitions but may worsen the other parameters �es-
pecially for diffuse Rydberg states�.

The rotatory strengths of transitions in the disulphide
chromophore depend on the conformation around the disul-
phide bridge in the same manner for all three molecules stud-
ied, suggesting that the ECD of the disulphide chromophore
should be a characteristic structural indicator, largely inde-
pendent of the structure of the remaining parts of a system.
Therefore, whenever the ECD band of the disulphide chro-
mophore can be distinguished from the remaining spectrum,
it may be used for structural investigation. However, several
other problems must also be addressed for the ab initio cal-
culation of ECD activity of the disulphide bridge to become
predictive, in particular, the modeling of the chemical envi-

FIG. 3. The rotatory strengths of 2A and 1B transitions in cystine as a
function of the CSSC dihedral angle, calculated at the CAM-B3LYP �modi-
fied and unmodified�/aug-cc-pVDZ level of theory. The numbers on the
graph indicate the CAM-B3LYPm excitation energies.

FIG. 4. Selected conformations of cystine �for the CSSC dihedral angle
equal to −150°, −90°, −30°, 30°, 90°, and 150°� for which the ECD spec-
trum has been calculated.
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ronment by including solvent effects and the influence of
other peptide fragments such as aromatic rings, which are
common in proteins with disulphide bridges.

ACKNOWLEDGMENTS

This work has received support from the Polish Ministry
of Science and Higher Education through the 1TO9A07130
grant and through a grant of computer time from the Norwe-
gian Supercomputing Program. Calculations in this work
were partly done using the computer cluster at the Comput-
ing Center of Faculty of Chemistry, Warsaw University. T.H.
acknowledges support from the Norwegian Research Coun-
cil through a Strategic University Program in Quantum
Chemistry �Grant No. 154011/420� and through the CeO
Centre for Theoretical and Chemistry �Grant No. 179568/
V30�.

1 C. Flahaut, C. Mizon, P. Aumercier-Maes, P. Colson, C. Bailly, P. Sauti-
ere, and J. Mizon, Eur. J. Biochem. 255, 107 �1998�.

2 D. H. Chin, R. W. Woody, C. A. Rohl, and R. L. Baldwin, Proc. Natl.
Acad. Sci. U.S.A. 99, 15416 �2002�.

3 R. W. Woody and A. Koslowski, Biophys. Chem. 101, 535 �2002�.
4 S. M. Kelly, T. J. Jess, and N. C. Price, Biochim. Biophys. Acta 1751,
119 �2005�.

5 C. Djerassi, Optical Rotatory Dispersion: Applications to Organic Chem-
istry �McGraw-Hill Book Company, Inc., New York, 1960�.

6 S. Grimme, Chem. Phys. Lett. 259, 128 �1996�.
7 S. Grimme and M. Waletzke, J. Chem. Phys. 111, 5645 �1999�.
8 M. Pecul, K. Ruud, and T. Helgaker, Chem. Phys. Lett. 388, 110 �2004�.

9 J. Autschbach and T. Ziegler, J. Chem. Phys. 116, 6930 �2002�.
10 C. Diedrich and S. Grimme, J. Phys. Chem. A 107, 2524 �2003�.
11 T. Yanai, D. P. Tew, and N. C. Handy, Chem. Phys. Lett. 91, 551 �2004�.
12 M. J. G. Peach, T. Helgaker, P. Salek, T. W. Keal, O. Lutnaes, D. J. Tozer,

and N. C. Handy, Phys. Chem. Chem. Phys. 8, 558 �2006�.
13 J. Olsen and P. Jørgensen, J. Chem. Phys. 82, 3235 �1985�.
14 K. L. Bak, Aa. E. Hansen, K. Ruud, T. Helgaker, J. Olsen, and P. Jør-

gensen, Theor. Chim. Acta 90, 441 �1995�.
15 F. London, J. Phys. Radium 8, 397 �1937�.
16 A. D. Becke, J. Chem. Phys. 98, 5648 �1993�.
17 P. J. Stephens, F. J. Devlin, C. F. Chabalowski, and M. J. Frisch, J. Phys.

Chem. 98, 11623 �1994�.
18 T. H. Dunning, J. Chem. Phys. 90, 1007 �1989�.
19 R. A. Kendall, T. H. Dunning, and R. J. Harrison, J. Chem. Phys. 96,

6796 �1992�.
20 M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., GAUSSIAN 98, Revi-

sion A.1, Gaussian, Inc., Pittsburgh, PA 1998.
21 J. P. Perdew, Phys. Rev. B 33, 8822 �1986�.
22 C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B 37, 785 �1988�.
23 D. E. Woon and T. H. Dunning, J. Chem. Phys. 98, 1358 �1993�.
24 D. E. Woon and T. H. Dunning, J. Chem. Phys. 100, 2975 �1994�.
25

DALTON, an ab initio electronic structure program, Release 2.0, 2005. See
http://www.kjemi.uio.no/software/dalton/dalton.html

26 M. Pecul, K. Ruud, A. Rizzo, and T. Helgaker, J. Phys. Chem. A 108,
4269 �2004�.

27 W. Koch and M. C. Holthausen, A Chemist’s Guide to Density Functional
Theory �Wiley-VCH, Weinheim, 2001�.

28 Y. Tawada, T. Tsuneda, S. Yanagisawa, T. Yanai, and K. Hirao, J. Chem.
Phys. 120, 8425 �2004�.

29 M. Pecul, M. Jaszuński, H. Larsen, and P. Jørgensen, J. Chem. Phys. 112,
3671 �2000�.

30 T.-K. Ha and W. Cencek, Chem. Phys. Lett. 182, 519 �1991�.
31 M. Pericou-Cayere, M. Rerat, and A. Dargelos, Chem. Phys. 226, 297

�1998�.

085102-8 Skomorowski et al. J. Chem. Phys. 127, 085102 �2007�

Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions


