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Modified self-consistent harmonic approach to thermal fluctuational disruption
of disulfide bonds in proteins
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Disulfide bonds~covalent bonds between two sulfur atoms on separate amino acid cysteines! play an
important role in the folding stability of many proteins. The determination of the dynamic stability of disulfide
bonds can therefore facilitate an understanding of the mechanism of protein stability. We have examined
whether a modified self-consistent harmonic approach, which has been successful in modeling hydrogen bond
breaking dynamics in DNA and covalent bond disruption in drug-DNA systems, is useful in computing thermal
fluctuational disruption probability of disulfide bonds in proteins. Our results on a number of protein x-ray
crystal structures showed that the computed disruption probabilities are consistent with observations. The free
energies derived from computed probabilities are comparable to the observed values from protein engineering
experiments. The method presented here has a potential application in analyzing disulfide bond dynamics in a
variety of biological processes.@S1063-651X~99!13611-0#

PACS number~s!: 87.15.By, 87.10.1e, 63.20.Dj, 63.70.1h
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I. INTRODUCTION

Disulfide bonds are covalent bonds between two su
atoms on separate amino acid cysteines in a number of
teins. Figure 1 illustrates a disulfide bond in a protein cal
BPTI. These bonds are believed to play a stabilizing role
globular proteins~spherelike proteins! that bind or act on
external coat of cells@1,2#. Deletion of disulfide bonds from
these proteins results in unfolding~a transition from a folded
globular structure to an unfolded random coil conformatio!.
Reintroduction of these disulfide bonds leads to the refold
of these proteins back to their original globular structu
These findings prompted significant interest in exploring
introduction of disulfide bonds to enhance protein stabi
@2#. Moreover, disulfide bonds have been found to be
volved in the initial stages of biosynthesis of some prote
inside cells@3#. Therefore, these bonds have been conside
to be an excellent experimental probe of the intermed
conformations in the folding and unfolding processes
these proteins@4#.

Due to this great interest, much effort has been devote
the study of various aspects of disulfide bonds in prot
folding stability. Early works showed that disulfide bon
can reduce the entropy of the unfolded state and thus
crease the relative stability of the folded state@5#. The com-
puted entropy changes were found to be comparable to
observed total free energies@5#. More recently it has becom
clear that the effect of the disulfide bond is not only
entropic changes in the unfolded state. Several studies
shown that disulfide bond induced torsion strain~protein
chain distortion induced by rotation of chemical bonds! is
significant @2,6#. This strain contributes a negative free e
ergy change with a magnitude comparable to the total
energy change for the removal of disulfide bonds. A therm
dynamic analysis indicated that, to a large extent, disul
bonds stabilize a protein enthalpically in the folded state@7#.
There are also examples that show that the introduction
disulfide bonds does not always stabilize protein@8#.
PRE 601063-651X/99/60~5!/5938~5!/$15.00
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These experimental and theoretical findings indicated
the effect of disulfide bonds is complex, and likely involv
many factors of comparable energy including disulfide bo
covalent bonding between two amino acids, disulfide bo

FIG. 1. A disulfide bond in the protein BPTI. The main chain
this protein is represented by a ribbon, and the side chain of am
acids is represented by a line drawing. The disulfide bond is in
cated by an arrow. This bond cross-links two ends of a fold
protein chain, and plays an important role in stablizing the fo
There are two additional disulfide bonds in this protein which
not displayed explicitly.
5938 © 1999 The American Physical Society
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PRE 60 5939MODIFIED SELF-CONSISTENT HARMONIC APPROACH . . .
induced torsion strain in protein chain, and entropic effe
Therefore, a study of disulfide bond breaking dynam
~events prior to bond disruption induced conformati
change! is of significance in probing one of the factors i
volved in the overall effect of disulfide bonds in protein.

The method used in this study is a modified se
consistent harmonic approach~MSHA! which was devel-
oped for the study of thermal fluctuational hydrogen bo
breaking in DNA in the premelting@9# and melting tempera
ture regimes@10#. This method was later extended to th
study of thermal fluctuational covalent bond breaking b
tween a drug and a DNA@11#. In this work, the parameter
for disulfide bonds were derived by means of the same
malism as that for covalent bonds between an antican
drug cisplatin and DNA@11#. These parameters were derive
from general data from molecular orbital calculations, ne
tron diffraction study, and other existing parameters wid
used in molecular dynamics simulation of biomolecules. T
usefulness of our method and the algorithm of these par
eters in modeling disulfide bonds in proteins were tested
comparison of computed thermal fluctuational disulfide bo
disruption probabilities with experimentally estimated dis
fide bond breaking free energy.

II. THEORETICAL METHODS

A. Protein structures, potential functions, and parameters

The proteins considered in the present work are BP
~Protein DataBank Id: 4PTI!, ribonuclease T1~9RNT!,
a-lactalbumin~1ALC!, and ribonuclease A~3RN3!. Thexyz
coordinates of these proteins are from the Protein DataB
~http://www.resb.org/pdb/!. No further conformation optimi-
zation was made on these structures.

The internal motions of each protein are described by
Hamiltonian

H5 (
atoms

P2

2m
1 (

bond-stretch

1

2
Kr~r 2r eq!

2

1 (
bond-angle-bending

1

2
Ku~u2ueq!

2

1 (
bond-rotation

Vn

2
@11 cos~nf2g!#

1 (
S-bond

@V0~12e2a(r 2r 08)!22V0#

1 (
H-bond

@V0~12e2a(r 2r 08)!22V0#
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Nonbonded

FAi j

r i j
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2
Bi j

r i j
6

1
qiqj

e i j r i j
G , ~1!

where bond stretch terms are for bond vibration motio
bond angle bending terms are for motions that change
angle between two neighboring bonds, bond rotation te
are for the rotation of bonds around their neighboring bon
and S- and H-bond terms are for disulfide and hydrog
bond interactions, respectively.Kr and r eq are the covalent
bond ~other than disulfide bond! force constant and equilib
.
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rium bond length;Ku andueq are bond angle bending forc
constant and equilibrium bond angle;Vn , n, andg are bond
rotation~torsion! parameters;Ai j andBi j are nonbonded van
der Waals potential parameters betweeni th and j th atom;qi

is the partial charge ofi th atom ande i j is the dielectric
constant betweeni th and j th atom; andV0 , a, and r 08 are
parameters for the More potential describing either H o
bonds. The variabler is the atom-atom distance~hydrogen
donor and acceptor distance for H bonds!, u is the bond
angle~the angle between two bonds connected by a comm
atom!, andf is the torsion angle~the angle between the tw
planes formed by each pair of bonds linearly connected
each other!.

Except for the S- and H-bond terms, the potential ter
and parameters in Eq.~1! are the same as that of a wide
used software package for molecular dynamics simulati
of proteins, DNAs, RNAs, and other organic molecules@12#.
This software package is namedAMBER, which stands for
Assisted Model Building with Energy Refinement. We us
a Morse potential to empirically describe disulfide bond a
hydrogen bond interactions. The Morse potential was int
duced to empirically model hydrogen bonds in organic m
ecules@13#, and has been shown to describe hydrogen b
disruption dynamics of DNA fairly well@9,10#. The Morse
potential was proposed to empirically model covalent bon
@14,15#, and has been successfully used to model the dyn
ics of covalent bond breaking of anticancer drug cispla
from DNA @11#. The parameters for both S and H bonds
proteins were derived from the same respective formal
for covalent bonds and H bonds in the modeling of cisplat
DNA complexes@11#.

For S bonds, the potential depthV0514 kcal/mol is from
self-consistent molecular orbital calculations@16#. The pa-
rametera53.44 Å21 is determined by matching the calcu
lated second derivative of the potential at potential minim
to the AMBER force constant@12#. r 08 is the potential mini-
mum for the strained S bond. Disulfide bonds in proteins
strained due to strong cross bond forces, and this is
denced by the observed variation of bond lengths~from 1.99
to 2.09 Å!. r 08 can be divided into two termsr 085r 01dr ,
wherer 0 is the potential minimum for an unstrained S bo
and dr is the strain induced by cross bond stress.r 0
52.038 Å is from a neutron diffraction study on L cystin
@17,18#. The value ofdr is determined by a variety of inter
actions across the bond. It can be determined empirically
equating the calculated thermal average bond length^r & with
the observed length in the x-ray crystal structure. In this w
dr 5r x2r 02dr, where r x is the bond length in the x-ray
crystal structure anddr is the thermal expansion determine
from the zero average force condition^V8&50. Notice that
effects associated with forces other than the S bond
shifted intodr . These forces are relatively unchanged ov
the range of displacement for S-bond disruption, and o
the S-bond potential need to be included in the zero fo
calculation.

Water molecules found in the x-ray crystal structures
included in our calculations. Moreover, distance depend
dielectric constants are used to mimic the solvent polar
tion effect.
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TABLE I. Comparison between calculated disulfide bond disruption free energyDGtheor with the ob-
served free energyDGexpt for the disulfide bond in BPTI@6#, ribonuclease T1@5#, a-lactalbumin@20#, and
ribonuclease A@21#. DGexpt for the CYS6-CYS103 bond in ribonuclease T1 is deduced from the obse
value for all the two disulfides in the protein.DGexpt for ribonuclease A is the per bond average from t
observed value of 19 kcal/mol for all four disulfide bonds. The calculated mean bond length^r & and
disruption probabilityP are also included.

Protein Disulfide bond ^r & P DGtheor DGexpt

Å kcal/mol kcal/mol

BPTI SG CYS5–SG CYS55 2.050 3.347E-4 4.665
SG CYS14–SG CYS38 2.088 3.330E-4 4.669 5
SG CYS30–SG CYS51 2.024 3.350E-4 4.665

a-lactalbumin SG CYS6 - SG CYS120 2.039 3.332E-4 4.668 3.12
SG CYS28–SG CYS111 2.085 3.316E-4 4.671
SG CYS61–SG CYS77 2.063 3.306E-4 4.672
SG CYS73–SG CYS91 2.024 3.289E-4 4.675

ribonuclease T1 SG CYS2–SG CYS10 2.034 3.312E-4 4.671 3.4
SG CYS6–SG CYS103 1.989 3.290E-4 4.675 3.8-5.9

ribonuclease A SG CYS26–SG CYS84 2.062 3.355E-4 4.664 4.75
SG CYS40–SG CYS95 2.089 3.341E-4 4.666 4.75
SG CYS58–SG CYS110 2.024 3.345E-4 4.665 4.75
SG CYS65–SG CYS72 2.066 3.354E-4 4.664 4.75
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B. Statistical algorithm for disulfide bond disruption
probability

The algorithm for disulfide bond disruption is the same
that used in modeling cisplatin-DNA covalent bond disru
tion @11#. This approach is based on the Bogoliubov var
tional theorem which states that the free energyF of a sys-
tem can be approximated by the solutions of an effec
Hamiltonian@19# From the Bogoliubov inequality

F<F01^H2H0&, ~2!

one can self-consistently adjust the parameters of the
HamiltonianH0 with respect to the true HamiltonianH to
find a trial system that minimizes the left-hand side ter
and thus best approaches the true free energy. HereF0 is the
free energy of the trial Hamiltonian system. The followin
harmonic HamiltonianH0 is used as the trial Hamiltonian:

H05 (
atoms

P2

2m
1 (

bond-stretch

1

2
Kr~r 2r eq!

2

1 (
bond-angle-bending

1

2
Ku~u2ueq!

2

1 (
bond-rotation

1

2
KF~F2Feq!

21 (
S-bonds

1

2
KS~r 2^r &!2

1 (
H-bonds

1

2
KH~r 2^r &!21Vst, ~3!

where Vst is the potential value at equilibrium position
Since changes in bond rotational angles are generally s
for motions prior to the disruption of a disulfide bond, th
force constantKF for bond rotation can be given by th
s
-
-

e
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s
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second derivative of the relevant potential. The algorithm
the H-bond force constantKH was given in an earlier publi-
cation @11#.

The force constant of as bondKS is determined by mini-
mization of free energy expansion in Eq.~2!, which gives

KS5~12P!

E
r c

`

dr
d2V~r !

dr2
e2(r 2^r &)2/2^u2&

E
r c

`

dre2(r 2^r &)2/2^u2&

, ~4!

where r c is the inner-bound cutoff determined fromV(r c)
52V0. Our analysis indicates that the calculations are
sensitive to the exact choice of the cutoff@V(r c)50 and
V(r c)54V0 give similar results#. The scaling factor (1
2P) is introduced to take into account the effect of d
rupted bonds in the statistical ensemble andP is the disrup-
tion probability of the bond.̂u2& is the mean square vibra
tional amplitude of the bond given by

^u2&5(
l

sl
2 , ~5!

wherev l andl are the frequency and the index of the norm
modes of the harmonic system in Eq.~3!, respectively.T is
the temperature,kB is Boltzmann’s constant, and\ is
Planck’s constant divided by 2p.

The self-consistent Bogoliubov approach gives rise to s
tistical probability distribution functions of finding a S bond
with a particular length. From these distribution functio
one can determine the probability of finding a S bond fluc-
tuating beyond a certain break-away point, i.e., the disr
tion probability of individual S bond. This probability is
given by
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TABLE II. Calculated bond disruption free energyDGtheor for the disulfide bonds in several protein
using different Morse potential parameters:~a! V0514 kcal/mol,a53.44 Å21, and r 052.038 Å. ~b! V0

514 kcal/mol,a53.70 Å21, andr 052.038 Å. ~c! V0517 kcal/mol,a53.44 Å21, andr 052.038 Å.

Protein Disulfide bond DGtheor ~kcal/mol!
~a! ~b! ~c!

BPTI SG CYS5–SG CYS55 4.665 5.078 5.298
SG CYS14–SG CYS38 4.669 5.079 5.300
SG CYS30–SG CYS51 4.665 5.077 5.298

a-lactalbumin SG CYS6–SG CYS120 4.668 5.070 5.289
SG CYS28–SG CYS111 4.671 5.074 5.291
SG CYS61–SG CYS77 4.672 5.076 5.293
SG CYS73–SG CYS91 4.675 5.079 5.297

ribonuclease T1 SG CYS2–SG CYS10 4.671 5.073 5.292
SG CYS6–SG CYS103 4.675 5.079 5.296

ribonuclease A SG CYS26–SG CYS84 4.664 5.040 5.283
SG CYS40–SG CYS95 4.666 4.984 5.286
SG CYS58–SG CYS110 4.665 5.009 5.285
SG CYS65–SG CYS72 4.664 5.041 5.283
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P5E
Lmax

`

dre2(r 2^r &)2/2^u2&, ~6!

whereLmax is the maximum stretch length~breakaway point!
of a S bond. It is determined as the inflection point of t
potential function @where V950, which gives Lmax5r08
1(1/a)ln 2].

Given the S-bond disruption probability, the free ener
changeDGtheor associated with the disruption of a covale
bond can be deduced from the van’t Hoff relation

DGtheor52RT ln P. ~7!

In this work, the temperatureT was taken as room tempera
ture 293 K.

C. Computation procedure

The computation procedure is as follows: Starting from
initial set of force constants and given the structure o
protein, the equations of motions derived from the Ham
tonian in Eq.~3! is numerically solved to determine the no
mal modes. The calculated normal modes are then use
calculate^u2& and P from Eqs.~5! and ~6!. These are then
used to calculate the parameterr 8 using the method given in
Sec. II A, and a set of force constants from Eq.~4!. These
calculated force constants are then used to restart ano
round of calculation. Such a process continues until ev
output force constant matches the input force const
judged by the condition DKS /KS,0.01. The self-
consistently determinedP’s are then used to calculat
DGtheor from Eq. ~7!. Our computations were carried out o
a DEC a workstation. The diagonalization of the dynam
matrix from Eq.~3! was performed by the LAPACK routine
DSYEV.
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III. RESULTS AND DISCUSSIONS

The calculated s-bond disruption free energyDGtheor for
the proteins BPTI, ribonuclease T1,a-lactalbumin, and ribo-
nuclease A are given in Table I along with the calculat
mean bond lengths and disruption probabilities. For comp
son the observed free energyDGexpt for the removal of each
of these disulfide bonds in these proteins are also include
Table I. In the relevant experiments, individul disulfid
bonds were removed without substantial change of the o
all protein conformation. Thus the observed free ene
roughly measures that of the bond disruption before a c
siderable conformation change. It can thus be compared
our results.

We found that all disulfide bonds have very simil
DGtheor near;4.66 kcal/mol. The narrow range ofDGtheor

results from the small variation in bond length~less than 0.1
Å! in the proteins studied. The length of a disulfide bond
not the only determinant ofDGtheor. For instance, in ribonu-
clease T1,DGtheor of the CYS6-CYS103 bond with a lengt
of 1.989 Å is smaller than that of the CYS2-CYS10 bo
with a length of 2.034 Å. From Eqs.~6! and~7!, we find that
DGtheordepends on the vibrational mean square amplitude
the bond motion as well as on bond length. It is the syn
gistic effects of cross bond static forces and the amplitude
vibrational motion of the bond end atoms that determines
calculatedDGtheor’s.

From Table I we find that our calculatedDGtheor for sev-
eral disulfide bonds is comparable to theDGexpt estimated
from protein engineering experiments. These include
CYS14-CYS38 bond in BPTI@6#, the CYS6-CYS120 bond
in a-lactalbumin@20#, and the CYS2-CYS10 bond in ribo
nuclease T1@5#. In addition, theDGtheor for the CYS6 -
CYS103 bond in ribonuclease T1 and that for the four dis
fide bonds in ribonuclease A are also comparable with
average value ofDGexpt @5,21#.
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5942 PRE 60Y. Z. CHEN
In our study we used a Morse potential to describe a
sulfide bond. The Morse potential was suggested as a po
tial for a covalent bond@14# as well as for a H bond@13#. In
this work, the potential parameters were determined b
simple scheme based on data from molecular orbital ca
lations and existing parameters widely used in molecular
namics simulation of biomolecules. The statistical mecha
cal algorithm for computing the bond disruption proabili
was from a well established method based on the Bogoliu
variational theorem. No attempt was made to fit the para
eters to reproduce experimental data. Our results for disu
bonds in proteins were in fair agreement with experimen
This, coupled with the fair agreement between computa
and observations for drug-DNA covalent bonds, indicates
usefulness of the MSHA in modeling the dynamics of cov
lent bond disruption in biological systems. Our analysis
dicated that the calculatedDGtheor’s are not sensitive to a
small variation of the parameters as shown in Table II. F
et
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ther refinement of the parameters can give more accu
DGtheor’s.

IV. CONCLUSIONS

A modified self-consistent harmonic approach has b
shown to be useful in deriving thermal fluctuation bond d
ruption of disulfide bonds in proteins. Results on several p
teins are in fair agreement with observations. The meth
presented here has potential application in analyzing di
fide bond disruption probability in unfolded, intermediat
and folded states to facilitate an analysis of the effect
disulfide bond formation and disruption on protein stabil
in biological processes. In order to probe the effect of dis
fide bond breaking~particularly entropic effect! fully, a
method for the analysis of conformational change followi
disulfide bond disruption needs to be developed. A combi
tion of the MSHA with Monte Carlo or with molecular dy
namics may be useful in this regard.
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