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Disulfide bonds(covalent bonds between two sulfur atoms on separate amino acid cystplagsan
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 processepS1063-651X99)13611-0

PACS numbes): 87.15.By, 87.10te, 63.20.Dj, 63.70:h

[. INTRODUCTION These experimental and theoretical findings indicated that
the effect of disulfide bonds is complex, and likely involves

Disulfide bonds are covalent bonds between two sulfurmany factors of comparable energy including disulfide bond
atoms on separate amino acid cysteines in a number of prgovalent bonding between two amino acids, disulfide bond
teins. Figure 1 illustrates a disulfide bond in a protein called
BPTI. These bonds are believed to play a stabilizing role in
globular proteins(spherelike proteinsthat bind or act on
external coat of cell§l,2]. Deletion of disulfide bonds from
these proteins results in unfoldirtg transition from a folded
globular structure to an unfolded random coil conformation
Reintroduction of these disulfide bonds leads to the refolding
of these proteins back to their original globular structure.
These findings prompted significant interest in exploring the
introduction of disulfide bonds to enhance protein stability
[2]. Moreover, disulfide bonds have been found to be in-
volved in the initial stages of biosynthesis of some proteins
inside cellq 3]. Therefore, these bonds have been considered
to be an excellent experimental probe of the intermediate
conformations in the folding and unfolding processes of
these proteing4].

Due to this great interest, much effort has been devoted to
the study of various aspects of disulfide bonds in protein
folding stability. Early works showed that disulfide bonds
can reduce the entropy of the unfolded state and thus in-
crease the relative stability of the folded stEf¢ The com-
puted entropy changes were found to be comparable to the
observed total free energigs|. More recently it has become
clear that the effect of the disulfide bond is not only on
entropic changes in the unfolded state. Several studies have
shown that disulfide bond induced torsion strdprotein
chain distortion induced by rotation of chemical bonds
significant[2,6]. This strain contributes a negative free en- g1 1. A disulfide bond in the protein BPTI. The main chain of
ergy change with a magnitude comparable to the total fregis protein is represented by a ribbon, and the side chain of amino
energy change for the removal of disulfide bonds. A thermozcids is represented by a line drawing. The disulfide bond is indi-
dynamic analysis indicated that, to a large extent, disulfidgated by an arrow. This bond cross-links two ends of a folded
bonds stabilize a protein enthalpically in the folded sfdle  protein chain, and plays an important role in stablizing the fold.
There are also examples that show that the introduction ofhere are two additional disulfide bonds in this protein which are
disulfide bonds does not always stabilize profédh not displayed explicitly.
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induced torsion strain in protein chain, and entropic effectsyium bond lengthK, and 6, are bond angle bending force
Therefore, a study of disulfide bond breaking dynamicsyonstant and equilibrium bond anghé;, n, andy are bond
(events prior to _bond (j|srupt|qn induced Conformat.'onrotation(torsior) parametersA;; andB;; are nonbonded van
change. s of significance in prqug one of the faC‘OTS """ der Waals potential parameters betwé#nandjth atom;q;
volved in the overall effect of disulfide bonds in protein. is the partial charge ofth atom ande; is the diele(;trac

The method used in this study is a modified self- b ith and ith - andV dr!
consistent harmonic approadMSHA) which was devel- constant betweenth and |t atom, andvo, 8, andro are
parameters for the More potential describing either H or S

oped for the study of thermal fluctuational hydrogen bond _ X !
breaking in DNA in the premeltinf9] and melting tempera- Ponds. The variable is the atom-atom distandéydrogen

ture regimes[10]. This method was later extended to the donor and acceptor distance for H bopd is the bond
study of thermal fluctuational covalent bond breaking be-2ngle(the angle between two bonds connected by a common
tween a drug and a DNALL]. In this work, the parameters atom), and¢ is the torsion angléthe angle between the two
for disulfide bonds were derived by means of the same forplanes formed by each pair of bonds linearly connected to
malism as that for covalent bonds between an anticancexach othex
drug cisplatin and DNA11]. These parameters were derived Except for the S- and H-bond terms, the potential terms
from general data from molecular orbital calculations, neu-and parameters in Eql) are the same as that of a widely
tron diffraction study, and other existing parameters widelyused software package for molecular dynamics simulations
used in molecular dynamics simulation of biomolecules. Thef proteins, DNAs, RNAs, and other organic molect[l&g].
usefulness of our method and the algorithm of these paramfhijs software package is nhameaiser, which stands for
eters in modeling disulfide bonds in proteins were tested byssisted Model Building with Energy Refinement. We used
comparison of computed thermal fluctuational disulfide bondy porse potential to empirically describe disulfide bond and
d_isruption proba_bilities with experimentally estimated disu"hydrogen bond interactions. The Morse potential was intro-
fide bond breaking free energy. duced to empirically model hydrogen bonds in organic mol-
eculeg[13], and has been shown to describe hydrogen bond
Il. THEORETICAL METHODS disruption dynamics of DNA fairly wel(9,10. The Morse
A. Protein structures, potential functions, and parameters potential was proposed to empirically model covalent bonds
[14,153, and has been successfully used to model the dynam-
ics of covalent bond breaking of anticancer drug cisplatin
from DNA [11]. The parameters for both S and H bonds in
n?roteins were derived from the same respective formalism

(http://www.resb.org/pdb/ No further conformation optimi- or covalent bonds and H bonds in the modeling of cisplatin-
zation was made on these structures. DNA complexes 11].

The internal motions of each protein are described by the For S bonds, the potential depiy= 14 kcal/mol is from
Hamiltonian self-consistent molecular orbital calculatiofis5]. The pa-

rametera=3.44 A ! is determined by matching the calcu-
lated second derivative of the potential at potential minimum
to the AMBER force constanf12]. rg is the potential mini-
mum for the strained S bond. Disulfide bonds in proteins are
strained due to strong cross bond forces, and this is evi-
denced by the observed variation of bond lengfimm 1.99

to 2.09 A). ro can be divided into two terms}=rq+ dr,

The proteins considered in the present work are BPT
(Protein DataBank Id: 4PT] ribonuclease T1(9RNT),
a-lactalbumin(1ALC), and ribonuclease ABRNJ3). Thexyz
coordinates of these proteins are from the Protein DataBa

P2

H:E :I-Kr(r_req)2

[ + —
dtoms2M  pond-stretch?

1
+ D> SKy(6—0e9?
bond-angle-bendm@

\Vj . . . .
+ | _n[1+ cogng— )] wherer0_|s the poter_ma! minimum for an unstrained S bond
bond-rotation 2 and or is the strain induced by cross bond stresg.
=2.038 A is from a neutron diffraction study on L cystine
+ > [Vo(l_e—a(r—rg,))z_vo] [17.,123. The value ofsr is determined by a variety o_f inter-
S-bond actions across the bond. It can be determined empirically by
equating the calculated thermal average bond leidthwith
+ E [Vo(l_e—a(r—ré))Z_Vo] the observed length in the. x-ray crystal structqre. In this way
H-bond or=ry—rg—dr, wherer, is the bond length in the x-ray
crystal structure andr is the thermal expansion determined
N E_EJF 0iq; 1 from the zero average force conditi¢kl’)=0. Notice that
Norbonded| 112 & = €irii|’ effects associated with forces other than the S bond are
I‘” I’IJ itij

shifted into 6r. These forces are relatively unchanged over
where bond stretch terms are for bond vibration motionsthe range of displacement for S-bond disruption, and only
bond angle bending terms are for motions that change ththe S-bond potential need to be included in the zero force
angle between two neighboring bonds, bond rotation termsalculation.

are for the rotation of bonds around their neighboring bonds, Water molecules found in the x-ray crystal structures are
and S- and H-bond terms are for disulfide and hydrogenncluded in our calculations. Moreover, distance dependent
bond interactions, respectiveli(, andr., are the covalent dielectric constants are used to mimic the solvent polariza-
bond (other than disulfide bondorce constant and equilib- tion effect.
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TABLE I. Comparison between calculated disulfide bond disruption free en&@y.., with the ob-
served free energi G, for the disulfide bond in BPT[6], ribonuclease T15], a-lactalbumin[20], and
ribonuclease A21]. AGgyy for the CYS6-CYS103 bond in ribonuclease T1 is deduced from the observed
value for all the two disulfides in the proteid.G,, for ribonuclease A is the per bond average from the
observed value of 19 kcal/mol for all four disulfide bonds. The calculated mean bond lérgénd
disruption probabilityP are also included.

Protein Disulfide bond (r) P AGiheor AGypt
A 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 CYSh1 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
B. Statistical algorithm for disulfide bond disruption second derivative of the relevant potential. The algorithm of
probability the H-bond force constamt,; was given in an earlier publi-

The algorithm for disulfide bond disruption is the same asc@tion[11]. _ _ »
that used in modeling cisplatin-DNA covalent bond disrup- _ 1 he force constant of abondKs is determined by mini-
tion [11]. This approach is based on the Bogoliubov varia-Mization of free energy expansion in E@), which gives
tional theorem which states that the free engrggf a sys-

tem can be approximated by the solutions of an effective ” rdzv(r)e—(r—<r>)2/2(u2)
Hamiltonian[19] From the Bogoliubov inequality fe dr?
Ks=(1-P) - : (4
F<Fo+(H—Ho), (2) J dre-(r—(M?22u?)
e

one can self-consistently adjust the parameters of the trial ) ) )

HamiltonianH, with respect to the true Hamiltoniad to ~ Wherer is the inner-bound cutoff determined frowf(r.)

find a trial system that minimizes the left-hand side terms=2Vo. Our analysis indicates that the calculations are not
and thus best approaches the true free energy. Figigthe ~ Sensitive to the exact choice of the cut¢W¥(r;)=0 and
free energy of the trial Hamiltonian system. The following V(fc)=4Vo give similar results The scaling factor (1

harmonic HamiltoniarH, is used as the trial Hamiltonian: ~ —P) is introduced to take into account the effect of dis-
rupted bonds in the statistical ensemble &g the disrup-
p2 1 tion probability of the bond(u?) is the mean square vibra-
Ho= 5= —Kr(r—req)2 tional amplitude of the bond given by
atoms2M  bond-stretch?

2y _ 2
n D _EKH(a_aeo)z (u?) 2| S %)
bond—angle—bendlng’2
1 1 wherew, andl are the frequency and the index of the normal
+ 2 —K¢((I>—<I>eq)2+ E —Kg(r—(r))? modes of the harmonic system in E®), respectively.T is
bond-Totation2 sbonds2 the temperaturekg is Boltzmann’'s constant, and is
1 Planck’s constant divided by72
+ E —Ky(r—(r))%+ Vg, ®) The self-consistent Bogoliubov approach gives rise to sta-
H-bonds 2 tistical probability distribution functions of findgna S bond
with a particular length. From these distribution functions
where Vg is the potential value at equilibrium positions. one can determine the probability of findim S bond fluc-
Since changes in bond rotational angles are generally smatlliating beyond a certain break-away point, i.e., the disrup-
for motions prior to the disruption of a disulfide bond, the tion probability of individual S bond. This probability is
force constantKy for bond rotation can be given by the given by
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TABLE Il. Calculated bond disruption free enerdyGe,, for the disulfide bonds in several proteins
using different Morse potential parametefal V=14 kcal/mol,a=3.44 A" andr,=2.038 A.(b) V,
=14 kcal/mol,a=3.70 A %, andr,=2.038 A.(c) Vo=17 kcal/mol,a=3.44 A1 andr,=2.038 A.

Protein Disulfide bond AG peor (kcal/mol)
@ (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

o 9 o I1l. RESULTS AND DISCUSSIONS
p:J dre— (- (2u) ©)

Lmax

The calculated s-bond disruption free ene® o, for
the proteins BPTI, ribonuclease Td;lactalbumin, and ribo-
whereL 5 is the maximum stretch lengthreakaway point  nuclease A are given in Table | along with the calculated
of a S bond. It is determined as the inflection point of themean bond lengths and disruption probabilities. For compari-
potential function [where V"=0, which gives Lna=ro  son the observed free energyG ., for the removal of each
+(1/a)In2]. of these disulfide bonds in these proteins are also included in

Given the S-bond disruption probability, the free energyTable 1. In the relevant experiments, individul disulfide
changeA Gieor associated with the disruption of a covalent honds were removed without substantial change of the over-
bond can be deduced from the van't Hoff relation all protein conformation. Thus the observed free energy
roughly measures that of the bond disruption before a con-
siderable conformation change. It can thus be compared with
our results.

We found that all disulfide bonds have very similar
In this work, the temperatur€ was taken as room tempera- AGypeor N€Ar ~4.66 kcal/mol. The narrow range &fGyeo
ture 293 K. results from the small variation in bond lengthass than 0.1
A) in the proteins studied. The length of a disulfide bond is
not the only determinant & Gy, FOr instance, in ribonu-
, ) i clease T1AGeor Of the CYS6-CYS103 bond with a length
The computation procedure is as follows: Starting from any¢ 1 9g9 A is smaller than that of the CYS2-CYS10 bond
initial_ set of forcel constants 'and giV(_en the structure of_ ayith a length of 2.034 A. From Eq¢6) and(7), we find that
protein, the equations OT motions derived ffO”? the Ham'l'AGtheordepends on the vibrational mean square amplitude of
tonian in Eq.(3) is numerically solved to determine the nor- he bond i I bond lenath. It is th §
mal modes. The calculated normal modes are then used {oe. ond maotion as well as on bond iength. 1t 1s the syner

gistic effects of cross bond static forces and the amplitude of

calculate(u?) and P from Eqgs.(5) and (6). These are then 2> ) .
used to calculate the parametérusing the method given in vibrational motion of the bond end atoms that determines the
calculatedA Gy,gorS-

Sec. IIA, and a set of force constants from Ed). These )
calculated force constants are then used to restart another From Table I we find that our calculateldGye,, for sev-
round of calculation. Such a process continues until evergral disulfide bonds is comparable to A&, estimated
output force constant matches the input force constanffom protein engineering experiments. These include the
judged by the condition AKg/Kg<0.01. The self- CYS14-CYS38 bond in BPT[6], the CYS6-CYS120 bond
consistently determinecP’s are then used to calculate in e-lactalboumin[20], and the CYS2-CYS10 bond in ribo-
AGheor from Eq. (7). Our computations were carried out on nuclease T1[5]. In addition, theAGy,e, for the CYS6 -

a DEC a workstation. The diagonalization of the dynamic CYS103 bond in ribonuclease T1 and that for the four disul-
matrix from Eq.(3) was performed by the LAPACK routine fide bonds in ribonuclease A are also comparable with the
DSYEV. average value oA Gy, [5,21].

AGyeo= —RTINP. (7)

C. Computation procedure
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In our study we used a Morse potential to describe a dither refinement of the parameters can give more accurate
sulfide bond. The Morse potential was suggested as a poteA-GipeorS-
tial for a covalent bond14] as well as fo a H bond[13]. In
this work, the potential parameters were determined by a IV. CONCLUSIONS
simple scheme based on data from molecular orbital calcu- A modified self-consistent harmonic approach has been
lations and existing parameters widely used in molecular dysnown to be useful in deriving thermal fluctuation bond dis-
namiCS Simulation Of biomolecules. The StatiStlcal meChan|Tuption Of d|su|f|de bonds in proteins_ Resu'ts on Severa' pro_
cal algorithm for computing the bond disruption proability teins are in fair agreement with observations. The method
was from a well established method based on the Bogoliubogresented here has potential application in analyzing disul-
variational theorem. No attempt was made to fit the paramfide bond disruption probability in unfolded, intermediate,
eters to reproduce experimental data. Our results for disulfidand folded states to facilitate an analysis of the effect of
bonds in proteins were in fair agreement with experimentsdisulfide bond formation and disruption on protein stability
This, coupled with the fair agreement between computatiorin biological processes. In order to probe the effect of disul-
and observations for drug-DNA covalent bonds, indicates théide bond breaking(particularly entropic effegt fully, a
usefulness of the MSHA in modeling the dynamics of cova-method for the analysis of conformational change following
lent bond disruption in biological systems. Our analysis in-disulfide bond disruption needs to be developed. A combina-
dicated that the calculateG,.,;S are not sensitive to a tion of the MSHA with Monte Carlo or with molecular dy-
small variation of the parameters as shown in Table Il. Furnamics may be useful in this regard.
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