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ABSTRACT: Kinetics of disulfide reduction in a-lactalbumin by dithiothreitol are investigated by measuring 
time-dependent changes in absorption a t  310 nm and in CD ellipticity at 270 nm (pH 8.5 or 7.0, and 25 
"C). When the disulfide-intact protein is folded, the kinetics are biphasic. The disulfide bond between 
the half-cystines-6 and -120 is reduced in the fast phase, and the other three disulfide bonds are reduced 
in the slow phase. The apparent rate constants of the two phases are both proportional to the concentration 
of dithiothreitol, indicating that both phases are  expressed by bimolecular reactions. However, detailed 
molecular mechanisms that determine the reaction rates are markedly different between the two phases. 
The slow phase shows a sigmoidal increase in the reaction rate with increasing concentration of a denaturant, 
urea, and is also accelerated by destabilization of the native state on removal of the bound Ca2+ ion in the 
protein. The disulfide bonds are apparently protected against the reducing agent in the native structure. 
The fast phase reaction rate is, however, decreased with an increase in the concentration of urea, and the 
disulfide bond shows extraordinary superreactivity in native conditions. It is 140 times more reactive than 
normal disulfides in the fully accessible state, and three-disulfide a-lactalbumin produced by the fast phase 
assumes nativelike structure under a strongly native condition. As ionic strength does not affect the 
superreactivity of this disulfide bond, electrostatic contributions to the reactivity must be negligible. Inspection 
of the disulfide bond geometry based on the refined X-ray coordinates of baboon a-lactalbumin [Acharya 
et al. (1989) J. Mol. Biol. 208, 99-1271 and comparison of the geometry with those in five other proteins 
clearly demonstrate that the superreactivity arises from the geometric strain imposed on this disulfide bond 
by the native structure folding. Relationships of the disulfide strain energy to the protein stability and the 
disulfide reactivity are  discussed. 

x e  disulfide bond is an important factor to stabilize native 
structures of globular proteins. Experimentally, partial dis- 
ruption of natural disulfides in a protein often does not rad- 
ically alter the protein structure, while complete disruption 
of all the disulfides leads to global unfolding of the protein 
molecule. The disulfides located on the surface of a protein 
molecule are often selectively reduced by 2-mercaptoethanol, 
dithiothreitol (DTT;:),' or other reducing agents without 
significant loss of the native structure (DiBella & Liener, 1969; 
Segawa et al., 1981; Shapira & Arnon, 1969; Sperling et al., 
1969; Tamburro et al., 1970; Sondack & Light, 1971; Vincent 
et al., 1971; Schwarz et al., 1987; Bewley, 1977; Kelley et al., 
1987; Pace et al., 1988), but the stability of the folded con- 
formation of the partially disrupted species against thermal 
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or denaturant-induced unfolding is remarkably reduced com- 
pared with the disulfide-intact protein. The cleavage of a 
disulfide cross-link increases the chain entropy of the molecule 
in the unfolded state, and thereby the stability of the folded 
state relative to the unfolded one is decreased to such an extent 
as to be brought about by the entropy increase in the unfolded 
state (Schellman, 1955; Flory, 1956; Poland & Scheraga, 
1965). This aspect of natural disulfides in globular proteins 
has stimulated recent attempts in protein engineering to en- 
hance protein stability by introducing a new intramolecular 
disulfide bond (Wells & Powers, 1986; Pantoliano et al., 1987; 
Villafranca et al., 1987; Matsumura et al., 1989). However, 
the stability of a protein with a new disulfide bond was not 
always so enhanced as expected, and, clearly, more studies are 
required for elucidating the relationship between the disulfide 
cross-link and the protein stability. 

~ ~~ 

I Abbreviations: 3SS-LA, three-disulfide a-lactalbumin with free 
cysteinyl residues; CD, circular dichroism; CM-3SS-LA, carboxy- 
meth lated three-disulfide a-lactalbumin; D G ,  oxidized dithiothreitol; 
DTT&, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; I ,  ionic 
strength; MOPS, 3-(N-morpholino)propanesulfonic acid; TPCK, L-1- 
(tosylamino)-2-phenylethyl chloromethyl ketone; UV, ultraviolet. 
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destabilization of the former by EDTA but shown to be pri- 
marily due to an anomalous environment of the Cys6-Cysl20 
disulfide bond in native a-lactalbumin. This bond is 140 times 
more reactive than the normal disulfides in the fully unfolded 
molecule. It is demonstrated that the superreactivity of the 
Cys6-Cysl20 disulfide bond arises from geometric strain im- 
posed on this bond in the native structure. Relationships of 
the strain energy of the disulfide bond to the protein stability 
and the disulfide reactivity will be discussed. 

MATERIALS AND METHODS 
Materials. Bovine a-lactalbumin was prepared from fresh 

milk as described previously and contained one bound Ca2+ 
per molecule (Kuwajima et al., 1976; Hiraoka et al., 1980). 
Its concentration was determined spectrophotometrically using 
a molar extinction coefficient at 280 nm of 28 500 M-' cm-' 
(Kuwajima et al., 1985). TPCK-treated trypsin was obtained 
from Sigma Chemical Co. DTT:;, 5,5'-dithiobis(2-nitro- 
benzoic acid), sodium iodoacetate, and urea were specially 
prepared reagent grade from Nakarai Chemical Ltd., Kyoto. 
The stock solution of urea was deionized on a mixed-bed 
column of ion-exchange resin and used within a day. The 
concentration of DTT:; was determined by Ellman's method 
using a molar extinction coefficient for 2-nitro-5-thiobenzoate 
of 1.415 X I O 4  M-' cm-I at 412 nm (Riddles et al., 1979). 

CD Measurements. CD spectra of the protein and its de- 
rivatives, partially reduced three-disulfide a-lactalbumin 
(3SS-LA) and its carboxymethylated form (CM-3SS-LA), 
were measured in Jasco 520 and J500A spectropolarimeters 
(Kuwajima et al., 1985). 

Kinetic Measurements. The disulfide reduction in a-lac- 
talbumin was initiated by rapid mixing of the two solutions 
of the protein and DTT::, and the absorption at 3 10 nm was 
monitored (Iyer & Klee, 1973; Creighton, 1975; Segawa et 
al., 198 1). Unless otherwise specified, the final solutions 
contained 10-5-10-4 M protein, 0.18 M KCl, and an appro- 
priate amount of buffer salt, MOPS or Tris. DTT:; added 
was always in large excess and at least 10 times as large in 
concentration as the protein disulfide. The time-dependent 
absorption changes were measured in a stopped-flow spec- 
trophotometer (a Union Giken Model RA-I 100 or a specially 
constructed apparatus by Unisoku, Inc., Osaka) or in a Union 
Giken SM-401 spectrophotometer that was equipped with a 
mixing device of a magnetic stirring mixer, depending on the 
time interval when the reaction occurred (Segawa et al., 1981; 
Kuwajima et al., 1985; Harushima & Sugai, 1989). The 
absorption change due to autoxidation of D P S ;  was corrected 
by using the same DTT:; solution without the protein as a 
reference solution. The conformational unfolding of the protein 
associated with the disulfide reduction was followed by the 
ellipticity at 270 nm in a Jasco J500A spectropolarimeter with 
the mixing device mentioned above. Only the reactions that 
occurred in a time longer than 10 s were investigated by the 
CD measurement. The reduction of the L-cystine disulfide 
was initiated by rapid mixing of the L-cystine (0.4 mM) and 
DTT;; (20 mM) solutions with a volume ratio of 1:l in the 
stopped-flow apparatus, and the reaction was followed by 
monitoring the absorption change at  283 nm. 

As the disulfide reduction occurred in large excess of 
DTT;;, all the reaction curves in this study were expressed 
as a sum of pseudo-first-order reactions as 

(1) 

where y ( t )  represents the absorption or the ellipticity at  time 
t and Ayi and kapp,i are the amplitude and the apparent 

y ( t )  = y(0)  + C A y i ( l  - e-k*pnif) 
i 

a-Lactalbumin has four disulfide cross-links, Cys6-Cysl20, 
Cys28-Cyslll, Cys61-Cys77, and Cys73-Cys91 (Hill & 
Brew, 1975). Our previous study (Segawa et al., 1981) and 
the study by Shechter et al. (1973) have shown that there are 
fast-reducing and slowly reducing disulfide bonds in a-lac- 
talbumin and that the partially reduced intermediate with one 
open disulfide bond kinetically accumulates during reduction 
by dithioerythritol. The fast-reducing bond has been identified 
as the Cys6-Cysl20 disulfide bond although structural factors 
that lead to the preferential disruption of this bond remain 
obscured. As the disulfide intermediate can easily be trapped 
kinetically under mild conditions (see Results), this protein 
will be a good model for studying the relationship between the 
disulfide cross-link and the protein stability. 

a-Lactalbumin and chicken-type lysozyme are homologous 
to each other and have the same disulfide bond arrangement 
(Hill & Brew, 1975). The close similarity in their stere- 
oregular structures has been supported by many physico- 
chemical studies of the two proteins [see Hill and Brew (1973, 
Kuwajima et al. (1976, 1985), Kuwajima (1989), and Kron- 
man (1989) and other references cited therein]. Their 
structural similarity previously inferred from model-building 
(Browne et al., 1969) and energy-refinement studies (Warme 
et al., 1974) has been confirmed recently by the X-ray crys- 
tallographic analysis of baboon a-lactalbumin (Acharya et al., 
1989). Nevertheless, the two proteins have been reported to 
be markedly different in the reactivity of disulfide bonds 
(Atassi et ai., 1970; Iyer & Klee, 1973; Shechter et al., 1973; 
Segawa et al., 1981). The reduction of disulfides in lysozyme 
is known to be extremely sluggish in native conditions, while 
all four disulfide bonds in a-lactalbumin are readily reduced 
under similar conditions. From comparison of our previous 
results (Segawa et al., 1981) with the results in Iyer and Klee 
(1973), the reduction of the fast-reducing disulfide bond in 
a-lactalbumin in the absence of urea must be more than 200 
times faster than the reduction of the corresponding disulfide 
in lysozyme in 8 M urea. Probably, one interpretation placed 
to the difference in their reactivities may be given by the 
difference in their Ca2+ binding capacities. a-Lactalbumin 
is known to bind tightly one Ca2+ per molecule with an ap- 
parent binding constant of 106-109 M-I (Hiraoka et al., 1980; 
Segawa & Sugai, 1983; Mitani et al., 1986; Hamano et al., 
1986; Permyakov et al., 1987), while most well-characterized 
lysozymes do not have such affinity for Ca2+, except recently 
found cases in equine and pigeon lysozymes (Nitta et al., 
1988). As the reactivity of the disulfide bond with a reducing 
agent has often been studied in the presence of EDTA, the 
high reactivity of the disulfide in a-lactalbumin might be 
interpreted in terms of removal of the bound Ca2+ by the 
chelating agent and the resultant destabilization of the protein 
structure. However, at present, the validity of this interpre- 
tation remains to be explored. 

I n  this study, the kinetics of the disulfide reduction in a- 
lactalbumin by DTT:; are investigated under a variety of 
conditions, i.e., at varying concentrations of DTT:;, in the 
presence and absence of EDTA, at various concentrations of 
urea, and at various ionic strengths (pH 8.5 or 7.0, and 25 "C). 
The structures of the three-disulfide species trapped kinetically 
and its carboxymethylated derivative are investigated by CD 
measurements. The results show that the Cys6-Cysl20 di- 
sulfide bond is not essential for maintenance of the folded 
structure and that the three-disulfide species assumes nativelike 
structure when the bound Ca2+ is present. The difference in 
reactivity of the disulfide bonds previously observed between 
a-lactalbumin and lysozyme is only partly interpreted by 
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first-order rate constant, respectively, of the ith phase. The 
values of Ayi and kapp,i were obtained by the nonlinear 
least-squares analysis of the observed reaction curve. 

Preparation of CM-3SS-LA. CM-3SS-LA, in which the 
Cys6-Cys 1 20 disulfide bond was selectively reduced and 
carboxymethylated, was prepared as follows: 2.5 mL of 2% 
a-lactalbumin in a buffer solution of 0.1 M Tris-HCI plus 1 
mM CaCI2 at pH 7.0 was mixed with the same volume of 6 
mM DTT;; in the same buffer, and the disulfide reduction 
was allowed to proceed for 2 min at 25 "C; only the Cys6- 
Cys 120 disulfide bond is cleaved under these conditions (see 
Results). The free thiol groups in  3SS-LA were carboxy- 
methylated by adding 5 mL of 10 mM sodium iodoacetate in 
0.9 M Tris-HCI plus 1 mM CaCI, (pH 8.0) and by allowing 
the reaction to proceed for 30 min under dark at 25 OC. Two 
hundred microliters of acetic acid was added, and the reaction 
mixture was dialyzed against 0.1 M ammonium acetate (pH 
5.0) and then dialyzed against distilled water. A slight amount 
of precipitate occasionally formed was discarded by centri- 
fugation, and the supernatant was lyophilized. The sample 
prepared by the procedure gave a single band in polyacryl- 
amide gel electrophoresis and had a mobility larger than intact 
a-lactalbumin (pH 7.5). The selective reduction and car- 
boxymethylation of the sample obtained were confirmed by 
amino acid analysis. The intact protein and CM-3SS-LA (1%) 
were treated with TPCK-trypsin (0.025%) for more than 24 
h at pH 7.5 (50 mM Tris-HCI) and 25 OC in the presence of 
2 mM EDTA and 2 M urea. The peptide fragments in  the 
digests were separated by reversed-phase HPLC on a Finepak 
SIL C,& column (Jasco TRIROTAR VI HPLC system) 
with a linear gradient from 0.1% trifluoroacetic acid/water 
to 0.07% trifluoroacetic acid/60% acetonitrile. The amino acid 
analysis was made by the method of postcolumn derivatization 
with o-phthalaldehyde/NaClO in a Jasco OPA amino acid 
analyzer system. Two peptide fragments (Cys6-Argl O, 
Leu1 15-Leu 123) linked by the disulfide Cys6-Cysl20 in the 
intact protein were found to be carboxymethylated in the digest 
of CM-3SS-LA, and no other (carboxymethy1)cysteines were 
found. 

Calculations of Disulfide Bond Geometry and Torsion 
Energy. The atomic coordinates of baboon a-lactalbumin and 
5 other high-resolution proteins providing the coordinates for 
23 intramolecular disulfide bonds (Table 111) were obtained 
from the Brookhaven Protein Data Bank at Osaka University 
(Bernstein et al., 1977). The bond length of each disulfide 
and the torsion angles for the five successive covalent bonds 
of the cystine side chain were calculated, and the torsion energy 
of the disulfide bond was estimated (see Discussion). The 
X-ray data stored in a magnetic tape were transformed into 
the data compatible with MS-DOS, at Hokkaido University 
Computing Center, and the calculations were made in an NEC 
9801 microcomputer (Microsoft FORTRAN77). 

RESULTS 
Disulfide Reduction in a-Lactalbumin. Figure 1 a shows 

typical reaction curves of the disulfide bond reduction in the 
Ca2+-bound (holo) form of a-lactalbumin measured by UV 
absorption at 310 nm (pH 8.5, 10 mM DTT:;, and 25 "C). 
The absorption increase at this wavelength has been used as 
a measure to follow the kinetics of disulfide reduction in 
proteins by DTTSH and reflects mainly the increase in con- 

(Iyer & Klee, 1973; Creighton, 1975), but as shown later, the 
absorption change due to protein unfolding may not be neg- 
ligible at  310 nm when the protein unfolds during the re- 
duction. The reaction kinetics are biphasic with two pseu- 

centration of DTT, s# that is generated by the disulfide reduction 
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FIGURE 1: Kinetic progress curves of disulfide bond reduction in 
holo-a-lactalbumin by DTTZ# at pH 8.5 and 25 OC (0.2 M Tris-HCI 
plus 0.18 M KCI, I = 0.25 M). (a) Measured by UV absor tion at 

pM protein) and curve 2 the slow phase (9.7 mM D'@# and 37 pM 
protein). (b) Measured by CD ellipticity at 270 nm; only the slow 
phase reaction curve is shown (9.8 mM DTT## and 35 pM protein). 

do-first-order reactions. The fast phase of the biphasic kinetics 
has an apparent rate constant (kapp,F) of 8 s-l and was observed 
by the stopped-flow measurement. The slow phase has a rate 
constant (kappa) of 0.007 s-l and could be measured by manual 
mixing with a magnetic stirring mixer. 

The disulfide reduction of the protein was followed by the 
CD spectra at  270 nm under the same condition as shown 
above. The time-dependent change in the mean residue el- 
lipticity, reflects the conformational unfolding of the 
protein during the disulfide reduction. Most of the change 
in [6]270 occurs in the slow phase, and the CD kinetics mea- 
sured by manual mixing are shown in Figure l b. The apparent 
rate constant of the kinetics is identical with the kapp,S mea- 
sured by UV absorption. Extrapolation of the curve of Figure 
l b  to zero time gives a value for [6]270, -310 deg-cm2/dmol, 
which is only slightly larger than the value known for native 
a-lactalbumin (-340 degcm2/dmol), suggesting that 3SS-LA 
has a nativelike folded conformation. The value ex- 
trapolated to infinite time is essentially zero, indicating that 
the protein is unfolded after full reduction of the disulfide 
bonds. 

Kinetic Parameters of Disulfide Reduction. The rate-lim- 
iting step of the reaction is essential for elucidating the reaction 
mechanism. When disulfide interchange between the protein 
and DTT:; is rate-limiting, the observed reaction is a bimo- 
lecular process. When the conformational unfolding that 
allows the protein disulfides to be accessible to the reducing 
agent is rate-limiting, the observed reaction is a unimolecular 
process and does not depend on the concentration of DTT;;. 
The apparent rate constants, kapp,F and kappa, of the two phases 
were thus measured at various concentrations of DTE!. The 
results are shown in Figure 2a. Both apparent rate constants 
are proportional to DTT$# concentration, demonstrating that 
the two phases observed are bimolecular processes. Because 

310 nm; curve 1 represents the fast phase (10.7 mM DTTZ, Hp and 35 
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Table I: Kinetic Parameters of Disulfide Bond Reduction in Holo-a-lactalbumin by DTTgf: Measured by Absorption at 310 nm and CD 
Ellipticity a t  270 nm (pH 8.5, 25 O C ,  and I = 0.25 M) 

&F (S-I M-I) ks (s-l M-I) AeF (M-I cm-I) Aes (M-l cm-l) A[6'Is (deg.cm* dmol-I) 
native 760 f 8 0.62 f 0.01 121 f 5 528 f 22 315 f 9 
unfolded in 7.2 M urea 5.5 i 0.7 480 f 36 

0 10 20 30 40 50 6 0  

DTTg# Concentration [mM) 

1 1 1 1  

6 0 0 1  4600 
I 

1 -  

500 7 
I 

500- 

400 
400 t 
300 

0 

100 

1 1 J O  
0 10 20 30 40 50 60 

DTTg: Concentration [mM) 

FIGURE 2: Apparent rate constants (kapp,F and kaPps) (a) and am- 
plitudes (At,, Ats, and A[OIs) (b) of the kinetics ot' disulfide bond 
reduction in holo-cr-lactalbumin as a function of D@: concentration 
at pH 8.5 and 25 OC (0.2 M Tris-HC1 plus 0.18 M KC1). (0) Fast 
phase measured by UV absorption at 310 nm; (0) slow phase measured 
by UV absorption at 310 nm; (W) slow phase measured by CD el- 
lipticity at  270 nm. 

the molar concentrations of DTT:; employed are more than 
10 times the concentration of the protein disulfides, the bi- 
molecular rate constants, kF and ks, for the fast and slow 
phases, respectively, are given by the slopes of the respective 
linear plots in Figure 2a. The amplitudes represented by the 
changes in the molar extinction coefficient with respect to the 
molar concentration of the protein at 310 nm, AcF and A b ,  
for the fast and slow phases, respectively, and the amplitude 
represented by the change in [8]27a for the slow phase, A[&, 
are shown as a function of DTT;! concentration in Figure 2b. 
All these amplitudes are independent of DPs! concentration. 

The values of the kinetic parameters obtained above are 
summarized in Table I. If there is no absorption change other 
than the absorption change due to the production of DTT:, 
the observed change in the extinction coefficient must be 
proportional to the number of disulfide bonds cleaved in the 
protein molecule. The molar extinction coefficient of DTT; 
has been reported to be 110 M-' cm-' (Iyer & Klee, 1973). 
The value of AcF (120 M-l cm-l) is, thus, consistent with the 
fact that only one disulfide bond (Cys6-Cysl20) is cleaved 
in the fast phase. The value of Ats (530 M-' cm-'), however, 
exceeds significantly the value that would be expected from 
reduction of the remaining three disulfide bonds. The increase 
in the extinction coefficient at  310 nm due to the unfolding 

of a-lactalbumin has been estimated to be -130 M-' cm-l 
(Segawa et al., 1981). Evidently, this increase in the extinction 
coefficient is involved in Aes under the present condition. 

The bimolecular rate constant of reduction of fully unfolded 
a-lactalbumin in 7.2 M urea was examined by absorption 
measurements (Table I). In the fully unfolded state, the 
kinetics were found to be monophasic, indicating that the four 
disulfide bonds are equally reactive to DTT:! (data not 
shown). The rate constant of the urea-unfolded protein is 
approximately 10 times larger than the ks for native a-lac- 
talbumin. Therefore, the three disulfide bonds reduced in the 
slow phase in the absence of urea are at least partly protected 
against the reducing agent. However, the kF for the native 
protein is more than 100 times larger than the rate constant 
of the urea-unfolded protein. Apparently, the Cys6-Cysl20 
disulfide bond reduced in the fast phase must be extraordinary 
superreactive to DTT:;. As all four disulfide bonds are 
equally reactive in the urea-unfolded state, such superreactivity 
of the disulfide bond may not arise from the primary sequence 
of a-lactalbumin. 

Nativelike Structure of 3SS-LA. The results above have 
suggested that 3SS-LA has a nativelike folded conformation. 
Because of the known pH dependence of the rate of disulfide 
interchange (see eq 2), 3SS-LA must be kinetically more stable 
at  a lower pH. The reduction was thus performed at 1 mM 
DTT:; at pH 7.0 and 25 "C in the presence of 1 mM CaCl,. 
The fast phase was complete in 200 s (kapp,F = 0.02 s - I ) ,  while 
the slow phase was too slow to measure at 1 mM De! ;  kaWs 
is expected to be on the order of s-l (see Table 11). 
3SS-LA thus kinetically trapped was subjected to CD mea- 
surements. The CD measurements were started at 4 min after 
mixing of the protein with D E !  and finished within 30 min, 
so that more than 97% of the protein is in the form of 3SS-LA. 
The CD spectra of 3SS-LA are very similar to the spectra of 
the intact native species (Figure 3). The fine structures in 
the near-UV spectra of the intact species are all preserved in 
the spectra of 3SS-LA, indicating that the aromatic residues 
are in similar environments in the two species. The difference 
CD spectra between the native intact protein and the nativelike 
three-disulfide species show broad negative bands between 250 
and 310 nm and a positive peak at 227 nm (Figure 3c and 3d). 
The shape and intensities of the difference CD bands are 
consistent with those observed experimentally and also pre- 
dicted theoretically as the inherent CD spectra of protein 
disulfides [see Menendez-Botet and Breslow (1975), Bewley 
(1977), Kahn (1979), Rauk (1984), Kishore et al. (1988), and 
Hider et al. (1988) and other references cited therein]. The 
difference CD spectra may thus arise from the disulfide bond 
cleaved in the fast phase and may not be associated with a 
conformational change. 

The two thiol groups in 3SS-LA were carboxymethylated 
by iodoacetic acid (see Materials and Methods), and the CD 
spectra of CM-3SS-LA in the Ca2+-bound form were mea- 
sured at pH 7.0 and 25 OC in the presence and absence of 
excess Ca2+ (Figure 3). The spectra of CM-3SS-LA are 
essentially identical with the spectra of 3SS-LA described 
above. Thus, the nativelike structure of the three-disulfide 
species is not disrupted by carboxymethylation under the 
conditions. 
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Table 11: Kinetic Parameters of Disulfide Bond Reduction in a-Lactalbumin by DTT;; in the Presence and in the Absence of EDTA (pH 7.0, 
25 OC, and I = 0.25 M) 

Ale] F Ne], 
(degcm2 (deg-cm2 

kF (S-I M-l) ks (S-I M-I) AeF (M-I cm-I) Aes (M-I cm-I) dmol-I) dmol-I) 
1.0 m M  EDTA 2 2 f  1 0.2-0.7 239 f 5 250-350 248 f 4 83-1 12 
0 mM EDTA 22 f 3 0.006-0.02 115 f 24 490-740 27 f 4 3 12-492 

-__ , 12- __ 2 400 11 , I 
210 230 250 240 260 280 300 320 

Wavelength (nml Wavelength (nm) - 
- 5 0 -  ~-~ _ _ _ _ ~  - 

1 -  c p 

- 
c .50- - a -1,  , - 

210 230 250 240 260 280 300 320 

Wavelength (nm) Wavelength (nm) 

FIGURE 3: C D  spectra of a-lactalbumin and its three-disulfide de- 
rivatives a t  pH 7.0 and 25 OC (50 mM MOPS plus 0.2 M KCI). (a 
and b) Peptide and aromatic CD spectra for the disulfide-intact protein 
at  1 mM CaCI2 (thick line), 3SS-LA at 1 m M  CaCI2 (-), CM- 
3SS-LA at  1 mM CaCI2 (--), and CM-3SS-LA at  1 mM EDTA 
without excess Ca2+ (-.-). 3%-LA was kinetically trapped by partial 
reduction of the protein at  1 mM DTT:; (see text). The spectra of 
the intact protein and CM-3SS-LA, both in the holo form, were also 
measured in the absence of excess Ca2+, and the same spectra as a t  
1 mM CaC1, were observed. (c and d) Difference C D  spectra a t  1 
mM CaCI,: the intact protein - 3SS-LA (-); the intact protein - 
CM-3%-LA (--). The difference spectra were made by graphic 
subtraction of the original spectra. 

Effect of EDTA on Disulfide Reduction. The effect of 
EDTA on the disulfide reduction kinetics of a-lactalbumin was 
investigated at pH 7.0 and 25 OC. EDTA destabilizes the 
protein through removal of the bound Ca2+. In the presence 
of a sufficient amount of potassium or sodium ions (>O. 1 M), 
however, the protein retains the native structure even in the 
presence of EDTA, at pH 7.0 and 25 "C (Hiraoka et al., 1980; 
Hiraoka & Sugai, 1985). The kinetic parameters of the di- 
sulfide reduction in the presence and absence of EDTA are 
summarized in Table 11. Because the rate constants of the 
reduction are slower than those at pH 8.5 (eq 2), both the fast 
and slow phases could be measured by manual mixing. 

The pH dependence of the observed bimolecular rate con- 
stant, k,,, for the disulfide interchange reaction is known to 
be expressed by 

(2) 
where k is the pH-independent part of the rate constant and 
pK, refers to DTT:; (pK, = 9.2) (Szajewski & Whitesides, 
1980; Fukada & Takahashi, 1980). The rate constant values 
at the two different pHs, 8.5 and 7.0, in the absence of EDTA 
satisfy the above relationship (Tables I and 11), indicating that 
the mechanisms of the disulfide reduction in the protein are 
essentially the same in this pH range. However, the slow phase 
was too sluggish to measure the whole kinetics at pH 7.0, and 
the appearance of turbidity often interfered with accurate 

kobs = k / (  1 + 1 OpKa-pH) 

0 2 4 6 8 

Urea Concentration (M) 

FIGURE 4: Bimolecular rate constant of reduction of the L-cystine 
disulfide by DTT@ as a function of urea concentration at pH 8.5 and 
25 OC (0.2 M Tris-HCI plus 0.18 M KCI and 1 mM EDTA). 

evaluation of the rate constant. The parameter values for the 
slow phase in Table I1 are only approximate estimates and 
shown as ranges of the values obtained in different experi- 
ments. 

From Table 11, kF does not depend on EDTA, while ks is 
increased at  least 10-fold at 1 mM EDTA. This increase in 
ks obviously arises from unfolding of 3SS-LA as indicated by 
a large increase in the amplitude of the fast phase, A[O],, 
represented by [0]270, at 1 mM EDTA. The CD spectra of 
CM-3SS-LA measured at pH 7.0 and 1 mM EDTA show 
considerable reduction in the intensity in the near-UV region 
(Figure 3), being consistent with the above results of the 
disulfide kinetics. 

Effect of Urea on Disulfide Reduction. Urea is a popular 
protein denaturant and will be useful for further assessment 
of the relationship between protein stability and disulfide re- 
duction kinetics. Urea is superior to guanidine hydrochloride 
because it has little effect on the chemical interchange step 
of disulfide reduction. Figure 4 shows the bimolecular rate 
constant of reduction of the L-cystine disulfide by DTT:; as 
a function of urea concentration. The rate constant is inde- 
pendent of urea concentration up to 6 M. The disulfide re- 
duction kinetics of a-lactalbumin were investigated at  various 
concentrations of urea at  pH 8.5 in the absence of EDTA. 

Urea-induced equilibrium unfolding of intact a-lactalbumin 
was first investigated by CD measurements at  270 and 222 
nm to correlate the disulfide reduction kinetics with the protein 
stability. The transition curves expressed by the apparent 
fractional extent of unfolding as a function of urea concen- 
tration are shown in Figure 5. As shown in the previous 
studies of guanidine hydrochloride induced unfolding of this 
protein (Kuwajima et al., 1976), the transition curves measured 
at the two wavelengths do not coincide with each other, dem- 
onstrating that an intermediate state that has nativelike sec- 
ondary structure but has unfolded tertiary structure is popu- 
lated in the equilibrium unfolding. The midpoint of the 
transition is located at 4.7 M urea when the unfolding is 
measured by [0]270 and at 5.1 M urea when measured by [O]222. 

The values of kF and ks of the disulfide reduction of a- 
lactalbumin are shown as a function of urea concentration in 
Figure 6. The value of kF decreases with increasing urea 
concentration, and the fast phase disappears when the protein 
is sufficiently unfolded in concentrated urea. On the other 
hand, ks increases with increasing urea concentration between 
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0 2 4 6 8 

Urea Concentration (M) 

FIGURE 5 :  Urea-induced transition curves of a-lactalbumin at pH 
8.5 and 25 OC (0.2 M Tris-HCl plus 0.18 M KC1). The apparent 
fractional extents of unfolding and fizz) were calculated from 
the ellipticity changes at  270 nm (0) and at 222 nm (A). 

Scheme I 

1 and 3 M, and saturates above 3 M urea. The saturation of 
ks suggests that 3SS-LA may be unfolded above 3 M urea, 
so that the stability of 3SS-LA must be lower than the stability 
of the disulfide intact protein (see Figure 5). Figure 6 also 
shows that ks is independent of urea concentration below 1 
M. This indicates that under strongly native conditions, the 
slow phase kinetics are independent of the protein stability. 
This can be interpreted in terms of the presence of a direct 
reduction pathway to cleave the second accessible disulfide 
bond in nativelike folded 3SS-LA. 

Reaction Scheme. The simplest reaction scheme that ac- 
counts for all of the results above for the disulfide reduction 
of a-lactalbumin by DTT:; is shown in Scheme I. The 
subscripts in the scheme indicate the number of disulfide 
bonds, so that N4 and N3 refer to the native intact and the 
nativelike 3SS-LA species, respectively. U,, U2, U,, and Uo 
are the unfolded species. The numerical value on each reaction 
step indicates the bimolecular rate constant of reduction at  
pH 8.5 and 25 “C  (Table I). The rate constants of the steps 
from the U states are assumed to be equivalent to the rate 
constant for the fully unfolded protein in concentrated urea. 
However, the U states may not necessarily be fully unfolded, 
but such a partially unfolded state as the intermediate observed 
in the urea-induced or guanidine hydrochloride induced un- 
folding might be sufficient to make the disulfides accessible 
to the reducing agent. The factors 3 and 2 multiplied by the 
rate constant (5.5 s-’ M-’) for the steps from U, and U2 are 
the statistical factors considering the number of the available 
disulfide bonds. 

In the native four-disulfide species (N4), the Cys6-Cysl20 
disulfide bond is in an anomalous environment and has ex- 
ceptionally high reactivity toward DTT:;. The reduction of 
N4 thus rapidly produces N3 (the fast phase). Under a strongly 
native condition, e.g., at  a urea concentration below 1 M in 
the absence of EDTA, N3 is sufficiently stable that the second 
accessible disulfide in N, is reduced in the slow phase, and 
once the second disulfide is cleaved, the protein rapidly unfolds 
to form Uz. Step a in Scheme I is thus rate-limiting for 
reduction in the slow phase. Under a marginally native con- 
dition, e.g., at  3 M urea (pH 8.5) or at  1 m M  EDTA in the 
absence of urea (pH 7.0), once the first disulfide is cleaved, 
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FIGURE 6:  Bimolecular rate constants for the fast and slow phases 
( k ,  and ks)  of disulfide bond reduction in holo-a-lactalbumin by 
DTT!; as a function of urea concentration at pH 8.5 and 25 OC (0.2 
M Tns-HCl plus 0.18 M KCl (0) kF; (0) ks. The reactions were 
carried out at - 10 mM D d i a n d  were followed b UV absorption 

kF (or ks),  where fbTT:;J is the molar concentration of DTT;;. 

N3 rapidly unfolds, so that the reduction in the slow phase 
occurs through step b. Under an intermediate condition, where 
N, and U3 are both significantly populated, the stability of 
N3 determines how much population of 3SS-LA is reduced 
through step b, so that the rate constant of the slow phase 
depends on urea concentration (Figure 6). However, in this 
case, the intramolecular disulfide interchange within U3 may 
further complicate the slow phase kinetics. At least three 
kinetic processes, the bimolecular disulfide reduction from U3, 
the intramolecular disulfide interchange, and the conforma- 
tional transition between N, and U3, are expected to be as- 
sociated with the slow phase. 

Superreactivity of the Cys6-Cysl20 Disulfide Bond. There 
are at least two alternative sources that bring about the su- 
perreactivity of the disulfide bond. (i) The electrostatic effect 
exerted by positively charged groups located close in space to 
the disulfide increases the effective concentration of reactive 
thiolate anion and enhances the apparent reactivity of the 
disulfide bond. The reactivity of the disulfide in thioredoxin 
from Escherichia coli is known to be 102-103 times larger than 
the reactivity of normal disulfides, presumably owing to the 
presence of a positively charged group of a nearby lysyl residue 
(Holmgren, 1985). The electrostatic environments have been 
shown to provide a means of achieving a 106-fold range in the 
rate constants of the disulfide interchange reactions in a 
number of small peptide fragments (Snyder et al., 1981). (ii) 
The strain of the disulfide bond geometry imposed by struc- 
tural folding around the disulfide bond in the native state will 
increase its rate of reduction. Because rotation around a 
disulfide bond is largely hindered with the preferred dihedral 
angle of the CS-SC linkage, the disulfide bond is destabilized 
when constrained to form unfavorable geometry (see Dis- 
cussion). The enhanced reactivity of the strained disulfide 
bond has been demonstrated in the five-membered ring of 
lipoic acid (Creighton, 1975), in neurophysin (Menendez-Botet 
& Breslow, 1975), and in short model peptides that contain 
small disulfide loops (Zhang & Snyder, 1989). 

In order to evaluate the electrostatic contribution to the 
reactivity of the Cys6-Cysl20 disulfide bond in native a- 
lactalbumin, the fast phase reaction rate of the disulfide re- 
duction was measured at various ionic strengths while adding 

at 310 nm. The k, F/[DTTSH] (or kapp,s/[DTGH]) H was taken as 
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were, however, made before the Ca2+ binding character of this 
protein was established, and the disulfide reactivities of the 
two proteins were compared in the presence of a millimolar 
concentration of EDTA. Therefore, the first suggestion was 
that a-lactalbumin was selectively destabilized by removal of 
the bound CaZ+ by EDTA, which made the disulfide bonds 
much more reducible than those in lysozyme. The present 
results show that the high reducibility of a-lactalbumin re- 
ported previously is, in fact, partly due to the destabilization 
of the protein by EDTA. However, the Cys6-Cys120 disulfide 
bond reduced in the fast phase is extraordinarily superreactive, 
and the reduction of this disulfide bond does not depend on 
the presence of absence of EDTA. Because the local elec- 
trostatic effect is not the primary source of the superreactivity, 
a geometric strain imposed on this disulfide bond in native 
a-lactalbumin may be responsible for the superreactivity. 

Disulfide Bond Geometry. The geometries of disulfide 
bonds in many globular proteins with known X-ray structures 
have been analyzed by Thornton (1981) and Richardson 
( 1  98 1 )  and more recently by Katz and Kossiakoff (1986). The 
distribution analysis of the dihedral angle (x3) about the 
CS-SC bond has indicated that this angle is so restricted that 
there are only two groups with respect to x3, the left-handed 
disulfides (x3 --90’) and the right-handed disulfides (x3 
-90°), with approximately equal numbers of population for 
each. However, a disulfide bond and the nearby covalent bonds 
in a protein often adopt geometries not found in small-molecule 
studies in order to fit in with the protein structure. An em- 
pirical relationship between the dihedral angles and the torsion 
energy (Etorsion) for the five successive covalent bonds of a 
cystine side chain in a protein is known to be given by 
EtOrSIOn (kcal/mol) = 2.0((1 + cos 3xJ + 
(1 + COS 3Xi’)I f 1.0((1 + COS 3 X2) + (1 + COS 3x2’)) + 

0.6(1 + cos 3x3) + 3.5(1 + cos 2x3) (3) 

where xi  and xi’ are the dihedral angles about the C,-C, 
bonds of the two half-cystine residues that form the disulfide 
bond and x2 and x i  are those about the CB-S, bonds (Weiner 
et al., 1984; Katz & Kossiakoff, 1986). The Etorsion values and 
the conformational parameters for the disulfide bonds based 
on the refined X-ray structure of baboon a-lactalbumin are 
presented in Table I11 (Acharya et al., 1989). For comparison, 
the Etorsion and the parameter values for disulfide bonds of five 
other proteins, for which the disulfide reduction has been well 
studied, are also included. As the accuracy of the atomic 
coordinates of a protein is very important for reliability of the 
Etorsion calculated, only the proteins for which the high-reso- 
lution X-ray data are available can be used for the calculation. 
All the X-ray data of the proteins listed have a resolution at 
least at 1.8 8, with sufficiently small crystallographic residuals 
( R  value) (50.2). The EtOrSion of the Cys6-Cysl20 disulfide 
bond (6.5 kcal/mol) of a-lactalbumin is remarkably higher 
than those of the other three disulfide bonds (Etorsion = 1 G 3 . 4  
kcal/mol) in the protein and also the .Etorsion of any disulfide 
bond in human lysozyme (EtOrSion = 1 .O-2.4 kcal/mol). All 
the disulfide bonds in the other four proteins, except the 
Cys136-Cys201 of trypsin, have Etorsion values less than 5 
kcal/mol, indicating that the Etorsion of the Csy6-Cysl20 bond 
in a-lactalbumin is extraordinary high. All the disulfide bonds 
in these proteins are known to be much less reactive than the 
Cys6-Cysl20 bond of a-lactalbumin (Sondack & Light, 1971; 
Creighton, 1975, 1979; Sperling et al., 1969; Pace & 
Creighton, 1986). We have also calculated the geometric 
energies (Egeometry) of the cystine side chains, which involve 
the bond stretching and bending energies as well as the torsion 
energy, using the force field parameters of Weiner et al. 
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FIGURE 7 :  Dependence of the kF of holo-a-lactalbumin on the square 
root of ionic strength (Ill2) at pH 8.5 and 25 OC. The solutions 
contained at least 20 m M  Tris-HCI and varying amounts of KCI. 

varying amounts of KC1, and the results are shown in Figure 
7. The rate constant kF first increases and then gradually 
decreases with increasing ionic strength. The total net charge 
of the protein under the condition is known to be -7 to -6 
(Robbins et al., 1967; Kuwajima et al., 1975), so that the first 
increase in kF may be due to electrostatic screening of the 
long-range repulsion between DTTgL and the negatively 
charged protein molecule. The secondary salt effect due to 
the ionic strength dependence of the pK, of DTTdG may also 
contribute to the increase in kF. The decrease in kF at a higher 
ionic strength might thus be ascribable to the local electrostatic 
effect exerted by a positively charged group close to the di- 
sulfide bond. However, at a sufficiently high ionic strength 
(>0.5 M), where the electrostatic contributions must be 
negligible, the observed kF is still 100 times as large as the 
rate of the normalized disulfide in concentrated urea. Ob- 
viously, the superreactivity of the Cys6-Cysl20 disulfide bond 
in native a-lactalbumin is not due to the electrostatic effect. 

DISCUSSION 

The present results are summarized as follows. (i) The 
kinetics of disulfide bond reduction of a-lactalbumin by DmG 
are biphasic, and both phases are rate-limited by the inter- 
molecular disulfide interchange. The biphasic character of 
the reduction is due to the superreactivity of the Cys6-Cysl2O 
disulfide bond and the relative inaccessibility of the other three 
disulfide bonds to the reducing agent in the native state. (ii) 
The Cys6-Cysl20 disulfide bond, 140 times more reactive than 
the normal disulfide, must be in an anomalous environment 
in the native protein structure. The local electrostatic effect 
is not the primary source of the superreactivity. (iii) Fully 
reduced a-lactalbumin is unfolded, and whether the global 
structural unfolding is associated with the fast phase or the 
slow phase depends on the stability of 3SS-LA. Under a 
strongly native condition, 3SS-LA assumes the nativelike 
structure, and the slow phase is rate-limited by reduction of 
the second accessible disulfide bond. Under a marginally 
native condition, e.g., at 3 M urea or in the presence of EDTA, 
the unfolding occurs during the fast phase, and 3SS-LA is 
already unfolded. 

a-Lactalbumin and lysozyme have been reported to be 
markedly different in the reactivity of the disulfide bonds. The 
difference was thought to not be easily compatible with the 
postulated similarity of the two proteins and interpreted in 
terms of either (i) the structure of the a-lactalbumin molecule, 
in the vicinity of the disulfide bonds, being appreciably more 
expanded than that of lysozyme or (ii) the degree of flexibility 
of the two proteins being markedly different (Atassi et al., 
1970; Iyer & Klee, 1973; Shechter et al., 1973). All these 
previous studies of the disulfide reduction of a-lactalbumin 
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Table Ill: Geometries and Torsion Energies of Disulfide Bonds in a-Lactalbumin and in Five Other Globular Proteins, Calculated from Their 
Atomic Coordinates in  the X-ray Crystal Structures' 
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torsion 
dihedral angle (deg) energy 

disulfide bond bond length (A) xI  xz x3 X i  xI' (kcal/mol) 
baboon a-lactalbumin (IALC)b 

c y s 6 - C ~ ~  I20 
Cys28-Cysl 11 
Cys6 1 -Cy~77 
cys73-cys9 1 

human lysozyme ( ILZI)  
Cy~6-Cysl28 
CYS~O-CYSI 16 
Cy~65-Cy~8 1 
cys77-cys95 

cys22-cys 157c 
cys42-Cys58 

bovine trypsin (2PTN) 

Cysl28-Cy~232 
CYSI 36-Cys201 
CYS 168-CYS 182 
Cysl9 1 -cys220 

cys5-cys55 
cys14-Cys38 
cys30-cys51 

cys40-cys95 
Cys58-Cysl IO 

cys2-cys IO 

bovine pancreatic trypsin inhibitor (5PTI) 

bovine ribonuclease A (7RSA) 
Cys26-Cys84 

Cys65-Cys72 
ribonuclease TI  from Aspergillus oryzae (2RNT) 

c y s 6 - C ~ ~  103 

2.04 
2.09 
2.06 
2.02 

2.07 
2.06 
2.08 
2.04 

2.04 
2.02 
2.03 
2.05 
2.04 
2.05 

2.04 
2.03 
2.02 

2.00 
2.01 
1.98 
1.97 

2.01 
2.02 

-96 
171 
53 

-64 

-69 
-175 

-7 1 

-6 1 
-85 
-6 1 
-53 

-168 
-154 

-62 
-72 
-72 

-7 1 
-53 
-65 
-54 

-50 
-64 

63 

-59 
-82 

92 
173 

-52 
-96 

81 
178 

-72 
-145 

-70 
-108 

55 
47 

-76 

-103 

-87 
-57 
-6 2 
-6 2 

-7 1 

106 

102 
-74 

97 
71 

-65 
-96 

95 
83 

105 

96 
98 
72 
88 

-84 

-83 
95 

-90 

-80 
-82 
-8 3 
109 

-1 16 
-60 109 

123 
-86 
-65 

64 

-44 
-7 2 
-58 

48 

67 
-8 5 
141 
-9 1 

74 
-176 

-66 
-1 I4 

-96 

-56 
-66 

-122 
91 

84 
-149 

164 6.5 
-38 3.4 
-56 2.2 

-179 1 .o 

-60 1.9 
-58 2.4 
-7 1 1.7 

-176 1 .o 

-8 2 2.9 
-72 4.4 

64 2.5 
-40 5.0 
-64 1.5 
-53 2.5 

-64 0.9 
61 4.9 

178 3.9 

-62 1.7 
-57 0.7 
-59 2.6 
-84 4.4 

-178 3.7 
-59 2.9 

'References of the X-ray analysis of the respective proteins are as follows: a-lactalbumin, Acharya et al. (1989); lysozyme, Artymiuk & Blake 
(1981); trypsin, Walter et al. (1982); trypsin inhibitor, Wlodawer et al. (1984); ribonuclease A, Wlodawer et al. (1988); and ribonuclease T,, Koepke 
et al. (1989). bThe filenames in the Protein Data Bank are given in parentheses. CThe numbering of amino acid residues in trypsin is based on the 
residue number of chymotrypsinogen. 

(1984). Again, the Cys6-Cysl2O of a-lactalbumin was found 
to be most extraordinary (Egeometry = 7.6 kcal/mol) whereas 
two bonds, Cys28-Cyslll of a-lactalbumin and Cys65-Cys72 
of ribonuclease A, also showed a relatively high value (7.1 
kcal/mol for both); all other cystine side chains have Egeometry 
between 1.3 and 6.1 kcal/mol (data not shown). The 
Cys28-Cysl ll bond is less accessible to solvent than the 
Cys6-Cys 120 bond in native a-lactalbumin (Acharya et al., 
1989). As a result, it is suggested that the geometric strain 
imposed on the Cys6-Cysl20 disulfide bond in native a-lac- 
talbumin may be an important factor that determines the 
reactivity of this disulfide bond. 

Strain Energy of the Disulfide Bond Relates to the Con- 
formational Stability and the Disulfide Reactivity. The 
stabilities of 3SS-LA and CM-3SS-LA are remarkably re- 
duced as indicated by the inability to form the folded structures 
in the presence of EDTA and by saturation of kapp,S above 3 
M urea where the disulfide-intact protein is still almost fully 
folded (Figure 6). The cleavage of a disulfide bond is expected 
to increase the chain entropy in the unfolded state and thereby 
to destabilize the native structure relative to the unfolded one. 
Thus, we first consider if such an entropic effect can account 
for the observed decrease in stability of three-disulfide a- 
lactalbumin. The destabilization of 3SS-LA can be analyzed 
in terms of the following thermodynamic cycle: 

A k ( i n l a t 3 )  
N4 - u4 

(4) 

AGu(3SS-LA) 
N3 - - u3 

where AG,(intact) and AGU(3SS-LA) are the free energy 

changes of unfolding of the disulfide-intact (N4) and the 
three-disulfide species (N3), respectively. From eq 4, the 
difference in the free energy of stabilization, AAG, between 
3SS-LA and the disulfide-intact protein should be related to 
the free energy changes of reduction of the Cys6-Cysl20 
disulfide bond, AGR(N) and AGR(U), in the native and the 
unfolded states, respectively, as 

AAG = AGu(3SS-LA) - AG,(intact) 

In general, AGR consists of two parts: the intrinsic chemical 
stability of the disulfide bond, AGkchem, and the conformational 
part, AGR,conp We are only interested in AGR,conf, and the 

is assumed to be the same for both native and un- 
folded a-lactalbumin. Then, the major component of 
AGR,conf(U) is thought to derive from the increase in the chain 
entropy, schain, caused by cleavage of the disulfide bond in 
the unfolded state, and the rearrangement of eq 5 leads to 

= AGR(U) - AGR(N) (5) 

-AcR,conf(N) = AAG + Tachain (6) 
where T denotes the absolute temperature. The -AGR,condN) 
in eq 6 may include all the free energy contributions that 
stabilize or destabilize the native disulfide bond, e.g., the 
rigidity of the molecule around the disulfide bond as a sta- 
bilizing contribution or the geometric strain imposed on the 
disulfide bond as a destabilizing contribution [see Creighton 
(1988)l. When the decrease in stability of 3SS-LA is solely 
due to the entropic effect, AGR,conf(N) must be zero. 

The &hain can be estimated on the basis of the polymer 
theory by calculating the probability that the ends of a polymer 
chain will simultaneously occur in the same volume element, 
us (Schellman, 1955; Flory, 1956; Poland & Scheraga, 1965). 
Different researchers have used different values for this pa- 
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rameter to calculate the ASchain; e.g., us = 2.83 A3 according 
to Schellman (1955) while 57.9 A3 was employed by Pace et 
al. ( 1  988); however, the significance of us in calculating ASchin 
decreases with an increase in the size of a loop formed by the 
cross-link. The ASchain calculated in this way has been known 
to well interpret the experimentally observed AAG caused by 
reduction of a disulfide bond or by introduction of an extrinsic 
cross-link in a number of globular proteins (Goto & Hama- 
guchi, 1979; Pace et al., 1988; Johnson et al., 1978; Lin et al., 
1984; Ueda et al., 1985). In the present case, the loop formed 
by the Cys6-Cysl2O disulfide bond consists of 33 amino acid 
residues, and the theoretical ASchain is estimated to be 13-1 8 
eu considering the range of the us value mentioned above. 
Thus, TASchain is estimated to be 3.8-5.5 kcal/mol. On the 
other hand, the AAG can be estimated experimentally from 
comparison of the stabilities of intact and three-disulfide 
a-lactalbumin. Because the unfolding transition of CM- 
3SS-LA is free from complication of the intramolecular di- 
sulfide interchange and known to be reversible, the unfolding 
equilibrium of CM-3SS-LA has been studied and compared 
with the known results of the intact protein [Ikeguchi et al., 
unpublished results; see also Ikeguchi et al. (1986)l. The AAG 
between CM-3SS-LA and the intact protein has been shown 
to be -2.4 kcal/mol. The -AGR+,nr(N) evaluated from these 
data is thus. 1.4-3.1 kcal/mol. Because the presence of the 
carboxymethyl groups is expected to shift the transition to the 
unfolded side, this value is thought to be a minimal estimate. 

Experimentally, the strain energy of a disulfide bond, Estmin, 
may be evaluated from the reduction rate of the disulfide bond. 
The rotational hindrance around the disulfide bond is known 
to be primarily due to a strong dependence on the CS-SC 
dihedral angle of the energy of the repulsive interactions be- 
tween lone 3p electron pairs on the adjacent sulfur atoms 
(Bergson, 1958; Boyd, 1972). The rate-limiting step of the 
reduction of the Cys6-Cysl20 disulfide bond in a-lactalbumin 
by DTT:; is the disulfide interchange between the protein 
disulfide bond and the reducing agent. The thiol-disulfide 
interchange reaction is known to occur by a simple SN2 
pathway involving no kinetically distinguishable metastable 
intermediate, and the transition state for the reaction has 
half-negative charges on the attacking and leaving sulfur atoms 
with half-bond order for each sulfur to sulfur bond (Wilson 
et al., 1977; Szajewski & Whitesides, 1980). Therefore, it is 
a reasonable assumption that the geometric strain of the di- 
sulfide bond may be sufficiently relaxed in the transition state. 
The .Estrain is thereby simply given by the ratio of the reduction 
rate, kstrain. for the strained disulfide bond and the reduction 
rate, k,, of the fully accessible disulfide bond under a strain- 
free condition as 
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Estrain = R T  In ( k s t r a i n / a h )  (7) 
where R is the gas constant, and a stands for the accessibility 
of the disulfide bond to the reducing agent and may be close 
to unity for the Cys6-Cysl20 bond that is sufficiently exposed 
in native a-lactalbumin (Acharya et al., 1989). The accel- 
eration of the reduction rate and the strain energy of the 
disulfide bond in the five-membered ring of lipoic acid are 
known to satisfy the above relationship (Creighton, 1975). As 
it has been shown that the introduction of cross-links into 
unfolded protein need not introduce strain (Johnson et al., 
1978), the reduction rate in the unfolded state in concentrated 
urea may be taken as ko in the present case. The 140-fold 
higher rate of reduction of the Cys6-Cysl20 bond in a-lac- 
talbumin therefore corresponds to an Estrain of 2.9 kcal/mol, 
which is in good agreement with the -AGR,,nf(N) estimated 
above. 

Kuwajima et al. 

Concluding Remarks. Superreactivity of the Cys6-Cys 120 
disulfide bond arises from the geometric strain imposed on the 
disulfide bond in native a-lactalbumin. The present results 
provide an example that the strained disulfide bond is ac- 
commodated to the folded protein structure owing to the 
relative stabilization of the native state by a large entropy loss 
in the unfolded state. 
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