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Rates of Thiol-Disulfide Interchange Reactions Involving Proteins and 
Kinetic Measurements of Thiol pKa Values? 

Ze’ev Shaked, Richard P. Szajewski, and George M.  Whitesides* 

ABSTRACT: Brsnsted coefficients have been determined for 
the rates of thiol-disulfide interchange between low molecular 
weight thiols and the disulfide groups of four native or modified 
proteins: DNase (P,,,, 21 0.36), lysozyme (P,,, N 0.55) ,  
adenylate kinase(SSCH,), (P,,, 0.65), and papain(SSCH,) 
(P,,, 0.45). These values are similar to those observed for 
reductions of oxidized glutathione and Ellman’s reagent by 
a similar set of thiols (P,,,,, = 0.5). Glutathione is anomalously 
slow in reduction of certain protein disulfide groups: although 
this effect may in part reflect steric hinderance to attack by 
the relatively large glutathione molecule a t  disulfides shielded 
by protein tertiary structure, other (presently undefined) 
factors appear also to be important, at least in the case of 

Thiol-disul fide interchange reactions involving proteins are 
important in a number of processes, including formation and 
cleavage of structural cystines (Anfinsen, 1972, 1973; Wet- 
laufer & Ristow, 1973; Baldwin, 1975; Anfinsen & Scheraga, 
1975; Liu, 1977), modification of catalytic thiols (Boyer & 
Segal, 1954; Boross et al., 1969; Brocklehurst & Little, 1973; 
Smith et al., 1975; Zannis & Kirsch, 1978), and oxidation- 
reduction processes requiring thiols (Jocelyn, 1972; Friedman, 
1973; Torchinskii, 1974; Flaharty, 1974). Studies of base- 
catalyzed thiol-disulfide interchange reactions involving low 
molecular weight reactants have defined many features of the 
mechanisms of this process (Szajewski & Whitesides, 1980: 
Whitesides et a]., 1977a; Wilson et al., 1977; Creighton. 1975: 
Rosenfeld et al., 1977; Freter et al., 1979). Thiolate anion 
attacks the disulfide bond along the sulfur-sulfur axis. in a 
process which places appreciable charge on all three sulfur 
atoms in the transition state (Rosenfeld et al., 1977) and which 
involves little d-orbital participation (Snyder & Carlsen. 1977) 
(eq 1) .  

R,,,S + R,S-SR,, - R,,,S-SR, + SRI ,  ( I )  

The Bransted coefficient characterizing the attack of thiolate 
nucleophiles on oxidized glutathione (GSSG)I and Ellman’s 
reagent is approximately $,,, = 0.5. A Bronsted coefficient 
for the “central” sulfur atom is less well established but is 
approximately /3, = -0.3 (Szajewski & Whitesides. 1980: 
Freter et al., 1979). The Bronsted coefficient of the leav- 
ing-group sulfur has not been directly measured experimentally 
but has been estimated as $,, N -0.5 to -0.7 (Szajehski & 
Whitesides, 1980). N o  intermediate is apparent along the 
reaction coordinate. 

This paper describes an examination of the rates of thiol- 
disulfide interchange between low molecular weight mono- and 
dithiols and disulfide groups in enzymes and enzyme deriva- 
tives. This work had three related objectives: first, to establish 
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DNase. The rates of reduction of several disulfide derivatives 
of papain(SSR) by DTT were determined. These data provide 
estimates of the Brsnsted coefficient for the “central” thiol 
in thiol-disulfide interchange: these estimates fall in the range 
/3, -0.25 to -0.43. Rates of reduction of protein disulfide 
moieties were analyzed by using a Bransted equation developed 
previously [Szajewski, R. P., & Whitesides, G. M. (1980) J .  
Am.  Chem. SOC. 102, 201 I ]  to yield pKa values for the par- 
ticipating thiol moieties: in particular, for papain, pK,(Cys-25) 
= 8.4 at  pH 9 and pKa (Cys-25) = 4.1 a t  pH 6. The thiols 
of the structurally essential cysteine group of lysozyme seem 
to have pK, = 1 I .  The advantages and disadvantages of this 
method for estimating thiol pK, values are discussed. 

whether the rates of thiol-disulfide interchange involving 
representative proteins fit the simple mechanistic pattern es- 
tablished for small reactants or whether steric and electrostatic 
interactions characteristic of protein tertiary structures led to 
significantly different patterns of reactivity; second, to explore 
the utility of thiol-disulfide interchange rates in characterizing 
the pK, values and reactivities of thiol groups in proteins; third, 
to provide information relevant to the choice of protein an- 
tioxidants for use in organic synthetic procedures requiring 
enzymatic catalysis. In each instance, rates were determined 
by following the loss or recovery of the enzymatic activity 
characteristic of the native enzyme during treatment of the 
enzyme or enzyme derivative with thiol reducing agents. 

Four proteins were examined. DNase (EC 3.1.4.5, from 
bovine pancreas) contains two cystine groups. The structure 
of DNase has not been determined by X-ray diffraction, and 
the locations of these groups in its tertiary structure are not 
known. Treatment with thiol reducing agents leads to complete 
loss of activity by a process in w3hich the first splitting of a 
disulfide bond is believed to be rate limiting, although the 
identity of this bond has not been identified. Neither intra- 
molecular nor intermolecular disulfide bonds are formed (Price 
et al.. 1969). Lysozyme (EC 3.2.2.17) contains four cystines 
(X-ray structure: Blake et al., 1965; Imoto et a]., 1972). I t s  
treatment with reducing agents also leads to complete loss in 
activity, by a process which involves at least two of the four 
disulfide bonds: 6-127, 30-1 15. 64-80, and 76-94 (Azari. 
1966). The Cys-6-Cy-127 bond can be opened without in- 
activation of the enzyme (Jolles et al.. 1964). 

Papain (EC 3.4.22.2) contains three cystines (22-63, 56-95, 
and 153-200) and an active-site cysteine moiety [Cys-25, 
Drenth et al. (1968, 1970)]. One of its three disulfide links 

’ ,Abbreviations used: DNase, deoxyribonuclease; AdK, adenylate 
kinase: DTT, dithiothreitol: GSH, glutathione; GSSG, oxidized gluta- 
thione; DTXB, 5,5’-dithiobis(2-nitrobenzoic acid), Ellman’s reagent: 
Cys-Et, cystine diethyl ester; mesyl chloride, methanesulfonyl chloride: 
Y BD-chloride, 7-chloro-4-nitrobenzo-2-oxa- 1,3-diazole; DTP, 1,3-di- 
thio-)-propanol; ME, 2-mercaptoethanol: GM.4, glycol dimercapto- 
acerate; proteins having modified thiol groups are represented bq, e.&. 
.AdK(SSCH,)2. 
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H 2 0 2  (34.0 g of 30% solution; 10.2 g = 0.30 mol of H 2 0 2 )  
was added slowly while maintaining the temperature below 
5 OC. Caution: Mixtures of H202 and organic solvents are 
potentially hazardous and should be manipulated behind a 
shield. The solution was stirred for 30 min a t  room tem- 
perature and the flask was slowly warmed to 5 OC for - 1 h. 
After destroying the excess of peroxide by additional heating 
at  50 "C for 1 h and testing for peroxide with starch-iodide 
paper, the glacial acid was removed in vacuo. The residual 
oil was treated with 50 mL of saturated N a H C 0 3  solution to 
neutralize residual acid. The oil was separated and diluted 
with chloroform. After drying over anhydrous MgS04,  the 
chloroform was removed and the yellow oil was distilled. A 
colorless liquid (7.2 g, 0.057 mol) was obtained, bp 60-70 O C  

(0.3 torr) [lit. 54 OC (0.04 torr)] (Wijers et al., 1969). The 
yield was 36%. The ' H  N M R  spectrum (CDCI,) showed 
peaks at 6 2.65 (s, 3 H)  and 3.22 (s, 3 H). 

Sodium methanethiolsulfonate was prepared according to 
a literature method with minor modifications (Kenyon & 
Bruice, 1978). Sodium sulfide (Na2S.9H20, 216.3 g, 0.9 mol) 
was dissolved in 250 mL of water with careful heating to -80 
"C in a 1-L round-bottomed flask. The flask was fitted with 
a reflux condenser and a dropping funnel. Mesyl chloride 
(103.5 g, 69.9 mL, 0.9 mol) was added slowly, dropwise, 
maintaining vigorous stirring over a 60-min period at  0-5 OC. 
Caution: Hydrogen sulfide is toxic and methanesulfonyl 
chloride is a potent lachrymator. This reaction is highly 
exothermic and liberates a dense, white, noxious cloud. A 
well-ventilated hood should be used. The reaction mixture 
was heated at  reflux for -24 h. Most but not all of the solvent 
was removed, giving a yellow precipitate which was collected 
by filtration. The resulting yellow cake was dried for 24 h 
under vacuum, ground to a fine powder, and futher dried for 
24 h under vacuum. The yellow powder was extracted at room 
temperature with 50-100-mL portions (300 mL total) of ab- 
solute ethanol and the combined ethanol solution was slowly 
cooled. The crystals were collected by filtration and washed 
with a small amount of ice-cold ethanol. The mother liquor 
was concentrated and filtered. The resulting combined 
crystalline solid was dissolved in a minimum amount of ab- 
solute ethanol at  ambient temperature, filtered, taken to 
dryness, and recrystallized from a minimum amount of ab- 
solute ethanol, and dried under vacuum at room temperature. 
Sodium methanethiolsulfonate was obtained in 78% yield as 
large shiny flaky crystals (hygroscopic), mp 271-272 OC [lit. 
mp 272-273.5 OC (Kenyon & Bruice, 1978)]. 

Propyl Methanethiolsulfonate. Sodium methanethiol- 
sulfonate (6 g, 0.044 mol) was placed in a 250-mL three- 
necked round-bottomed flask. Absolute ethanol (125 mL) was 
added to the flask, and the mixture was heated to 50-60 "C 
to dissolve the salt. A condenser and an addition funnel were 
fitted to the flask, and 1-bromopropane (5.58 g, 4.12 mL, 0.044 
mol) was added while stirring the reaction mixture. Ice-cooled 
water was passed through the condenser, and the reaction 
mixture was heated at  60-65 OC for 24 h. The reaction 
mixture was cooled and filtered, and the ethanol was removed 
by using a rotary evaporator. A slightly yellow oil was ob- 
tained and distilled under vacuum to give a colorless liquid 
(49% yield), bp 95-97 OC (1 torr) [lit. 100-101 OC (1 torr) 
(Boldyrev et al., 1961)l. The ' H  N M R  spectrum in CDCI3 
[6 1.07 (t, J = 7 Hz, 3 H),  1.8 (m, J = 7 Hz, 2 H),  3.2 (t, 
J = 8 Hz, 2 H), 3.37 (s, 3 H)]  was consistent with that 
expected for propyl methanethiolsulfonate. 

2-Hydroxyethyl methanethiolsulfonate was prepared by 
using an analogous procedure. Sodium methanethiolsulfonate 

is reduced by 0.3 M 2-mercaptoethanol in 8 M urea, but 
complete reduction of the disulfide links can be achieved only 
in 6 M guanidine hydrochloride (Shapira & Arnon, 1969). 
The active-site thiol group of papain was modified by con- 
version to S-thioalkyl derivatives [papain(SSR)] (Smith & 
Kenyon, 1974; Smith et al., 1975; Lewis et al., 1976; Zannis 
& Kirsch, 1978): The modified proteins were enzymatically 
inactive, and the rates of thiolate-disulfide interchange were 
followed by observing the restoration of enzymatic activity on 
treatment of papain(SSR) with thiols. AdK (EC 2.7.4.3, 
porcine) contains two thiol groups (Cys-25 and Cys-187). The 
former is close to the active site but not functionally involved 
in catalysis (Schulz et al., 1974; 1974; Noda, 1973). The latter 
is more distant. Treatment of AdK with methyl methane- 
thiolsulfonate gave AdK(SSCH,)*. This modified protein 
showed -70% of the activity of the native enzyme (Whitesides 
et al., 1979). 

Experimental Section 
Materials and Methods. Thiols were obtained from the 

following sources and were recrystallized under argon or 
distilled under vacuum before use: dithiothreitol (DTT), ox- 
idized (GSSG) and reduced (GSH) glutathione, N-acetyl-L- 
cysteine hydrochloride, and glycol dimercaptoacetate were 
obtained from Sigma Chemical Co.; 1,3-dithi0-2-propanol 
(caution: this material is reported to have higher toxicity than 
similar dithiols (Adams et al., 1960)), 2-diethylamino- 
ethanethiol hydrochloride, methyl thioglycolate, 2-mercapto- 
ethanol, L-cysteine ethyl ester hydrochloride, 5,S-dithiobis- 
(2-nitrobenzoic acid) (Ellman's reagent), sodium sulfide mo- 
nohydrate, and methanesulfonyl chloride (mesyl chloride) were 
obtained from Aldrich. N,N'-Bis( 2-mercaptoethy1)urea was 
prepared as described (Szajewski & Whitesides, 1980). 
2,2,2-Trifluoroethanol and 1 H,  1 H-pentafluoropropanol were 
obtained from PCR Research Chemicals Inc. Ethoxycarbonyl 
ethyl disulfide was prepared from ethyl chlorocarbonyl di- 
sulfide (Brois et al., 1970). Cleland's method was used to 
prepare trans-4,5-dihydroxy-1,2-dithiane (oxidized DTT) 
(Cleland, 1964). 

Assays. Standard literature procedures were employed for 
the enzymes: adenylate kinase (Whitesides et al., 1977b; 
Rhoades & Lowenstein, 1968): deoxyribonuclease I (Kunitz, 
1950); papain (Arnon, 1965: Mole & Horton, 1973); lysozyme 
(Shugar, 1952). Enzymes were obtained from Sigma, Boeh- 
ringer-Mannheim, or Worthington in the best available purity 
and were used without additional purification. 

Activation of Papain and AdK. Commercial papain and 
AdK have little or no activity as a result of oxidation of es- 
sential thiol groups (in major part to disulfides). Both enzymes 
were activated before modification with CH3SS02CH,,  by 
incubation with reducing solution: for 3.0 mg/mL papain 
(CO.1 unit mg-I), a solution containing 0.05 M L-cysteine, 0.06 
M 2-mercaptoethanol, and 0.01 M EDTA was used in a 1-h 
incubation at  30 "C; for 1 mg/mL AdK (340 units/mg), 0.08 
M DTT was used in a 1-h incubation at  30 "C. The enzyme 
was separated from excess reducing agent by placing in a 
stirred ultrafiltration cell (Amicon Diaflo, P10 membrane) and 
passing 2 L (papain) or 0.6 L (AdK) of degassed 0.05 M 
phosphate buffer (pH 7.0, 0.1 M in KCl) through the cell a t  
4 OC. The resulting enzymes typically had specific activities 
of 3.8 units mg-' (for hydrolysis of benzoyl-DL-arginine-p- 
nitroanilide) for papain and 400 units mg-' for AdK. 

Methyl Methanethiolsulfonate. Methyl disulfide (14.1 g, 
0.16 mol) was dissolved in 60 mL of glacial acetic acid in a 
250-mL three-necked flask fitted with a reflux condenser and 
a 125-mL dropping funnel. The flask was cooled to 0 OC and 
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agents employed in this study restored >98% of the native 
enzyme. A degassed solution (100 mL; 0.05 M phosphate 
buffer, pH 7.0, lo4 M in EDTA and 0.1 M in KCI) containing 
0.3 g (1.3 X mol) of completely activated papain was 
treated with 35.2 mg (2.8 X mol, 20X excess) of CH3S- 
S02CH3 under argon. The decrease in activity was monitored: 
after 1-2 h at 30 "C no residual enzymatic activity (<0.1%) 
was observed. Excess CH3SS02CH3 was separated by placing 
the reaction mixture in an ultrafiltration cell (Amicon Diaflow, 
PM I O  membrane), separating the protein from the rest of 
the solution, and passing 2 L of 0.1 M phosphate buffer (pH 
7.0, M in EDTA, 0.1 M in  KCI) through the cell a t  4 
"C. 

An analogous procedure was used for AdK, starting with 
treatment of 0.1 g (4.8 X 10" mol, 400 units/mg) of protein 
in 100 mL of degassed solution with 12 mg (20X molar excess) 
of CH3SS02CH3.  This mixture reached a constant activity 
corresponding to 70% ( f3)  of the activity of the native enzyme 
after 30 min of incubation a t  30 "C.  Excess C H 3 S S 0 2 C H 3  
was removed as described for papain(SSCH,). 

Modifications of adenylate kinase with EtSSC0,Me and 
with Ellman's reagent (Ellman, 1959) were carried out by 
using analogous procedures. The reaction times required to 
reach constant activities and those activities (expressed as a 
percent of the specific activity of native AdK) were as follows: 
for AdK(SSEt),, 2 h and 49% ( f3 ) ,  and for AdK(SSE11- 
man's)2. 5 h and <0.1%. 

Treatment of a solution of each of the modified enzymes 
(0.1-0.5 mg of protein/mL) with DTT (5-20X molar excess) 
for 1-2 h at 30 "C regenerated 98% ( f 2 )  of the activity of 
the native enzyme. Assay of AdK(SSCH& for residual thiol 
groups using Ellman's reagent indicated that less than 0.001 
of the thiols present in the native enzyme remained (see below). 
The thiol-modified proteins were handled with appropriate 
precautions to avoid contact with reducing agents (thiol an- 
tioxidants and cross-linking agents in rubber tubing rapidly 
regenerate unmodgied protein). 

Estimation of protein sulfiydryl groups by Ellman's 
reagent was done by a modification of the method developed 
by Ellman (Ellman, 1959). Modified protein (0.8 mL of a 
solution containing 0.1 mg of protein/mL, free from excess 
blocking reagent) was incubated in a 1-cm U V  cell wi th  
Ellman's reagent (DTNB, 0.2 mL, 5X molar excess) at 30 f 
0.5 OC in a phosphate buffer (pH 7.0. M in EDTA) for 
15 min. The appearance of 2-nitro-5-thiobenzoic acid was 
followed at 412 nm. An extinction coefficient of 13 700 M-' 
cm-' was used for Ellman's anion (Whitesides et al., 1977a; 
Riddles et al., 1979). 

Kinetics of Thiol-Disulfide Interchange Reactions. One 
representative kinetics run will be described; others followed 
similar procedures. DNase (2000 Kunitz units, - 1 mg of 
electrophoretically purified protein) was transferred to a small 
polypropylene vial which had been rinsed with 0.1 M phos- 
phate buffer (pH 7.0) and flushed with argon. Additional 
degassed buffer (1 0 mL) containing 5 mM EDTA was added, 
and the solution was equilibrated under argon in a 30.0 f 0.5 
"C constant temperature bath. The enzyme solution was 
assayed. Sufficient DTT (100 FL) was added at t = 0 to make 
the solution 21 mM in DTT, and an initial aliquot (20 gL)  
was removed and used to check the concentration of thiol 
groups in solution by using Ellman's reagent (5 X M, I O 4  
M in EDTA). Aliquots (10 pL) were removed every 1-5 min 
and added to cuvettes containing 1 mL of assay solution. 
These solutions were analyzed immediately for residual en- 
zymatic activity. Representative kinetic data are shown in 

(6 g, 0.044 mol) was placed in a 250-mL three-necked 
round-bottomed flask. The flask w>as equipped with a con- 
denser and a dropping funnel. The mixture was heated to 
dissolve the salt, and 2-bromoethanol (5.66 g, 3.2 mL, 0.044 
mol) was added while stirring. The mixture was refluxed for 
24 h. Filtration and evaporation under vacuum gave a yellow 
oil. The oil was distilled, giving a clear viscous liquid in 53% 
yield: bp 116-1 18 OC (0.05 torr) [lit. bp 104-105 O C  (0.01 
torr) (Boldyrev et al., 1967)]; ' H  N M R  (CDCI,) 6 3.0 (m, 
2 H), 3.2 (s, 3 H),  3.37 (t. 1 H, J = 6 Hz). 

2,2,2- Trifluoroethyl methanethiolsulfonate was prepared 
by a similar procedure. 2,2,2-Trifluoroethyl mesylate [8.53 
g, 0.044 mol, prepared by the procedure of Williams & Mosher 
(1954)l was added to an alcoholic solution of sodium meth- 
anethiolsulfonate (6 g, 0.044 mol) by using a procedure 
analogous to that described for the other alkyl methane- 
sulfonates. A yellow oily product was obtained. Distillation 
yielded a colorless liquid (72%), with bp 72 OC (1 torr). The 
' H  N M R  spectrum in CDC1, showed a singlet at 3.13 ppm 
(3 H )  and a quartet at 4.55 ppm (2 H, J = 8.0 Hz) consistent 
with that expected for 2,2,2-trifluoroethyl methanethiol- 
sulfonate. 

1 H,I H-Pentafluoropropyl methanethiolsulfonate was pre- 
pared by an analogous procedure. It had bp 84-86 "C (1 torr) 
and an N M R  spectrum consistent with the assigned structure 

Caution: Al l  the alkj.1 methanethiolsulfonates should be 
synthesized and handled with care in the hood! They all hare 
a cery unpleasant odor and some cause dizziness and head- 
ache. In addition, methoxjnzrbonj'lmethyl methanethiol- 
sulfonate (CH3S02SCH2C02Me) ,  synthesized by us but not 
utilized in this study, is a potent lachrymator. 

Dimethyl dithiodiacetate was prepared by oxidation of 
methyl thioglycolate with dimethyl sulfoxide using a literature 
procedure (Yiannios & Karabinos, 1963) and had bp 1 12 OC 
(1.5 torr) [lit. 154 "C (14 torr) (Price & Twiss, 1908)l: NMR 

L-Cystine diethyl ester dihydrochloride was prepared by 
an analogous procedure and had mp (dec) 186-188 OC after 
recrystallization from ethyl alcohol-water [lit. mp (dec) 
187-189 O C  (Abderhalden & Wybert, 1916)]. 

2-Mercaptoethyl Thioglycolate. Methyl thioglycolate ( 10 
g, 0.094 mol) was placed in a 500-mL round-bottomed flask 
that contained 300 mL of benzene. To this solution was added 
2-mercaptoethanol (10 g. 0.13 mol) and p-toluenesulfonic acid 
(100 mg). The reaction mixture was heated at 80 "C un t i l  
N M R  analysis indicated that no methyl thioglycolate was left 
( -4  days). The reaction mixture was cooled to room tem- 
perature and washed 3 times with 300-mL portions of 5% 
sodium bicarbonate solution. The reaction mixture was dried 
over sodium sulfate, and the solvent was removed on a rotary 
evaporator. Distillation yielded a colorless liquid (82%). with 
bp 55 "C (0.015 torr). The ' H  N M R  spectrum in CDCI? 
showed a triplet a t  1.60 ppm ( 1  H,  J - 9 Hz), a triplet at 
2.09 ppm (1 H, J - 8 Hz),  a doublet of triplets at 2.80 ppm 
( 2  H ,  J - 9 Hz, 7 Hz),  a doublet a t  3.32 ppm (2  H ,  J - 8 
Hz), and a triplet at 4.29 ppm (3 H ,  J - 7 Hz).  

Preparation of Papain(SSR) and AdK(SSR)2 .  The fol- 
lowing papain derivatives of the general structure papain(SSR) 
were prepared: papain(SSCH3), papain(SSCH2CH2CH3), 
papain(SSCH,CH,OH), papain(SSCH,CF,), and papain- 
(SSCH2CF2CF3).  The preparation of papain(SSCH,) is 
presented in detail; the others were prepared by analogous 
procedures. Treatment of all the papain(SSR) and AdK- 
(SSR)2 derivatives with a small excess of any of the thiol 

(CDCI3): b 3.13 (3 H, s ) ,  4.51 (2 H ,  J = 12 Hz) .  

(CDC13) b 3.62 (4 H, s),  3.79 (6 H, s ) .  
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FIGURE 1: Thiol-disulfide interchange reactions involving proteins: 
A,  is the observed enzymatic activity at time t ;  A. is the starting 
activity; Af is the activity corresponding to complete conversion to 
product. Lysozyme (m); AdK(SSCH& (0); DNase (0 ) ;  papain- 
(SSCHJ (A) (all were treated with DIT). All reactions were carried 
out in 0.1 M phosphate buffer and 0.1 M KCI, pH 7.0, at 30.0 * 0.5 
OC under argon. 

Figure 1. Manipulations of all solutions containing thiols were 
conducted under a static argon atmosphere, maintained by 
inserting a hypodermic needle connected to an argon line 
through the top of the polypropylene reaction vial. This 
procedure provided adequate protection against autoxidation 
for all but the most slowly reacting solutions. At the end of 
each run, the thiol concentration was checked again by using 
Ellman's assay. Those reactions (lysozyme with 2- 
mercaptoethanol, N-acetyl-L-cysteine, and others) which re- 
quired 2-5 days to proceed to completion were carried out in 
a S-40325-50 Sargent-Welch glovebox under argon, and higher 
than usual concentrations of thiols were used (0.05-2.5 M). 
Dimethyl sulfoxide (1-3% of the solution) was used to ensure 
complete solubility of the less-soluble thiols at  these high 
concentrations. The activity of lysozyme is not influenced by 
these dimethyl sulfoxide concentrations. 

Determination of the Extinction Coefficient for  trans-4,5- 
Dihydroxy-I ,2-dithiane (Oxidized DTT) .  These determina- 
tions were carried out by using solutions which were 1.7 X 
M in Ellman's reagent and -5.1 X M in oxidized DTT. 
Measurements were made at the extinction maximum for the 
cyclic disulfide and a temperature of 30 f 0.1 "C. The fol- 
lowing values of the extinction coefficient (M-' cm-') were 
determined ( E ,  pH, buffer, buffer concentration in M): 274, 
3.2, citric acid-Na,HPO,, 0.1; 279, 5.0, citric acid-Na2HP04, 
0.1; 275, 6 . 0 ,  Na2HP04-KH2P04,  0.1 ; 275, 7.0, Na2HP04- 
KH2P04 ,  0.1; 274, 8.5, Tris-HCI, 0.1; 276, 9.0, Tris-HC1, 0.1; 
276,  10.0, KOH-KCl, 0.1. Throughout the work described 
in this paper, E = 275 M-' cm-' was used. Previous deter- 
minations of E for oxidized DTT are 273 in H,O (Cleland, 
1964) and 110 a t  310 nm, pH 8.0. and 0.05 M phosphate 
buffer (Iyer & Klee, 1973). 

pH-Rate Profile f o r  the Thiol-Disulfide Interchange be- 
tween Papain(SSCH,) and DTT.  These buffers were used: 
KCl-HCI ( p H  1-2); citric acid-Na2HP04 (pH 3.0-5.5); 
KH2P04-Na2HP04  (pH 6.0-8.0); Tris-HCl (pH 8.0-9.0); 
Na2C03-Na2HC03  (pH 9.0-10.0) or borate-HC1 (pH 9.0- 
10.0); KC1-KOH ( p H  10-12). All buffers were 0.1 M in 
NaCl or KCI and M in EDTA. Doubly distilled water 
was boiled under argon and used immediately. After the 
buffers were prepared, argon was bubbled through the solu- 
tions for 30 min. In low pH solutions (pH 3.5-6), DTT was 
required in 1000-2OOOX molar excess over papain(SSCH3) 
to give practical rates of reduction: in higher p H  solutions 

(7.0-10.5), DTT was present in 2-40X molar excess. Reac- 
tions were carried out by using concentrations of papain- 
(SSCH3) which, when reduced, correspond to 0.3-0.6 unit/mL 
papain (pH 7.0, 0.1 M phosphate buffer, 0.1 M KC1). Re- 
producible results could not be obtained below pH 3.3 due to 
inactivation of the enzyme (Hinkle & Kirsch, 1970). The 
reductions of papain(SSCH3) with D T T  in solutions of dif- 
ferent pH were followed by dialyzing papain(SSCH3) (0.3 
mg/mL) with the appropriate buffer and then placing the 
protein in a small polypropylene vial that had been rinsed with 
the same buffer. The solution ( 5  mL) was equilibrated in a 
30.0 f 0.5 O C  constant-temperature bath, and the p H  of the 
solution was measured. At t = 0, DTT (0.05-0.5 M) was 
added under argon with a micropipet in volumes that depended 
on the  p H  of the solution. The concentration of DTT in the 
reaction mixture was dependent on the pH of the solution. The 
concentration of DTT in the reaction mixture was determined 
by using Ellman's assay. Aliquots ( 10-50 pL) were removed 
every 0.25-1.0 min and added to cuvettes containing 1 mL 
of assay solution and analyzed immediately for the increase 
in the enzymatic activity. 

Determination of Thiol p K ,  Values. Titration curves were 
obtained under argon with careful exclusion of atmospheric 
carbon dioxide by using a 0.085 M carbonate-free potassium 
hydroxide solution. Dilute solutions of thiols were used (0.001 
M)  so that activity corrections were not required. The KOH 
required to neutralize the thiol was added in 20 equal portions, 
and the pH of the solution was measured 1 min after each 
addition. The pH water was standardized against p H  7.00 
and 10.00 Mallinckrodt BuffAR solutions. Analysis of data 
followed a literature procedure (Britton, 1954; Albert & 
Serjeant, 1962; Lilburn, 1976). The electrode was removed 
from the mixture between measurements to avoid errors due 
to thiol adsorption (Hill & Spivey, 1974). 

pH-Rate Profiles f o r  the Thiol-Disulfide Interchange: 
Reactions of Dimethyl Dithiodiacetate, Oxidized Glutathione, 
and L-Cystine Diethyl Ester Dihydrochloride with DTT.  
Buffers employed were the same used for the reduction of 
papain(SSCH,) .  Dimethyl dithiodiacetate ( C H 3 -  
O2CCH2SSCH2CO2CH3, 5 X 10-"-3 X IO-, M),  oxidized 
glutathione (1  X 10-4-6 X lo-, M), and L-cystine diethyl ester 
dihydrochloride (1 X 10-5-7 X M )  solutions, all M 
in EDTA, were treated with DTT (2-2OOOX molar excess). 
The dithiol solutions were prepared and used within 1 h. 
Dithiol concentrations were determined by using Ellman's 
reagent. The concentration of oxidized DTT was followed 
continuously at  283 nm. Cells with 1- or IO-cm path lengths 
were used, and argon was passed through the cell compartment 
during the kinetic runs. At time zero, DTT (0.1-0.3 M) was 
added rapidly with a micropipet in volumes that depend upon 
the p H  of the solutions. 

Results 
Characterization of Papain(SSR) and AdK(SSCH3)2 .  

These modified proteins were prepared by reactions of papain 
with CH3SS02R (R = CH,, CH2CH2CH3, CH2CH20H,  
CH2CF2CF3, and CH2CF3) and of adenylate kinase with 
CH3SS02CH3.  For papain, two observations are sufficient 
to characterize the modified proteins because the modifications 
involve a thiol required for catalytic activity. First, the pa- 
pain(SSR) derivatives were catalytically inactive (CO. l %  of 
native activity) in the assay used for papain; second, treatment 
of all papain(SSR) derivatives with DTT restored 98 f 2% 
of the starting activity. In addition, papain(SSCH3) had fewer 
than 0.001 free thiol groups detectable by reaction with Ell- 
man's reagent. These results are compatible with previous 
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preparations of papain(SSCH,) (Lewis et al., 1976; Angelides 
& Fink, 1978, 1979). Characterization of AdK(SSCH3)* is 
more complicated, because the modified protein retains -70% 
of the activity of the native enzyme. Prolonged treatment with 
CH3SS02CH3 produces no further decrease in activity; full 
activity is regenerated following incubation with thiols. 
Treatment of AdK(SH)2 with an excess of Ellman’s reagent 
followed by dialysis and reactivation of the enzyme with DTT 
gave 2 equiv of Ellman’s anion as measured spectrophoto- 
metrically a t  412 nm. This experiment demonstrates that 
inter- or intramolecular disulfide bonds are not formed on 
reaction of AdK(SH)2 with Ellman’s reagent. The conclusion 
that intramolecular disulfide bonds are not formed is in accord 
with the crystal structure of this enzyme: the sulfur atom of 
Cys-187 is 1 3  A from the sulfur atom of Cys-25 (Schulz et 
al., 1974). Analysis of the modified protein using Ellman‘s 
reagent indicated the presence of less than 0.001 thiol group 
per enzyme. In addition, treatment of AdK with EtSSCO,Me 
under conditions similar to those used to prepare AdK- 
(SSCH,), produced a different protein, AdK(SSEt),, having 
49 f 3% of the activity of AdK, while treatment with Ellman’s 
reagent generated another modified protein previously iden- 
tified (Price et al., 1975) as AdK(SSEllman’s),. AdK- 
(SSEllman’s), has <O. 1% of the activity of AdK. The mag- 
nitudes of the residual activities in these modified proteins 
correlate inversely with the size of the modifying groups and 
are compatible with the hypothesis that substitution of an 
-SSCH3 group for -SH at Cys-25 and Cys-187 has relatively 
little effect on enzymatic activity but that substitution by larger 
groups reduces enzymatic activity. 

Kinetics of Thiol-Disulfide Interchange Reactions. Re- 
actions were followed by measuring enzymatic activity as a 
function of time in solutions containing a large excess of thiol. 
Under these conditions, the empirical rate equations, eq 2 (for 

-[P]/dt  = kob”[P][RSH]o = k,[P][RS-]” (2) 

(3) -d[P]/dt = 2kobSd[P][HSRSH]0 = 2k, [P][HSRS-]” 

monothiols, RSH) and 3 (for dithiols, HSRSH), were followed 
to greater than 95% completion. Figure 1 reproduces typical 
data. In these equations [PI is the concentration of the protein 
whose disulfide group(s) is (are) being reduced; [RSHIo and 
[HSRSHIo are the starting concentrations of thiol-containing 
species (both thiol and thiolate) in solution and are effectively 
constant throughout the course of the reaction: [RS-1, and 
[HSRS-Io are the equilibrium concentrations of thiolate anions 
at  the solution pH. The observed enzymatic activity is assumed 
to be related to [PI by expressions of the form of eq 4 (de- 

(4) 

( 5 )  

pending on whether activit) is increasing or decreasing with 
time). Assuming further that HSRS- is the only nucleophile 
present in solutions of dithiols (that is, assuming the concen- 
tration of S R S -  to be small and its nucleophilicity to be similar 
to that of HSRS-), k ,  and kobsd are related by eq 5: this 
assumption is incorrect for pH >9 (see below). Table I sum- 
marizes the rate constants obtained by using eq 2-5. 

For each protein several rate constants were explicitly ex- 
amined for their dependence on thiol concentration and in all 
cases found to be essentially invariant to changes of factors 
of 2-4. Gorin had reported that the rate of reduction of 
lysozyme by DTT a t  pH I O  was zero order in DTT (Gorin 
et al., 1968). This result was interpreted as evidence that a 
conformation change in the protein was overall rate limiting 
in the reduction of the disulfide bond essential for maintenance 

activity, = C([Pl0 - [PI,) or C[Pl, 
k ,  = ( IOPKa-PH + 1)jpb”d 

7 8 9 1 0  

PKa ( S H )  

FIGURE 2: Plots of log /PM vs. thiol pK, for thiol-disulfide interchange 
reactions involving proteins. Identifying numbers for the thiols refer 
to Table 1; papain(SSCH,) (0 ) ;  AdK(SSCH& (m); DNase (0); 
lysozyme (0). All reactions were carried out in 0.1 M phosphate buffer 
and 0.1 M KCI, p H  7.0, at 30.0 f 0.5 “ C  under argon. 

- 1  I 

7 8 9 1 0  

P K a  ( S H )  

FIGURE 3: Plots of log k ,  vs. thiol pK, for thiol-disulfide interchange 
reactions involving proteins. Identifying numbers for the thiols refer 
to Table I ;  papain(SSCH,) (0 ) ;  AdK(SSCH3)2 (m); DNase (0); 
lysozyme (0). The rate constants ( k , )  were calculated by using eq 
5 .  

of enzymatic activity. Gorin speculated that the thiol-disulfide 
interchange reaction shouId become rate limiting at  lower pH 
values. Our results confirm this suggestion and establish that 
reductions of the other proteins examined here are also bi- 
molecular: first order in thiol(ate) and first order in protein. 

Figure 2 plots log kobsd vs. thiol pK, values; Figure 3 plots 
log k ,  vs. thiol pK, values. The former plot is relevant to the 
practical problem of choosing thiol reducing agents for protein 
disulfide bonds on the basis of rate. As expected, the most 
rapidly reducing thiols are those having pK, values closest to 
the solution pH.  The second is a Bransted plot. Several 
conclusions follow immediately from this figure. First, the 
generally satisfactory Bransted correlation observed for the 
rates of thiol-disulfide interchange between these low mo- 
lecular weight thiols and protein disulfide bonds suggest that 
steric and electronic effects peculiar to the protein tertiary 
structures are less important, for these thiols and these pro- 
teins, than the electronic effects responsible for the reactivi- 
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FIGURE 4: Log koM for protein vs. log kobd for oxidized glutathione. 
The identifying numbers for the thiols refer to Table I; papain(SSCH3) 
(0); AdK(SSCH3)2 (w); DNase (0); lysozyme (0). The least-squares 
slopes are as follows: papain SSCH3 = 1.1 (9 = 0.94); Ad(SSCHJ2 
= 0.90 (r2 = 0.84); DNase = 1.1 ( r2  = 0.93); lysozyme = 1.0 ( r2  = 
0.77) .  

ty-basicity relation which underlie Bransted correlations. The 
observation that charged thiols [Et2N+HCH2CH2SH and 
-02CCH(NHCOCH3)CH2SH] fall on the same correlation 
line as neutral thiols is noteworthy. The single thiol which 
falls appreciably off the lines is glutathione: the reactivity of 
this material is discussed in greater detail below. The Bransted 
slopes derived from these plots are not very accurate, because 
the pKa range spanned and the number of thiols included are 
limited, because the set of thiols studied would not necessarily 
provide a good set for Bransted studies even in mechanistically 
uncomplicated cases, and because the precision of individual 
rate constants is only modest. Nonetheless, the values of these 
slopes obtained by least-squares analysis (omitting the points 
for glutathione) are similar to the value of P N 0.5 observed 
for thiol-disulfide interchange with Ellman's reagent and 
GSSG: 

pnuc~apa in (SSCHd = 0.45 ( r 2  = 0.77) 

PnucAdK(SSCH3)2 = 0.65 ( r 2  = 0.85) 

PnucDNase = 0.36 ( r2  = 0.80) 

Pnuc'ysozyme = 0.55 ( r 2  = 0.76) 

Second, the Bransted lines, although roughly parallel, are 
significantly displaced from one another: thus, for example, 
the PSSCH3 disulfide bond of papain(SSCH,) is cleaved - lo5 
times more rapidly than the cystine disulfide bond of lysozyme 
whose reduction is responsible for loss of its enzymatic activity. 

Figure 4 correlates the rates of interchange between thiols 
and disulfide groups in proteins with rates involving the di- 
sulfide group of oxidized glutathione. This correlation has the 
feature that characteristics of the thiols which weaken the 
correlation between pKa and interchange rate, and thus lead 
to scatter in a Bransted plot, are suppressed: Figure 4 simply 
correlates the rates of several kinds of thiol-disulfide inter- 
change reactions. The correlations are significantly better than 
those in Figures 2 and 3. Further, the construction of the plot 
emphasizes that rates of thiol-disulfide interchange with 
DNase and AdK(SSCH& are  approximately that expected 
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7 8 9 1 0  

pKo ( S H )  

FIGURE 5: Plots of log k ,  vs. the pK, for the central thiol for thiol- 
disulfide interchange between papain(SSR) and DTT (A), DTP @), 
and 2-mercaptoethyl thioglycolate (e). 

by analogy with GSSG but that rates involving papain- 
(SSCH,) are much faster and those involving lysozyme are 
much slower than would be expected (see Table 11). 

Bronsted Coefficient f o r  the Cysteine Sulfur of Papain- 
(SSR). W e  have examined the rate of release of papain(SH) 
from papain(SSR) by thiol-disulfide interchange a t  pH 7.0 
using a selection of reducing thiols with different values of pK,. 
W e  assume that these reactions proceed by attack a t  the S R  
center (eq 6) for two reasons. First, at pH 7.0, the papain thiol 
R,,,SH + papain(SSR) - R,,,SSR + papain(SH) (6) 
group is a stronger acid, and thus a better leaving group, than 
any of the RSH thiols (see below). Second, backside attack 
a t  the papain thiol center should be considerably more hindered 
sterically than attack a t  the RS center. These studies offer 
a direct experimental determination of the Bransted coefficient 
&. Figure 5 gives the corresponding Bransted plots. These 
Bransted coefficients are similar to those estimated for ali- 
phatic thiols (/3, - -0.3 to -0.4; Freter et al., 1979). 

Thiol-Disulfide Interchange between Proteins and Gluta- 
thione. The rates of thiol-disulfide interchange reactions 
involving glutathione and protein disulfides are slower than 
would be anticipated based on simple Bransted correlations. 
Glutathione is effectively unreactive toward DNase and ly- 
sozyme and approximately one-tenth as reactive toward 
AdK(SSCH,), as expected from its pK,; only toward pa- 
pain(SSCH,) is its reactivity that predicted from its acidity. 
The anomalously low reactivity of glutathione toward some 
protein disulfide groups is of obvious interest in connection 
with its role as a major intracellular thiol (Kosower & Ko- 
sower, 1976). We have not established the origin of this low 
reactivity, but preliminary observations suggest that it may 
be more complex than a simple steric effect. Thus, for ex- 
ample, glutathione (0.05 M) not only did not destroy the 
activity of DNase but also precented the deactivation of DNase 
by high concentrations (0.1-0.25 M) of DTT or mercapto- 
ethanol. (We note that certain other peptides not containing 
cysteine also protected DNase against reduction by DTT: 
Glu-Gly-Gly and Ala-Glu. Ala-Gly-Gly and Glu-Ala did not 
provide protection.) 

Applications of Thiol-Disulfide Interchange Rates to the 
Determinations of Kinetic Acidities of Protein Thiols. The 
inference from this and previous work is that the rates of many 
thiol-disulfide interchange reactions follow a Bransted cor- 
relation. In principle, it might therefore be possible to measure 
the pK, values for cysteine thiol groups in proteins indirectly 
by measuring the rates of interchange reactions involving these 
thiols. To test this possibility, we have determined the pH-rate 
profile for release of enzymatically active papain from pa- 
pain(SSCH3) by reduction with DTT (Figure 6). For com- 
parison, we have also established rate-structure profiles for 

3 4 5 6 7 8 9 IO 

P H  
FIGURE 6: pH-rate profile for the thiol-disulfide interchange involving 
papain(SSCH,) and DTT. The rates [ k ,  (M-' m i d ) ]  were calculated 
from kabsd according to eq 5 .  All reactions were performed a t  30 & 
0.5 "C under argon. The individual rate constants are  a n  average 
of a t  least three determinations and the reproducibility of these rates 
is ca .  f15%. 
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P H  
FIGURE 7: pH-rate profiles for thiol-disulfide interchange between 
dimethyl dithiodiacetate (A), oxidized glutathione (e), and L-cystine 
diethyl ester dihydrochloride (m) with DTT. All reactions were 
performed at  30 f 0.5 "C under argon. The individual rate constants 
are an average of a t  least two determinations. The reproducibility 
of these rates is f 5 %  for the p H  range of 4.7-7.5 and &15% for the 
pH range of 8-10.5. The rates ( k , )  were calculated from the observed 
rates (kobsd) by eq 5 .  

reduction of dimethyl dithiodiacetate, oxidized glutathione, 
and L-cystine diethyl ester (Figure 7). The rate data in 
Figures 6 and 7 were analyzed by using eq 7 (Szajewski & 

log kj = 7.03 + 0.5pKanUc - 0.27pK,' - 0.73pKa'g (7) 

Whitesides, 1980) to obtain pK, values for the thiol groups 
being generated in the interchange reactions. 

This particular equation, and not another of the several 
related equations described previously (Szajewski & White- 
sides, 1980), was used because it appears to provide the best 
empirical fit to the available range of rate data rather than 
because it is the most easily justified theoretically. The cor- 
rectness of this equation, in which the magnitudes of @,,, and 

are not equal, has not been established. Fortunately, al- 
though the best form for eq 7 remains unclear theoretically, 
the differences between pK, values obtained by using proposed 
alternative forms for it are relatively small. Analysis of the 
rate data summarized in Figures 6 and 7 using alternative 
values of the coefficients in eq 7 (Szajewski & Whitesides, 
1980) resulted in thiol pK, values which were effectively in- 
distinguishable from those described here: the values of the 
pK,'s are not particularly sensitive to the differences in 
coefficients in the several forms of the Bransted equations we 
have developed to date. 

The pH profile for dimethyl dithiodiacetate is expected to 
be featureless, because this substance contains no other acidic 
or basic groups whose state of ionization might influence pK," 
and pK,'g, This expectation is confirmed experimentally 
(Figure 7).  Oxidized glutathione contains both carboxylic acid 
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Table HI: pK, Values Inferred from Rate Constants 
[k ,  (M-I min-')] for Thiolate-Disulfide Interchangea 

lit. 
compd group pH lo-%,  pK, pK, 

CH,OCOCH,SH SH 4-9 5 2  7.9 7.91 
8.5 8.72c GSH (NH:, C0,H) SH 4 13  

GSH (NH;, CO,? SH 8 16 8.4 8.72c 

8.6 8.87c 
Cys-Et d NH,' d 8.2 8.33c 
papain SH (C~S-2.5) 6 6200 4.1 
papain SH (CYS-25) 9 13 8.4 
papain Ht  (His-159) d 7.5 
DNase e I 6.4 8.8 
AdK SH (C~S-25)  7 22 7 .5 
lysozyme e 7 0.042 11.0 

Cys-Et (NH:) SH 4-6 190 7.4 7.3c 
Cys-Et NH,) SH 9 11 

I .  
i 

s u 
B 
Y 

a DTT is the reducing dithiol in all exdperiments. b,Wilson e t  al. 
(1980). Reuben & Bruice (1976). From inflections in pH- 
rate profiles: see Figures 6 and 7. ' The location of the thiol 
group(s) determining these pK, values has not been established. 
The two protein cysteine thiol groups are assumed to  have the 
Same pK,. 

and amino groups whose ionization state change with pH. 
Other studies have, however, already established that these 
changes do not significantly influence the thiol pKa (Reuben 
& Bruice, 1976). Thus, this compound would also be expected 
to display a featureless pH-rate profile. By contrast, the thiol 
pKa of cysteine ethyl ester is strongly influenced by protonation 
of the amino moiety. Thus, the rate constant for thiolate- 
disulfide interchange involving oxidized cystine diethyl ester 
should show an inflection at the pKa of the amino group. The 
experimental data (Figure 7) confirm all of these qualitative 
predictions. Analysis of these rates using eq 7 yields the pK, 
values summarized in Table 111. A pKa for methanethiol of 
10.3 (Kreevoy et al., 1964) was used in eq 7 to obtain the pKa 
of the Cys-25 thiol group of papain. The agreement between 
the pK, values calculated from the interchange rates and those 
obtained by conventional methods is satisfactory. 

The relative accuracy of the data of Figure 7 (as well as 
that of Figure 6) in different pH regimes deserves comment. 
At pH <4 the accuracy of kl  decreases, because PW becomes 
small: only a small fraction of the DTT is present in  the 
ionized form, the thiol-disulfide interchange reactions are slow, 
and the correction (eq 5) required to convert kobsd to k ,  be- 
comes large. At values of pH >9 the accuracy of k ,  again 
decreases. In this regime reactions are so rapid that dilute 
solutions must be used to give conveniently measurable rates 
by using conventional kinetic methods, and autoxidation due 
to adventitious dioxygen in the solution becomes an experi- 
mental problem. Moreover, we estimate the second pKa of 
DTT to be 10.4, and for pH >9 the contribution to the dianion 
of DTT becomes significant. All of the values of k ,  in Figures 
6 and 7 were calculated on the assumption that DTT was 
acting exclusively as a monobasic nucleophile. The upward 
turn in the values of k, observed for all of the species at  pH 
9.5 presumably reflects the breakdown of this assumption, as 
reactions of DTT dianion become significant. We have not 
explicitly measured a value of &,, for DTT dianion, but as- 
suming that reactions of the second thiolate center are  still 
adequately described by eq 7 and estimating the contribution 
of DTT dianion to the interchange reaction, corrected values 
of kl  can be calculated for GSSG and dimethyl dithiodiacetate 
which are constant over the entire range of pH. 

Table 111 also contains pK, values inferred for the thiol 
groups of the several proteins examined. Papain presents an 
interesting problem. The details of the interactions between 
the active-site cysteine (Cys-25) and the array of proximate 
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disulfide interchange rates circumvents these problems. The 
rate-limiting elementary step (attack of thiolate anion on the 
disulfide bond) is well-defined, and the observation that the 
rates of reaction of several thiols of different structures and 
charge types follow a Bronsted relation provides a convincing 
i f  qualitative demonstration that preequilibrium complex 
formation between the protein and the reducing thiol is 
probably not important in determining rates. This technique 
has, of course, the potential disadvantage that it is necessary 
to form a disulfide derivative of the protein when the protein 
does not naturally incorporate the thiol of interest into a di- 
sulfide. This derivatization may, in principle, induce a change 
in the structure of the active site or a change in the acidities 
of the active-site functional groups. 

The application of this technique to the characterization of 
the active-site thiol of papain illustrates the potential utility 
of this method. It is clear that a t  low pH, this thiol behaves 
as a leaving group in thiol-disulfide interchange as if it had 
a pK, of -4, while at high pH it behaves as if it had a normal 
pK, of -8.5. The transition between these two regimes occurs 
a t  pH 7-8 and is attributable to protonation of a base with 
this pK, in the active site. A useful feature of the thiol-di- 
sulfide interchange reaction as a method for estimating thiol 
pK, values is that, unlike convential methods, it can be carried 
out as a function of pH. Thus, it is possible to observe changes 
in the thiol pK, with changes in the state of ionization of 
proximate acids and bases. 

These estimates of the pK, values of the active-site func- 
tional groups of papain are in general agreement with previous 
proposals by others. Angelides & Fink (1 979), in particular, 
have used kinetic data obtained by cryoenzymatic techniques 
to assemble a detailed proposal for the mechanism of action 
of papain. A key feature of this mechanism is the proposal 
of two conformations of the papain active site: one confor- 
mation (the UP conformation) binds substrate rapidly but is 
catalytically inactive, and a second (the DOWN conformation) 
binds substrate slowly but is catalytically active. These two 
conformations differ, among other features, in the orientation 
of His-I59 and in active-site pK, values. I n  the U P  confor- 
mation, His-159 is hydrogen bonded to Asn-175. I n  this 
conformation, which is stable at  pH >8.5, Cys-25 has pK, - 
8 and His-I59 has pK, - 4.  In the D O W N  conformation 
(stable below pH 8), His-159 is present as an imidazolium ion 
hydrogen bonded to the carboxylate of Asp-158, and pK, 
values are Cys-25, pK, - 4, and His-159, pK, - 8. Our 
techniques offer no insight into possible conformational 
changes of papain but do confirm the values of Cys-25 at  high 
and low values of pH. They suggest, moreover, that since the 
Cys-25 thiol is present as a SSCH3 group over the entire pH 
range and is thus electrostatically roughly equivalent to an S H  
group, any conformation changes in the modified enzyme 
cannot be driven by ionization of the thiol group but must be 
determined predominantly by the interaction between His- I59 
and Asp-158. 

The pK, values inferred for thiol groups of DNase and 
adenylate kinase are compatible with previous characteriza- 
tions. The disulfide group of DNase responsible for main- 
taining the enzyme in its active conformation (Le., the disulfide 
group whose reduction is rate limiting in loss of activity) has 
been suggested to lie close to the protein surface (Price et al., 
1969). The pK, estimated in this work for the leaving thiol 
of this disulfide (pK, = 8.8) is close to that of GSH and is 
compatible with this suggestion. The Cys-25 thiol group of 
adenylate kinase [the one closer to the enzyme active site and 
presumably the one whose liberation from the disulfide group 

Lewis bases (His-159, Asn-175, and Asp-158) are still a 
subject of active research (Zannis & Kirsch, 1978; Angelides 
& Fink, 1978, 1979, and references cited in each). Values 
of k l  for thiolate disulfide interchange between papain(SSCH,) 
and DTT at pH 6 and pH 9.5 translate into thiol pK, values 
of 4.1 and 8.4, respectively, with the inference that the pK, 
of the group responsible for this change in thiol pK, is -7.5: 
these values are in accord with proposals made by Jolley & 
Yankeelov (1972), Shipton et al. (1975), Lewis et al. (1976). 
and Angelides & Fink (1979). The decrease in k ,  observed 
a t  low p H  suggests another important ionizable group with 
a pK, of -4.5, but the inaccuracies in the kinetic measure- 
ments a t  this pH are such that this assignment should be 
considered tentative. Others have also suggested an important 
ionizable group at  approximately this pH (Sluyterman & 
Wolthers, 1969; Sluyterman & Wijdenes, 1973; Shipton et 
al., 1975; Bendall & Lowe. 1976; Lewis et al., 1976; Angelides 
& Fink, 1979). 

Discussion 
The rates of reduction of the protein disulfide groups ex- 

amined in this work all follow unexceptional Brmsted relation 
in the pK, values of the reducing thiols. This observation is 
itself useful in characterizing these groups, because it indicates 
that their reactivity is dominated by the local (predominantly 
electrostatic) effects which determine acidity rather than steric 
effects originating in the protein tertiary structure. The 
magnitudes of the rate constants nonetheless vary widely: in  
particular, those for reduction of papain(SSCH,) and lysozyme 
differ by lo5 a t  p H  7. The rapid rate of reduction of the 
former is satisfactorily rationalized by the high acidity of the 
active site thiol. The low rate of reduction of the structurally 
essential cystine of lysozyme apparently also reflects an 
anomalous (but in this instance unexpectedly high) thiol pK,. 
This inference raises interesting questions about the origin of 
the high thermodynamic and kinetic stability of certain protein 
disulfide moieties. This stability is often attributed to steric 
shielding of the disulfide from attacking nucleophiles by 
surrounding groups in the protein. The observation that the 
relatively large reducing agent glutathione is slower in several 
of its reactions than would be expected from the Bronsted 
correlations indicates that steric effects may, in fact, influence 
the kinetic lability of certain protein disulfide groups (Wilson 
et al., 1980). The assignment of pK, = 11 to the thiol groups 
of the essential disulfide group of lysozyme suggests, however, 
that there may be an  important electrostatic contribution to 
unexpectedly slow rates of reduction. In the same sense that 
proximate positively charged groups increase the acidity of 
the active site thiol of papain to a value appropriate for ef- 
fective catalysis a t  p H  6, arrays of negatively charged (or 
possibly hydrophobic; Hine. 1975) groups around the struc- 
turally important disulfide of lysozyme might increase the pK, 
values of its constituent thiols to values which render reduction 
slow. W e  note that the common observation that reduction 
rates increase on unfolding the protein in, for example, 
guanidine hydrochloride does not differentiate between a steric 
basis and an  electronic basis for the original stability. 

The rates of thiol-disulfide interchange involving proteins 
should provide a useful method for determining kinetic acidities 
of thiols. Knowles (1976) has outlined the problems in ob- 
taining structurally interpretable pK, measurements of ac- 
tive-site groups from kinetic measurements as a function of 
pH: among these are the difficulty in defining unambiguously 
the elementary step which is influenced by the change in pH 
and the ambiguities encountered in disentangling this step from 
prior association equilibria. Measurement of rates of thiol- 
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of AdK(SSCH3)2 is reflected by an increase in enzymatic 
activity during thiol-disulfide interchange with DTT] is ab- 
normally acidic (pK,  = 7.5). This thiol has been reported 
previously to react -40 times faster with NBD-chloride than 
the more distant Cys-187 (Price et al., 1975). The details of 
the structural factors responsible for the enhanced acidity of 
Cys-25 are not known. 

The combined uncertainties in the experimental measure- 
ment of rates of thiol-disulfide interchange involving proteins, 
and in the derivation of thiol acidities from these rates using 
an analysis based on the Br~ns ted  eq 7 or a related equation, 
are such that the pK,  values obtained by using this technique 
should be regarded a semiquantitative. Since the uncertainties 
in this method are of a quite different character than those 
encountered in other analyses of pH-rate profiles for enzymes, 
it nonetheless provides useful, independent data for charac- 
terization of protein thiol and disulfide groups. 
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Refolding of Reduced Short Neurotoxins: Circular Dichroism Analysist 

AndrZ MZnez,* FranGoise Bouet, Wilhelm Guschlbauer, and Pierre Fromageot 

ABSTRACT: The four disulfide bonds of nine homologous short 
curare-like polypeptides are cleaved by reduced dithiothreitol. 
Air oxidation renaturations of the reduced compounds are 
followed by far-ultraviolet circular dichroism analysis, and the 
kinetics of refolding thus determined are compared. They 
indicate that three toxins refold 4-10 times more slowly than 
the six others. It is shown that a significant difference between 

T h e  refolding of reduced polypeptides is known to occur 
spontaneously as originally demonstrated by Anfinsen and 
co-workers (Sela et al., 1957; Haber & Anfinsen, 1962). Such 
a spontaneity strongly suggests that the required information 
for refolding is contained in the amino acid sequence of the 
polypeptide chain. Although there is no definitive explanation 
of the mechanism by which a reduced molecule refolds to its 
native structure, evidence is now accumulating which indicates 
that interactions between nearest-neighbor side chains play 
an  important role in directing the refolding of a polypeptide 
chain (Lewis et al., 1971; Zimmerman & Scheraga, 1977; Go 
& Taketomi, 1978; Matheson & Scheraga, 1978). Such in- 
teractions are thought to trigger the formation of nucleation 
sites, as summarized by Anfinsen & Scheraga (1975). Ob- 
viously, longer range interactions are also involved in the re- 
folding process but probably to a lesser extent than the 
short-range interactions (Anfinsen & Scheraga, 1975). 

In order to gain a clear understanding of the refolding 
process, it is important to establish which amino acids define 
the nucleation sites. Selective modifications and the prepa- 
ration of synthetic analogues of the polypeptide chain should, 
in principle, allow an experimental examination of the influence 
of the constituent amino acids upon the refolding process. For 
instance, in the particular case of ribonuclease, it has been 

From the Service de Biochimie, Dgpartement de Biologie, CEN 
Saclay, BP No. 2, Gif-sur-Yvette 91 190, France. Receiced September 
24, 1979; rel;ised manuxripr receiced April 28, 1980. A preliminary 
report of this work was presented at the international meeting on 
Structure et Conformation des Proteines et de Peptides held in Marseille. 
France, November 8-10, 1978 (Bouet et al., 1980). 

the refolding kinetics still subsists when renaturations are made 
in the presence of various concentrations of thiol-disulfide 
exchange reagents or a t  various pH values. From an exam- 
ination of the toxin sequences, it is proposed that a single 
additional amino acid insertion is responsible for the difference 
in the observed kinetics. This proposal is supported by tem- 
perature studies of renaturation kinetics. 

shown that specific iodination of Tyr-115 prevents the refolding 
of the reduced molecule (Friedman et al., 1966). Unfortu- 
nately, the synthesis of protein analogues is a prohibitively 
difficult task. However, groups of natural polypeptides pos- 
sessing homologous sequences do exist. Such protein families 
have the potential of being useful tools for the study of the 
relationships between amino acid sequence and the ability of 
a chain to refold. 

The short neurotoxins isolated from snake venoms constitute 
a large group of homologous polypeptides of 60, 61, or 62 
residues, cross-linked by four disulfide bonds (Lee, 1972; Yang, 
1974). These molecules possess a curare-like activity, spe- 
cifically blocking the nicotinic acetylcholine receptor. Ex- 
tensive data are now available which highlight the close 
structural (Dufton & Hider, 1977; MCnez et al., 1978) and 
biological (Ishikawa et al., 1977) homologies of these poly- 
peptides. In addition, the X-ray structure of one of the toxins 
has been elucidated in two different laboratories (Tsernoglou 
& Petsko, 1976; Low et al., 1976). Thus, this polypeptide 
group would appear to be particularly well suited for a com- 
parative refolding study. 

In  the present work, nine reduced short neurotoxins are 
subjected to air oxidation at  37 O C  and pH 7, and the kinetics 
of refolding, measured by the variations of optical activity, are 
determined. Under these conditions, it appears that the 
neurotoxins do not all refold a t  the same rate. When rena- 
turation experiments are carried out a t  different p H  values 
or in the presence of thiol-disulfide exchange reagents, a 
significant difference of behavior still subsists. In order to 
establish the origin of this phenomenon, the kinetics of the air 
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