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The kinetic studies were conducted on the reaction between propyl propane-thiol-
sulfinate (PrSSOPr) or -thiolsulfonate (PrSSO,Pr) and 1- cysteme The reactions were
shown by the following equations. | ‘

‘ PrSSOPr + CySH —— CySSPr + (PrSOH)
2(PrSOH) — PrSSOPr + H;0 and
PrSSO,;Pr + CySH — CySSPr + PrSO.H
The studies were carried out at an acidic pH because of the very fast rates of these re-
actions. The reaction species of cysteine was proved to be the protonated S- amon,
RN+H,-S-.
' TI:e values of the enthalpy of activation and the entropy of activation were calcu-
lated to be 8.4 kcal/mole, —15.1 e.u. for PrSSOPr and 2.9 kcal/mole, —19.2 e.«. for Pr-
SSO,Pr.

In the preceding paper,? the oxidation pathway of dipropyl disulfide (PrSSPr) and the
properties of some oxidation products were studied. Among the oxidation products, thiol-
sulfinate (PrSSOPr) and thiolsulfonate (PrSSO,Pr) were reactive with thiamine and thiamine
propyl disulfide (TPD) was formed. The formation of thiamine derivatives was found to be
rather complicated and to relate with opening and closing of thiazolium ring in thiamine
molecule since the reactive species was estimated to be thiol-type thiamine.

The purpose of the present study is to investigate the reactivity of PrSSOPr and PrSSO,Pr
with cysteine since the reaction is more simple than that with thiamine.

The product for the reaction between PrSSOPr and cysteine was reported to be S-propyl-
mercaptocysteine (CySSPr).#? The review articles on the reactivity of disulfide bond were
published® and Nogami and his co-workers® conducted the kinetic study on several thiamine
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derivatives of disulfide type with cysteine. . The kinetic studies on -SS0-.and -SSO,- have
not been conduqted ahd the: study. was of mtercst “in the. companson of reactivities of -SS-,
-SSO- and -SSO,-.

For the reaction of thiolsulfonate and thiol, the following route had been ptesented by
Otto and Roessing (1887)” and Smiles and Gibson (1924),® but no other study has been
reported.

RSSO;R’ + RS~ — RSSR'’ 4 R'SO;~

On the other hand, for the reaction of thiolsulfinate, Cavallito, e¢ 4l.” had investigated
on allicin, related with allithiamine, and suggested that the main reaction was

© AISSOAI + 2CySH —> 2€ySSAl + HzO

where AISSOAl (Al——-CHgCH CH,) is allicin and CySH is cysteme and the side reaction
was

AISSOALl 4 CySH —» AISSOCy + AISH

Utsumi, et al.1® have presented the next scheme for the reaction between PrSSOPr and
protein-SH

PrSSOPr + GSH — PrSSG + PrSOH

where GSH is protein SH and PrSOH is the sulfenic acid. Although the sulfenic acid was
the compound suggested by Stoll and Seebeck!? for the biosynthetic course of allicin but its
further destiny was not explained.

One of reason why the reaction mechanism was not clear might be that -SSO- or -SSO,-
compound was not separated in pure form by these investigators. It was possible to separate
PrSSOPr and PrSSO,Pr in pure forms and the object of the present paper was to conduct
kinetic study of the reaction between cysteine and PrSSOPr or PrSSO,Pr, as mentioned
previously. -

Experimental

Materials——PrSSO,Pr, PrSSOPr, PrSSPr and Sodium Propylsulfinate (PrSO,Na): Prepared accord-
ing to the procedure described in the preceding paper.V

1-Cysteine: Wako Pure Chemical Ind., Ltd. 5,5’-Dithiobis(2-nitrobenzoic acid) (DTNB): Tokyo
Kasei Co. CySSPr: Prepared according to Yurug1 9 All other chemicals were reagent grade.

Thin-Layer Chromatography Samples were developed on silica gel (Wakogel B-5, Wako Pure Chemi-
cal Ind., Ltd.) plates of 250 u thickness, using BuOH: AcOH: H,O (8: 1: 1, v/v) solvent system. Cysteine
and CySSPr were detected ninhydrin reagent. A little amount of cystine was produced from cysteine during
the procedure of development. PrSSO,Pr, PrSSOPr, PrSSPr and PrSO,H developed were detected by
the method reported in the preceding paper.) Ether extract was spotted, if necessary.

Examination of Possible Related Reactions-——Reactions were usually carried out in pH 4 or 5 acetate
buffer (see TableI) containing 20—409%, EtOH under nitrogen atomosphere. CySSPr+PrSO,H (——d—t-——t»)

. undetec
PrSSO,Pr+CySH; pH 4 solution containing CySSPr (5 x 10-*m) and PrSO,H (PrSO,Na was used, approxi-
mately 5x 10-%M) were stored at 37° for 30 minutes. PrSSO,Pr was not evident on the chromatogram
of this solution. 2CySSPr+- H,O( d———») PrSSOPr+2CySH; pH 4 solution containing CySSPr (5 X 10~4m)
undetect

was stored at 37° for 2 hours. PrSSPr was not detected on the chromatogram of this solution. PrSSPr

7) R. Otto and A. Roessing, Chim. Ber., 20, 2079, (1887).

8) S. Smiles and D.T. Gibson, J. Chem. Soc., 125, 176 (1924). :

9) C.J. Cavallito, J.S. Buck, and C.M. Suter, J. Am. Chem. Soc., 66, 1952 (1944}.
10) I. Utsumi, K. Harada, and K. Kéno, Vitamin, 27, 294 (1963).

11) A. Stoll and E. Seebeck, Helv. Chim. Acta, 32, 197 (1949).
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+CySHE—-—-—> CySSPr--PrSH; pH 5 and pH 7 (0.04M phosphate buffer) solution containing 2.5 X 10-3M Pr-
slow)

SSPr, 5x 10-3M cysteine and 409 EtOH was stored at 37° for 2 hours. CySSPr was produced in small
amounts in pH 5, although a considerable amount was formed in pH 7, accompanied by mercaptan odor.

Determination of Cysteine——The concentration of cysteine was determined according to Ellman!®
after the extraction of PrSSO,Pr (or PrSSOPr) from samples with ether to stop the reaction. An example
of determination was as follows: A 5 ml of sample solution was mixed with a 10 ml of ether, shaked im-
mediately and the ether was removed. The extraction procedure was repeated with a 5 ml of ether (the
perfect removal of PrSSOPr by this procedure was ascertained spectrophotometrically). Then, a 0.5 ml
portion of aqueous layer was mixed with a 10 ml of phosphate buffer (pH 8, u=0.1) and a 0.1 ml of DTNB
reagent (1x10-2m DTNB, pH 7, £#=0.1 phosphate buffer solution). The absorbance at 412 mu was mea-
sured immediately using a spectrophotometer, Hitachi Perkin Elmer model 139.

Determination of PrSSOPr: Absorbance at 240 mu, Amex characteristic for SO as described in the
preceding paper, was used. It was, however, corrected by the following equation, because the reaction
product CySSPr also had rather strong absorbance. Cprssopr={7.271 Aspp. —2.510 A,) X 10~* where Cyrasopr
is molar concentration of PrSSOPr, A,pp. absorbance observed at time ¢, and A, absorbance at £=0. The
equation was obtained from that the absorbances of 2x 10-*M PrSSOPr and 4 x 10-*m CySSPr in pH 4.0
were 0.420 and 0.145, respectively.

TaBre I. The Buffer Solutiops Used (x 10—3m)

pH® CH,COONa CH,COOH = HCl
5.0 18 7.5 '

4.0 18 75 ,

3.3 18 ' 17.7
2.7 - 18 , , ‘ 20

2.1 - 18 26.5
1.7 - 18 42

14 , 48

1.1 ‘ 100

a) in the presence of 4% of EtOH

Kinetic Run The cysteine solution (usually 4 X 10~3M aqueous solution freshly prepared was used),
kept in a constant temperature water bath (+0.1°), was mixed to a pre-incubated buffer solution contain-
ing PrSSO,Pr or PrSSOPr (1—5x 10-%m EtOH stock solution was used). The buffer solutions used are
given in Table I. The buffer solutions were prepared using deionized and nitrogen-bubbled water. All
the reaction solutions were made u=0.1 by addition of NaCl and 4%, in EtOH concentration. The air in
the flask was replaced by nitrogen, but when the reaction was fast, the replacement was not continued.
Samples were withdrawn at different time intervals and the concentration of cysteine or PrSSOPr was de-
termined. PrSSO,Pr and PrSSOPr were stable on chromatograms in these acidic conditions (pH 1—5,
37°, 2hours).

Result and Discussion

Qualitative Studies by Thin-Layer Chromatography

~ The formation of TPD from thiamine and PrSSO,Pr or PrSSOPr was found in alkaline
region.1® However, the reaction between cysteine and PrSSO,Pr or PrSSOPr proceeded very
rapidly at pH 8 and immediately finished. The experiment was, therefore, conducted in
acidic pH.

The chromatograms of the reaction solutions at different molar ratio of PrSSO,Pr against
cysteine are shown in Fig. 1. The formation of CySSPr at pH 4 and 87° has completed within
30 minutes. The stoichiometry of the reaction was assumed to be PrSSO,Pr and cysteine in
1:1 from the amounts of each reactant remained on the chromatogram. The PrSO,H formed

12) G.L. Ellman, Arch. Biochem. Biophys., 82, 70 (1959).
13) T. Matsukawa, S. Yurugi, H. Kawasaki, Y. Aramaki, and Z. Suzuoki, Takeda Kenkyusho Nenpo, 12,
1 (1952).
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. Fig. 1. ‘Thin-Layer Chromatograms Illustrating

" the Reaction between Cysteine (5 x 10-*M) and
PrSSO,Pr ((A): 2.5 x 10-3m, (B):5x 10-3¥m, (C):

10 x 10-%m) after 30 Minutes at pH 4 and 37° -

plate: silica gel
developing solution: BuOH: AcOH: H,0O (8:1: 1)
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. Fig. ‘2. Thin-Layer Chromatograms Illustrating

the Reaction between Cysteine (5 x 10—3M)and .
PrSSOPr ((A): 1.25x 10-3M, (B): 2.5x 10-3M,
(C): 5x10~3m) after 2 Hours at pH 5 and 37°

plate: silica gel
developing solution: BuOH: AcOH: H,O (8:1:1)

was detected on the chromatogram.! Thus, the reaction can be described by the same
equation as Otto, ef @l.” and Smiles, ef al.® did. (Eq. 1). The reverse reaction was not ob-

served on the chromatogram.

PrSSO;Pr + CySH —» CySSPr + PrSO,H (1

The chromatograms of the reaction solutions at different molar ratio of PrSSOPr against
cysteine are shown in Fig. 2. The reaction was slower than that of PrSSO,Pr and the molar
ratio for the reaction was assumed from the remained amounts of each reactants on the chro-
matogram to be cysteine and PrSSOPr 2:1. The stoichiometry was also confirmed by the
determination of both of cysteine and PrSSOPr in the reaction solution as described later
(Fig. 4 and Fig. 5). Therefore, the reaction can be written as Eq. 2).

- PrSSOPr + 2CySH —» 2CySSPr + H;0 @)
The reverse reaction was not proved
5 i on the thin-layer chromatogram.
- X10° The reaction above mentioned is
N essentially the same as the main re-
. : action suggested by Cavallito, ef al.,
-~ although they did not ascertaine the
'% 3F stoichiometry.
g Reaction Rate
g 2r The time course of the reaction
; ] between PrSSO,Pr and cysteine de-
1tk termined by the decrease of cysteine
was a typical second order as shown
in Fig. 3. »
-0 0 0:5 o 1:0 e 1I5 210 2‘5 The reaction rate, 'k, was ob-
o Time (sec) X10°  tained by the following calculation.
. Flg 3. ‘Typical Second Order Rate Equation Plots PrSSO;Pr + CySH i, CySSPr+PrSOzH‘
for the Reaction between PrSSO,Pr and Cysteine at (a—=%) (b—=) x
PH 2.1 and 37° From dx/dt = k(a—x)(b—2)
QO: PrSSO,Pr 2 x10-*M, Cysteine 2 X 10~4m .
A PrSSO,Pr 4x10~4u, Cysteine 2x 10~4u m=_L1 in a(b—x) (@)
[J: PrSSO,Pr 2 x 10-*M, Cysteine 4 X 10~4m (b-a) b(a—x)
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or ht=_%
ala—=x)

(a=2)

In the case of the reaction between PrSSOPr and cysteine, the second order reaction
plot was also obtained as shown in Fig. 4. The time course of the reaction was in-
vestigated from not only the decrease of cysteine, but also that of PrSSOPr, because the
reaction was expected to be more complicated than that of PrSSO,Pr. Fig. 5 represents

kt (liter mole™?)

2. 2.0,
x 107 X 10°
a
.1-5' 1.5. .
1:: P ‘9, aA
1.0r R .
8
3
0'5'- = 0.5‘ °
vO
0.0 25 5.0 /A (X e T 1S ) 35 5.0 75 100 125
Time (sec) . X10° Time (sec) x10°

F1g 4. Typiéal Second Order Rate Equation Plots Fig. 5. Typical Second ‘Order Rate Equation Plots
for the Reaction between PrSSOPr and Cysteine for the Reaction between PrSSOPr and Cysteine
-at pH 4.0 and 37° (Measured' from the Decrease =~ at pH 4.0 and 37° (Measured from the Decrease of

~of Cysteine) PrSSOPr)
Q: PrSSOPr 2 x 10—4u, Cysteine 4 X 10—*m QO: PrSSOPr 2 x10-*m, Cysteine 1 x 10-*m
A: PrSSOPr 4x10-*x, Cysteine 4 x 10~*u Az PrSSOPr 2 X 10-4m, Cysteine 4 X 10~4m
[J: PrSSOPr 4 X 10-4x, Cysteine 8 X 10—4u [O: PrSSOPr 2 x 10—y, Cysteine 9 x 10~¢m

V: PrSSOPr 4 x10-*M, Cysteine 4 x 10~4u

the time course obtained from the decrease of PrSSOPr. The results were in good
agreement with those of Fig. 4. From these results, the reaction is suggested to proceed as

follows ‘

3
PrSSOPr + CySH — CySSPr + (PrSOH) &)
fast
2(PrSOH) — PrSSOPr + H:0 4)

This model reveals that the active species is PrSSOPr itself and PrSOH is intermediate.
Such a view as sulfenic acid is intermediate to thiol sulfinate has been presented in the biosyn-
thesis of allicin from allin!¥ and the formation of S-monooxide of di-fer-butyl disulfide.l®
The explanation may be also supported by the fact that the reaction of PrSSO,Pr gives PrSO,H.

_The rate constant for this reaction was calculated as follows. When the concentration of
CySSPr at time ¢ is expressed as x, those of PrSSOPr and cysteine become (2—x/2) and (b—x),
respectively. The rate, dx/df, can be written by dx/dt=F (a—x/2) (b—=x). The integration
gives . ;

14) T. Colclongh and J.I. Cunneen, Chem. Ind. (London), 1960, 626.
Me,CSOCMe;—Me,CSOH+Me,C=CH, 2Me;CSOH—>Me,CSSOCMe,+H,0
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Bt=— 2 1n 2802 (54 pagg)
(6—2a) b(2a—2x)
or ki =__ 2 (at b=2a).
b(b—=x)

The reaction between the reaction product CySSPr and cysteine also observed as in the
case of the reaction between TPD and cysteine, but it has been concluded that the side reaction
could be ignored as far as the main reaction (TPD and cysteine) is proceeding.® When the
reaction between PrSSOPr and cysteine is compared with that between TPD and cysteine,
the rate of the former is larger than that of the latter. (The values of %, at pH 4.0 and
30° are 6.7x 102 liter mole~! sec~! for TPD and 1.8 x 10! liter mole~! sec~* for PrSSOPr.)
This means that the side reaction could safely be ignored in this experiment.

The comparison of Fig. 3 and Fig. 4 shows that PrSSO,Pr is more reactive than PrSSOPr
(The difference of reactivity is estimated to be about 102 times from the rate constants for
cysteine S-anion as will be described later; The magnitude of the rate constants at 37° are
estimated to be 108 liter mole—! sec~! for PrSSO,Pr and 103 liter mole-? sec—! for PrSSOPr,)
On the other hand, it was found from the thin-layer chromatographic investigation in pH
5—7 that CySSPr was slower formed in the reaction of PrSSPr and cysteine than in that of
PrSSOPr and cysteine, that is, PrSSPr was less reactive than PrSSOPr. It was, therefore,
confirmed that the sequence of the reactivity for thiol was -SS-<{-8S0-<{-SSO,- and the more
oxygens in disulfide bond are, the larger reactivity is.

-pH Dependency

The study in physiological pH was desirable in order to relate to the reaction with thiamine.
But it was conducted in low pH, because the reaction between PrSSO,Pr and cysteine proceed-
ed faster in neutral pH. As seen in Fig. 6, a linear relationship between log %, and pH
with a slope of approximately 1 was observed. (The slight difference from the straight line
may be caused by the effect of the dissociation of carboxyl group of cysteine, which pKa
value is reported to be 1.86%)

Although the reaction rate of PrSSOPr was not so fast as that w1th PrSSO,Pr, it was also
difficult to examine in neutral pH, thus it was studied in pH 3 to 5, as shown in Fig. 7.

0.5r
/0
J/
/
/ 0.0
e
_g“’ 0 —0.5+
£
>4
- %0
2 —-1.0r
._1 1 L 1 ]
1 2 ‘ 3 -1.5
3
pH
Fig. 6. The pH Profile for the Reaction Fig. 7. The pH Profile for the Reactfon of
between PrSSO,Pr and Cysteine at 37° PrSSOPr and Cysteine at 37°

15) R.K. Cannan and B.C.J.G. Knight, Biochem. J., 21, 1384 (1927).
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A linear relationship with a slop of 1 was observed, which was similar to the reaction
between disulfide and thiol.®

Benesch and Benesch!® reported that pKa=8.53

the dissociation of cysteine was shown as HSRN+Hy ——=—= -SRN*H;
Chart 1 and presented Eq. b). pKa=8.86 ” HP Ke=10.36
[RN*Hs-S™]+[RNH,-57] _ HSRNH; +———=— -SRNH,
[CYSH]Tota,l pKD =10.03
Ka/Kp+XKp/[H*] Chart 1. Ionic Dissociation of Cysteine at 23.0°

5

[H*])/K+ Ka/Ks+ Kp/[H*]+1 ®)
The contribution of RNH,-S~ to the reaction was neglected since the concentration of
RNH,-S- is negligible small in the pH range of present study, and the reaction rate con-
stant of RNH2 S~ might be nearly the same magnitude as that of RN*H,.S— from the result

reported in the paper of this series.®» From these two reasons, Eq. 5) may be simplified
to Eq. 6).

[RN*Hy-S-] _ KaKs
[CySH]-rom [H*])/Ks+Ka/Ks+1

®)

Eq. 6) may be simplified further to Eq. 7) since [H+]/Kg>K,/Kg>1 holds for the pH range
of present study.

[RN*Hs-87] _ porm+ | 7
[CySHrom A[[H*] (M

Therefore, the relationship between apparent rate constant, k., and ‘the specific rate con-
stant, %, concerned with RN+H;-S—, is shown as Eq. 8).

kovs = k- Ka[[H*], log kovs = log k- Ka + pH (8)

The pH-rate profiles given in Figs. 6 and 7 are explained by the relationship of Eq. 8), where
cysteine S-anion is assumed to be the reactive species. The effects of buffer concentration
and ionic strength were negligible, but the higher concentration of ethanol was, the smaller
k value was observed. (Table II)

TasLe II. The Effects of Buffer Concentration, Ionic Strengtﬁ and Ethanol
Concentration on the Reaction between PrSSO,Pr or PrSSOPr
and Cysteine S-anion (RN+H, S-) at 37°

Buffer Ethanol
Substrate Conc.® M (%) PH (liter mole-! sec™?)
PrSSO,Pr a 0.1 4 1.40 3.8x 108
a 0.3 4 1.36 4.3x10¢
a 0.1 20 141 2.7x10¢
b 0.2 4 1.70 4.0x10¢°
3b 0.2 4 1.26 3.7x108
PeSSOPr c 0.1 4 4.00 3.6x10°
3c 0.1 4 4.00 3.4x10%
c 0.3 4 3.95 3.4x108
c 0.1 30 4.45 1.4x10?

a) a: HCl=0.048m
b: CH,COONa==0,018x, HC1=0.042m
c¢: CHsCOONa=0.018m, CH,COOH=0,0751
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Temperature Dependency L : X

The Arrhenius plots of the spec1ﬁc rate constant calculated by Eq. 8) for the reaction
between PrSSO,Pr or PrSSOPr and RN*H,.S~ are presented in Figs. 8 (pH 1.4) and 9 (pH
4.0), respectively. The pK, value of cysteine was corrected by 7kcal/mole for the dissociation
of thiol.1® The values of thermodynamic parameters for each reaction were calculated as
given in Table III.

6.7

3.8

6.6 3.6
-
oL ~2
= 20
2
34
6.5
1 1 . L 1 1 i 1
3-1 3.2 3.3 3.4 3-2 3.1 1» 3‘2 , *3.3 3.4
1/ TX10° 1/TX10?
" Fig. 8, Arrhenius Plots for the Reaction of . . Fig. 9. Arthenius Plots for the Reaction of
PrSSO,Pr and Cysteine S- Amon(RN*H S-) ‘ PrSSOPr and Cysteine S-Amon (RN*+H,.S-)
at pH 1.4 - at pH 4.0

Tasre III. Thermodynamic Parameters for the Reaction between PrSSO,Pr
‘or PrSSOPr and Cysteine S-Anion (RN* Hj,-S-)

AH* 48* AF*
Substrate kcal/mole e.u. kcal/mole
PrSSO,Pr# 2.9 —19.2 8.9
PrSSOPrd® 8.4 —15.1 13.1
B,SSPr» - 11.7 ~11.1 ‘ T 149
B,SSB,H - 114 ' —3.7 12.5

a) measured at pH 1.4, 87°
b) measured at pH 4.0, 87°
c¢) B,: protonated form of thiamine, 15°%a)
d) B,: protonated form of thiamine, 15°¢9)

It is noted that the value of the enthalpy of activation, 4 H*, for the reaction
with PrS80,Pr is extremely small. The magnitude of the entropy of activation, 4 S*, may be
considered to be an usual one as shown in the bimolecular reaction between disulfide and
sulfite.1” The difference of the free energy of activation, 4 F*, between SSO and SSO, was
obtained to be 4.2 kcal/mole.

The values of 4 H*, 4 S* and 4 F* of the reaction between cysteine S-anion (RN*+H;-S-)
and TPD (B,SSPr)®® or thiamine disulfide (B,SSB,)¢ are also shown in Table III (B, shows

16) R.E. Benesch and R. Benesch, J. Am. Chem. Soc., 77, 5877 (1955),
17) R. Cecil and J.R. McPhee, Biockem. J., 60, 496 (1955).
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the protonated form of thiamine). It was suggested from these data that 4 H* and 4 S*
decrease with the increase of oxygen atoms in SS bond as SS>SS0>SS0,.
The poss1b1e mechanisms of the reaction between RN*Hj;-5- and PrSSO,Pr (or PrSSOPr)

are presented in Chart 2.

Pr + Pr .
- HsN .
029 N O$O--H--H2N\R — PrSO.H + HzN\

i SV S . s7 Prss’
Pr
PrSSOPr 4 - ,
|
Pr : Pr !
- HN
SO — | SO H-H !
3+ R = | TTTHOR | —HNRSSPr + PrSOH
Pr ' T
Pr ‘

Chart 2. Proposed Mechanisms for the Reaction of PrSSO,Pr or PrSSOPrand
Cysteine S-Anion
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