other olefins (e.g., 2-butene, cyclohexene) lie outside
this simple correlation. The values of K.y, which re-
flect the superposition of the separate trends of k; and
ks, do not exhibit any obviously simple correlation (such
as k; does) with olefin structure. 3. The oxymercura-
tion equilibrium quotients (K.,) span the range of
values 5 X 10%1.2 X 10°. The oxymercuration equi-
libria (eq 1) are thus displaced far to the right even in
strongly acid solutions and are correspondingly difficult
to measure directly.® In the two cases for which K
has previously been estimated, our values are in satis-
factory accord with the earlier ones, namely 5.1 X 104
for Hg(cyclohexene)OH*,* and 3.6 X 10% for Hg-
(ethylene)OH*+! (both at unit ionic strength). 4. Al-
though our measurements do not yield separate values
of ks, k—s, and ks, it seems likely that for most of the
reactions ks S k—; and hence that k;’ ~ k;.!! Inline
with this, the trend of k;’ values for different unsaturated
compounds (Olg) are found to be similar to the corre-
sponding trends for the oxymercuration rate constants
(k;B).! The expectation of such a correlation is rea-
sonable since both k;® and k;® refer to oxymercuration
processes for the same olefin. The rather high ob-
served values of the ratio k:B/ks’ (104-107) reflect the
much lower reactivities of the oxymercurial ions (com-
pared to the free Hg?* ion) toward further oxymercura-
tion.

Finally, in view of the recent controversies surround-
ing this subject, it should perhaps be noted that our ob-
servation of these olefin exchange reactions and our
interpretation of their mechanisms neither provide
support for, nor rule out, the occurrence (in concentra-
tions too low to be kinetically detectable from either the
acid or olefin dependence) of the mercurinium ions that
have been postulated as coexisting in equilibrium with
oxymercurials and/or as intermediates in oxymercura-
tion—deoxymercuration reactions. !?
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Selective Cyanylation of Sulfhydryl Groups
Sir:

Cysteine peptide bonds can be cleaved vig a $-elimina-
tion reaction of S-dinitrophenylcysteine derivatives to
dehydroalanine residues.? In peptide chains con-
taining both cysteine and cystine residues, this method
cannot be used since, under the alkaline conditions
required for the elimination, cystine residues may also
be converted to dehydroalanine residues by elimination
of disulfide groups.** The elimination of the stronger
electron-attracting S-picryl group is rather more se-
lective, but the yields are lower due to partial alkaline
hydrolysis.* Cyanide ions are known to slowly split
the disulfide group of the cystine residue at pH 7-8
to form a thiol and a 8-thiocyanoalanine residue which
subsequently undergoes cyclization to an N-acyl-2-
iminothiazolidine derivative, followed by hydrolysis
of the N-acyl bond.®¢ It was realized that if cysteine
residues could be cyanylated directly and selectively
to B-thiocyanoalanine residues, the cyclization reaction
could be used for the cleavage of cysteine peptide
bonds in the presence of cystine residues.

We wish to report in the present communication a
method for the direct conversion of thiol groups into
thiocyanates using 2-nitro-5-thiocyanobenzoic acid (II,
NTCB) under very mild conditions. The reagent was
synthesized by treatment of 5,5/-dithiobis(2-nitroben-
zoic acid) (I, Ellman’s reagent,” DTNB) with NaCN
in equimolar concentrations in 0.1 M phosphate buffer,
pH 7.4.

NaCN
pH 74
HOOC COOH
NO, NO,
I SCN SNa
+ ()
HOOC COOH
NO, NO,

I I

The thionitrobenzoate (III, TNB) formed together
with NTCB (II) was removed from the product mixture
by treatment with bromoacetylcellulose,? thus shifting
the equilibrium toward quantitative completion of the
reaction. The reagent Il was purified by crystallization
from ethyl acetate-petroleum ether; mp 162-163°.
Anal. Caled for CGGHN,O,S: C, 42.87; H, 1.80; N,
12.50; S, 14.28. Found: C,642.95; H, 1.75; N, 12.45;
S, 14.06. The mass spectrum showed the parent mo-
lecular peak at m/e 224. The uv spectrum of the rea-
gent is shown in Figure 1. '"“C-Labeled NTCB was
analogously prepared by using Na!*CN.
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Figure 1. Absorption spectrum of NTCB in 0.1 M phosphate
buffer, pH 7.4.

The reaction of NTCB with sulfhydryl compounds
takes place at pH 7-8 at room temperature. The re-
action can be followed spectrophotometrically at either
293 mpu, measuring the disappearance of NTCB, or
at 412 mp, measuring the appearance of TNB. In
most cases we found it preferable to measure the ap-
pearance of TNB.

SCN SH

+ RSH — RSCN + @)
HOOC
NO, NO,
il 19

NTCB reacted with fB-mercaptoethanol in 0.1 M
phosphate buffer, pH 7.4, with a bimolecular rate
constant of 3.0 L. mol-! sec™! at 22°. When using
HC-NTCB, the amount of liberated NTB was found
to be equivalent to the labeled-carbon content of the
reagent. The reaction between 10~2 M cysteine and
an equimolar amount of "*C-NTCBin 0.1 M phosphate
buffer, pH 8.0, was completed within 3 min. After
further incubation of the reaction mixture for 3 hr
at 37° and removal of TNB with bromoacetylcellulose,
1C-labeled 2-iminothiazolidine-4-carboxylic acid was
found in 9077 yield by the paper chromatographic
system of Bradham, er al.® The product was appar-
ently formed from the intermediary 3-thiocyanoalanine,
which is known to cyclize under similar conditions.

The S-cyanylation reaction was further demonstrated
on papain, a protein containing in its active form a
single cysteine residue and three disulfide bonds that
link six half-cystine residues. The active-enzyme prep-
aration (Worthington lot 9JA, of specific activity 14
units/mg toward N-benzoyl-L-arginine ethyl ester at
pH 6.5) contained 0.5 cysteine residue/mole of protein,
as found by carboxymethylation with iodoacetic acid
at pH 8.2 and analysis of the S-carboxymethylcysteine
in the acid hydrolysate of the chromatographically
separated protein. The cyanylation of the enzyme
(0.05 mM in 0.1 M phosphate buffer, pH 7.4) with a
fourfold molar excess of "C-NTCB was completed
within 15 min, as determined spectrophotometrically.

(9) L.S. Bradham, N. Catsimpoolas, and J. L. Wood, 4nal. Biochem.,
11, 230 (1965),

(10) A, Schoberl, M. Kawohl, and R, Hamm, Chem, Ber., 84, 571
(1951).
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Figure 2. Cyanylation of papain with NTCB. Sephadex G-25
chromatography in 0.1 M phosphate buffer, pH 7.4, of the products
of the reaction of papain, 0.05 mM, with “C-NTCB, 0.2 mM,
(212,000 cpm/umol) in the same buffer: (Q) protein, determined by
using exs0 51,000 [A. N. Glazer and E. L. Smith, J. Biol. Chem., 236,
2948 (1961)}; (C) carbon-14, determined by liquid scintillation;
(X) NTCB, determined by using ez3 8000 (see Figure 1).

The enzyme lost 97 % of its activity under these condi-
tions. Chromatographic separation of the modified
protein on Sephadex G-25 (Figure 2) showed that the
enzyme contained 0.5 mol equiv of labeled carbon/mol
of protein. Treatment of the cyanylated protein with
a 50-fold molar excess of cysteine at pH 8.0 regenerated
about 8097 of the initial enzymatic activity. Gel filtra-
tion of this protein showed that it now contained only
about 0.06 mol equiv of the labeled carbon/mol. This
indicates that the cyanylation did indeed occur at the
active cysteine residue of papain.

These results demonstrate that the NTCB is aremark-
ably mild and selective cyanylating agent for sulfhydryl
compounds. Its pronounced reactivity is probably due
to the displacement of a p-nitrothiophenolate, which is
known to be a good leaving group for substitution by
sulfur nucleophiles.”!* The characteristic optical ab-
sorption of the leaving group provides a convenient way
to measure the kinetics of the cyanylation reaction and
to differentiate between cysteine residues of varying
reactivity in protein molecules. Introducing a radio-
active S-cyano group by means of the readily available
C-NTCB enables quantitative evaluation of the extent
of the modification and location of its site. The modi-
fication can be reversed by treatment with excess thiol,
known to liberate cyanide from @B-thiocyanoalanine
residues.'?

In previous experiments, we have tried another ap-
proach for converting cysteine residues into S-thio-
cyanoalanine residues, based on two steps

This indirect procedure worked well with model com-
pounds such as glutathione, but with proteins such as
papain and reduced ribonuclease, reaction 3 occurred
in low yields, due to partial oxidation of cysteine to
cystine residues. It appears that the intermediary
mixed disulfide partly reacts with still-unreacted cys-
teine to form cystine and III. Similar oxidation of
cysteine residues by DTNB has recently been reported.'?

The selective conversion of cysteine residues into 8-
thiocyanoalanine residues offers two routes to specific

(11) G. L. Ellman, Arch. Biophys., 74, 443 (1958).
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NH— CH—CO—
éH pH 74
P COOH
SH

—NH—CH—CO—
(IJHZ SH
S
é + cooH ®)
NO,
111
COOH
NO,
v
—NH—CH—CO0—
IV + NacN PHS& o+ CH, (4)
SCN

cleavage of peptide chains at the modified sites: (1)
by cyclization to N-acyl-2-iminothiazolidine-4-carbox-
amide derivatives, followed by splitting of the N-acyl
bond, as in the cyanide cleavage of cystine peptides;3¢
and (2) via elimination of thiocyanate to form dehydro-
alanine residues.!* Studies in both directions are now
in progress. Again, S-cyanylation with *C-NTCB is
advantageous for studying the cleavage reactions, in
following either the appearance of radioactive 2-imino-
thiazolidine peptide derivatives or the eliminated radio-
active thiocyanate.
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Detection of the Free Durosemiquinone Anion by
Electron Nuclear Double Resonance Induced Electron
Spin Resonance!

Sir:
In recent years there has been considerable interest in
the structure and stability of the ion pair formed by the
reaction of an alkali metal with duroquinone in ether
solutions. The esr spectrum of the paramagnetic com-
pound obtained can often be explained in terms of a

rapidly equilibrating tight ion pair of the form
M* 0=

O == 0O

0~ M*
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Figure 1. The high-frequency half of the endor spectrum of duro-
semiquinone at —78°,

the exact nature of the spectrum depending on the metal
ion, the solvent, and their effects on the intramolecular
ion-exchange rate. It has been suggested® and dis-
puted?® that for the anion formed from sodium or potas-
sium in 1,2-dimethoxyethane (DME) solution, an addi-
tional solvent-separated ion pair or free ion must also
be present to explain the entire temperature dependence
of the esr spectrum.

While the low-temperature endor spectrum of the
radical prepared with potassium in DME at low temper-
ature shows the two pairs of lines corresponding to the
two inequivalent sets of six protons observed in the esr
spectrum of the radical under these conditions, careful
investigation of the spectrum has shown an additional
much weaker pair of lines with a coupling constant
intermediate to those of the strong lines.**® The high-
frequency half of a typical such endor spectrum is
shown in Figure 1. Because the g value of the radical
species responsible for the weak lines is not necessarily
the same as that for the strong ones, the amplitude of the
low-frequency magnetic field modulation has been ad-
justed to extend over the entire esr spectrum rather than
just over the most intense line, as is normally done in
endor experiments. This results in a substantial (>4)
loss in the signal-to-noise ratio for the strong lines, but,
we believe, more reliable intensity ratios.

To elucidate the structure of the radical responsible
for the weak endor line, we have performed an endor-
induced esr experiment.> The experiment is done by
irradiating the sample at the frequency of the first-
derivative maximum of an endor line and then sweeping
the dc magnetic field through the esr resonance condi-
tion while monitoring the endor signal intensity. The
resulting spectrum appears similar to that of the esr
spectrum of the radical whose endor is being irradiated
but exists only because of this rf irradiation. Figure 2
shows the endor-induced esr spectrum obtained at
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