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tion added. The ether solution was decanted from the pre-
cipitate and the ether removed under reduced pressure.
The yellow viscous residue was distilled from a Hickman
still at 0.07-0.08 mm. The fraction boiling at 106-107°
was collected, yield 40 g. (699%). The color in the distillate,
resulting from splashing of the residue, was removed by re-
distillation at 0.08 mm., n?p 1.5182.

Anal. Caled. for C12H1is0:: C, 74.19; H, 9.34. Found:
C,74.43; H, 9.48.

Acid-catalyzed Cleavage of 2,3-Dimethyl-4-phenylbutane-
2,4-diol (III).—Glacial acetic acid (8 ml.), 2 ml. of water,
0.6 ml. of concentrated sulfuric acid and 1.7 g. of III were
mixed together and distilled through a 7-cm. glass helix
packed column. The distillate coming over up to 98° was
collected in a flask immersed in a salt-ice freezing mixture.
The 2,4-dinitrophenylhydrazone of the distillate melted at
118-122° after two recrystallizations from 959, ethanol
and gave a mixed m.p. with the 2,4-dinitrophenylhydrazone
of acetone of 124-126°. When an acidified agueous solution
of the distillate and sodium nitroprusside was made alkaline
with ammonia, a violet color appeared.

The undistilled portion was diluted with 35 ml. of water
and extracted with 35 ml. of pentane. The pentane was
washed with sodium bicarbonate solution and evaporated.
The residue gave a semicarbazone melting at 220-221°
identical with a benzaldehyde semicarbazone.

Cleavage of a Mixture of I and III,—A mixture of 1.1 g. of
IIT and 2.0 g. of I was cleaved using the same procedure
employed for III, The portion distilling up to 99° was col-
lected. The 2,4-dinitrophenylhydrazone of the distillate
melted at 121-144° after recrystallization from 969, ethanol.

1,2,2,3-Tetramethyl-1-phenyltrimethylene Oxide (IV).—
A mixture of 43 g. (0.61 mole) of 2-methyl-2-butene and 56
g. (0.46 mole) of acetophenone was irradiated in a 120-cc.
mercury vapor illuminator for 196 hours. The irradiation
was discontinued every 24 hours and the tar on the coils
removed. The excess 2-methyl-2-butene was removed
and the unreacted acetophenone distilled off through a 23-
cem. glass helix packed column at 70-72° (3.8 mm.). The
residue was distilled through a semi-micro column at 0.05
mm. and the fraction boiling at 42° collected, #%¥p 1.5040,
yield 3.8 g. (4.4%,).

The infrared spectrum indicated the presence of small
amounts of hydroxy and carbonyl compounds. These impur-
ities were removed by passing a pentane solution of the prod-
uct through a column of neutral alumina; principal infrared
bands: 3.4,6.0,7.2,7.3,7.9, 9.38, 9.6, 11.15, 13.1, 14.3.

Anal. Caled. for C3His0: C, 82.06; H, 9.54. Found:
C, 81.71; H, 9.41,
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Acid-catalyzed Cleavage of IV.—When IV was added to
2,4-dinitrophenylhydrazine reagent a precipitate formed
which melted at 246° after recrystallization from ethanol—
ethyl acetate. No m.p. depression was observed when this
precipitate was mixed with the 2,4-dinitrophenylhydrazone
of acetophenone.

Compound IV (2.0 g.) was then hydrolyzed by the same
method employed for III. The portion distilling up to 99°
was collected. The distillate was acetaldehyde which gave
a precipitate with 2,4-dinitrophenylhydrazine reagent,
m.p. 149-154° after recrystallization from 959, ethanol.

n-Butyraldehyde—2-Methyl-2-butene Irradiation Product
(V).—A mixture of 196 g. (2.72 moles) of freshly distilled
n-butyraldehyde and 174 g. (2.48 moles) of 2-methyl-2-
butene was irradiated in a 600-cc. mercury vapor illuminator
for 29 hours. The unreacted 2-methyl-2-butene was re-
moved and most of the n-butyraldehyde distilled off through
a 36-cm. glass helix packed column at atmospheric pressure.
The residue was distilled through the same column at 22
mm. and the pertion boiling at 59-61° collected, vield 23 g.
(6.5%). This fraction was redistilled through a semi-
micro column at 23 mm. (b.p. 62-64°), n2p 1.4178.

The infrared spectrum indicated the presence of small
amounts of hydroxy and carbonyl compounds. These im-
purities were removed by passing a pentane solution of the
product through a column of neutral alumina; principal
infrared bands: 3.4,6.8,7.3,9.5,9.7, 10.4,10.7,11.6, 11.7.

Anal. Caled. for CoH1igO: C, 75.99; H, 12.76. Found:
C,75.79; H, 12.68.

Acid-catalyzed Cleavage of V.—Compound V was added
to 2,4-dinitrophenylhydrazine reagent and the mixture
allowed to stand for 10 minutes. The precipitate was
filtered off and recrystallized twice from 959, ethanol, m.p.
120-121°, no m.p. depression when mixed with the 2,4-
dinitrophenylhydrazone of #-butyraldehyde. The mother
liquor was allowed to stand for 5 hours and the precipitate
which formed recrystallized from 959, ethanol, m.p. 119-
120°, no. m.p. depression when mixed with the 2,4-dinitro-
phenylhydrazone of n-butyraldehyde.

Compound V (2.0 g.) was hydrolyzed by the same method
employed for III. No material distilled before z-butyral-
dehvde.

The completely precipitated 2,4-dinitrophenylhydrazone
of V was dissolved in benzene and passed through a chro-
matography column filled with Florosil. All fractions melted
at 120-121° after recrystallization from 959, ethanol and
showed no m.p. depression when mixed with the 2,4-dinitro-
phenylhydrazone of n-butyraldehyde.
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Spectrophotometric Study of the Reaction of Protein Sulfhydryl Groups with Organic
Mercurials!

By P. D. Bovyer
RECEIVED APRIL 12, 1954

A procedure is described for the sensitive and rapid spectrophotometric measurement of the extent and rate of reaction of

various. organic mercury compounds, particularly p-mercuribenzoate, with sulfhydryl groups.
mercuribenzoate is based on the increase in absorbancy in the 250 myu region accompanying mercaptide formation.

The procedure with p-
The

rate of reaction of the sulfhydryl groups of egg albumin and g-lactoglobulin is more rapid at pH 4.6 than at pH 7; the rate

with egg albumin is markedly affected by the nature of the ions present.

The reaction of p-mercuribenzoate with 8-lacto-

globulin at pH 4.6 in acetate buffer and with egg albumin at pH 7 in phosphate buffer follows the course of a second-order

reaction.
bumin.

Organic mercurial compounds are the most spe-
cific and sensitive reagents now available for reac-
tion with sulfhydryl groups, and have been
widely used in studies of the biochemical function

(1) Supported in part by a grant from the National Science Founda-
tion. Paper No. 3191, Scientific Journal Series, Minnesota Agricultural
Experiment Station. A preliminary report was presented at the 123rd
meeting of the Am. Chem. Soc., Los Angeles, March, 1953. The

techunical assistance of Mrs. Madelyn Ferrigan is gratefully ac-
knowledged.

By variation of the experimental couditions three different types of sulfhydryl groups may be recognized in eggal-

of sulfhydryl groups since the pioneer researches of
Hellerman with p-mercuribenzoate.? Quantita-
tive studies of the reaction of p-mercuribenzoate

(2) (a) L. Hellerman, Physiol. Revs., 1T, 454 (1937); Cold Spring
Harbor Symp. Quant. Biol., T, 165 (1939); (b) L. Hellerman, F. P.
Chinard and V. R. Deitz, J. Biol. Chem., 147, 443 (1943). (c) The
designation p-mercuribenzoate has been used herein for compounds in
solution derived from added p-chloromercuribenzoate; the mercury
compound in various solutions may be combined principally with
hydroxyl or other anions instead of chloride ion.
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with sulfhydryl groups have been made by titra-
tion techniques using the nitroprusside test as a
measure of the end-point,® and mercaptide forma-
tion with silver ion has been followed by ampero-
metric titration.* While giving useful results, the
titrimetric procedures have lirmitations of conveni-
ence, sensitivity and adaptability to measurement
of reaction rates as compared with spectrophoto-
metric procedures.

Study of possible spectrophotometric procedures
for measurement of the reaction of p-mercuribenzo-
ate with sulfhydryl groups were initiated because
of the need for such a method in investigations of
sulfhydryl group function in enzyme catalysis.? It
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Fig. 1.—Absorbancy of p-mercuribenzoate and its mer-
captide with cysteine in 0.33 M acetate, pH 4.6.
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Fig. 2.—Absorbancy of p-mercuribenzoate and its mer-
captide with cysteine in 0.05 M phosphate, pH 7.0.

(3) (a) M. L. Anson, J. Gen. Physiol., 24, 399 (1941); (b) L. R,
MacDonnell, R. B. Silva and R, E. Feeney, Arch. Biochem. Biophys.,
32, 288 (1951); (c) J. Fraenkel-Conrat, B. B. Cook and A. F. Morgan,
tbid., 85, 157 (1952).

(4) 1. M. Kolthoff and W. E. Harris, Ind. Eng. Chem., Anal. Ed., 18,
181 (1946); R. Benesch and R. E. Benesch, Arch. Biochem., 19, 35
(1948).

(5) P. D, Boyerand H, L, Segal, in W. D. McElroy and B. Glass, “*A
Symposium on the Mechanism of Enzyme Action,”’ Johns Hopkins
Press, Baltimore, 1954, p. 520,
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was found that reaction of p-mercuribenzoate with
sulfhydryl groups was accompanied by spectral
shifts, and a useful procedure for measurement of
the rate and extent of the reaction has been devel-
oped based on spectral shifts in the 250 my region.
This paper describes the procedure developed and
its applications to study of the properties of sulfhy-
dryl groups of proteins.

Spectral Shifts.—Spectral shifts accompanying
reaction of p-mercuribenzoate with an excess of
cysteine at pH 4.6 and 7.0 are shown in Figs. 1 and
2. The absorption maximum of p-mercuribenzoate
itself is increased and shifted slightly toward the
visible by lowering the pH from 7.0 to 4.6. Further
spectral shift occurs with additional pH decrease.
Increase in the pH above 7.5 does not result in addi-
tional spectral change. Measurements in the re-
gion from pH 4.5 to 7.5 have been made in well-
buffered media.

The relative increase in the absorption maximum
at 230-235 mu accompanying mercaptide formation
is small compared to the increase in the 250 my re-
gion as indicated in Figs. 1 and 2. The increase
in absorption in the 250 mu region at pH 4.6
and 7.0 accompanying mercaptide formation has
been found to be a linear function of the amount
of sulfhydryl compound added for cysteine, gluta-
thione, mercaptosuccinate and variots proteins,
with the exception that cysteine at pH 7.0 gives
anomalous results. The data in Fig. 3 illustrate
the linear relationship found with mercaptosuccin-
ate and the apparently anomalous results with
cysteine at pH 7.0; curve I on Fig. 4 shows the
linear relationship obtained with cysteine at pH
4.6. Both substances gave close to the same total
spectral shift. The presence of 0.5 A Na,SOy,
which accelerated the reaction of p-mercuribenzo-
ate and egg albumin as mentioned later, did not
eliminate the anomalous results obtained with cys-
teine at pH 7.0. This suggests that at pH 7.0
when p-mercuribenzoate is in excess more than one
p-mercuribenzoate may react with each cysteine
moiety. The linearity of the plot of spectral shift
against molarity of -SH compound up to the
equivalence point for all compounds tested at pH
4.6 and for all but cysteine at pH 7.0 is indicative
of the small dissociation of the mercaptides formed.

The increase in absorption with mercaptide form-
ation was also found to be linear with g8-lactoglobu-
lin at pH 4.6 and with egg albumin at pH 4.6 and
7.0. Results at pH 4.6 are illustrated in Fig. 4;
the figures on the curves indicate the moles of p-
mercuribenzoate which reacted with 1 mole of the
—-SH compound at the equivalence point under the
conditions used. The total spectral shift accom-
panying mercaptide formation has been found to
be slightly different with cysteine, egg albumin, 8-
lactoglobulin, serum albumin and glyceraldehyde-
3-phosphate dehydrogenase. This makes neces-
sary the use of the total possible spectral shift for
a given protein as a basis for calculation of the
total moles of p-mercuribenzoate which react with
one mole of protein.

The specificity of the spectral shift as a measure
of the reaction with —SH groups is shown by the
small additional spectral changes when p-mercuri-
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Fig. 3.—Increase in absorbancy at 250 mu from reaction

of 7 X 107 M mercuribenzoate with mercaptosuccinate or
cysteine in 0.05 A{ phosphate, pH 7.0.
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Fig. 4. —Increase in absorbancy at 255 mu from reaction
of 6 X 107 M p-mercuribenzoate with egg albumin (curve
3), B-lactoglobulin (curve 2) or cysteine (curve 1) in 0.33 M
acetate, pH 4.6, Readings for cysteine and for egg albumin
were taken approximately 15 minutes after mixing; those
for B-lactoglobulin after 20 hours standing.

benzoate is added in excess of that required to react
with the protein ~SH groups. When a three-fold
excess of p-mercuribenzoate was added to egg
albumin at pH 4.6, there was no increase in the
absorption at 250 mp of the excess p-mercuri-
benzoate; at pH 7.0 with a four-fold excess, the
excess p-mercuribenzoate showed a 69 increase in
absorption. With a commercial bovine serum
albumin preparation, the increase in absorption at
250 mu of excess p-mercuribenzoate at pH 7 was
239,. Treatment of serum albumin with iodo-
acetamide and purification of the albumin nearly
abolished the spectral shift of added p-mercuri-
benzoate. Thus although combination of p-
mercuribenzoate with other groups or compounds
in the protein preparations may occur, only the
combination with the —SH groups results in the
large increase in the molecular extinction coefficients
at 250 my. Spectral measurements may thus serve
to distinguish between combination of p-mercuri-
benzoate with —SH groups of other groups.

The interference of impuyrities in commercial
bovine serum albumin and of ethylenediaminetetra-
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acetate are outlined briefly in the Experimental
section. Mercuric chloride up to 10—% M produced
little or no spectral increase at 220 mgu or above
when mixed with excess glutathione.

For application of the procedure it is fortunate
that the maximum absorption changes associated
with mercaptide formation by p-mercuribenzoate
occur in a region where there 1s a minimum in the
ultraviolet absorption of proteins. Measurements
may also be made of mercaptide formation with p-
mercuriphenylsulfonate and phenylmercuric ni-
trate as shown in Fig. 5. However, with these
compounds the maximum spectral shifts occur in a
region where the absorption of proteins is consider-
ably higher than at 250 mu. p-Mercuriphenylsul-
fonate was used by Velick,® and has the advan-
tage of greater solubility than p-mercuribenzoate.
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Fig. 5.—Absorbancy of phenylmercuric nitrate and p-
mercuriphenylsulfonate and their mercaptides with cysteine
in 0.05 M phosphate, pH 7.0.

Spectrophotometric measurements of mercap-
tide formation would be facilitated if compounds
could be obtained which would show spectral shifts
above 300 mgu associated with mercaptide forma-
tion. To this end, o-chloromercuriphenol and o-
chloromercuri-p-nitrophenol were prepared. o-
Chloromercuriphenol, which has an absorption
maximum near 280 mu showed a maximum in-
crease in ey accompanying mercaptide formation
with cysteine at pH 4.6 of only 0.75 X 1032 in the
region from 260 to 300 mu. o-Chloromercuri-p-
nitrophenol has an ultraviolet absorption maximum
of 320 my in acid solution and 410 my in neutral
solution. However, as shown in Fig. 6 the spec-
tral shift accompanying mercaptide formation was
small at pH 4.2; small spectral shifts were also ob-
tained in neutral solution. These results distinctly
limit the usefulness of o-chloromercuriphenol and
o-chloromercuri-p-nitrophenol and probably of
other related nitro derivatives for spectrophotomet-
ric measurements of mercaptide formation.

Ionic and pH Effects.—The rate of reaction of
sulfhydryl groups of egg albumin with p-mercuri-
benzoate was markedly affected by the presence of
various anions as shown by the results given in Figs.
7,8and 9. Increase of the pH above 7.6 decreased

(6) S. F, Velick, J. Biol. Chem., 208, 563 (1952).
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mercaptide with cysteine in 0.33 A acetate, pH 4.2,

the reaction rate somewhat as shown by comparison
of the lower 3 curves and the curves for 0.5 M ace-
tate at pH 7.6, 8.6 and 10.6 in Fig. 7. Figure 8 shows
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Fig. 7.—The effect of acetate, chloride, carbonate and
hydroxide ions on the rate of reaction of p-mercuribenzoate
with egg albumin. All solutions contained 0.67 X 1073 Af
egg albumin, 10.4 X 107 M p-mercuribenzoate, 0.01 M
phosphate and other sodium salts as indicated. The final
pH was as indicated and the temp. 27°; the pH for the lower

curves was adjusted with NaOH.

the effect of sulfate, phosphate, citrate and pyro-
phosphate ions and Fig. 9 shows the effect of in-
creasing sodium sulfate concentration in the pres-
ence of 0.05 M phosphate on the reaction rate. The
rate with 0.5 M sulfate in the presence of 0.05 3/
phosphate (Fig. 9) was greater than in the absence
of the phosphate (Fig. 8).

In contrast to the results with egg albumin, the
rate of reaction of B-lactoglobulin with p-mercuri-
benzoate was less in 0.5 M sodium sulfate, pH 6.8,
than in 0.05 M phosphate, pH 7.0. Reaction of the
~SH groups of $-lactoglobulin is much slower than
those of albumin and the rate limiting step with 8-
lactoglobulin may well be configurational changes
which need to precede reaction with p-mercuriben-
zoate.

The effect of ions on the reaction rate probably

Fig. 8 —The effect of pyrophosphate, phosphate, citrate
and sulfate ions on the rate of reaction of p-mercuribetizoate
with egg albumin. All solutions contained 0.67 X 10— if
egg albumin and 10.7 X 1073 M p-mercuribenzoate, with
sodium salts at the final pH as indicated, tenip. 26°.
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Fig. 9.—The effect of increasing sulfate coticentration on
the rate of reaction of p-mercuribenzoate with egg albumin.
All solutions contained 0.67 X 1073 M egg albumin, 9.5 X
10— M p-mercuribenzoate, 0.05 3 phosphate (pH 7.0),
and Na,SO; as indicated; temp, 27°.

results in part from the displacement of an undisso-
ciated hydroxyl group from the mercury. That p-
chloromercuribenzoate solubilized with dilute Na-
OH and brought to pH 8 exists chiefly as the undis-
sociated hydroxide is shown by the observation
that nearly two equivalents of acid per mole were
required to titrate such a solution to pH 3.7 Addi-
tion of pyrophosphate or sulfate to suspensions of
p-mercuribenzoate at pH 7 to 8 will result in solu-
bilization of the p-mercuribenzoate probably as a
result of association of the anions with the mercury
residue. The marked ability of p-mercuribenzoate
and similar mercury derivatives to associate with
various anions has been demonstrated by the po-
larographic studies of Benesch and Benesch.?

(7) Titration of the carboxyl group from pH 8 to 3 would be expected
to consume only one equivalent of acid; the additional acid consumed
is therefore attributable to titration of a hydroxyl group combined

with the mercury.
(8) R. Benesch and R. E. Benesch, private communication,
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The pH had a marked effect on both the rate
and extent of reaction of egg albumin with p-mer-
curibenzoate. At pH 4.6 in 0.33 M acetate 4.0
moles of p-mercuribenzoate reacted rapidly with
one mole of egg albumin (46,000 g.); at pH 7.0
in 0.05 M phosphate only 3.2 moles of p-mercuri-
benzoate reacted in 24 hours. Increase of the pH
above 7.0 decreased slightly the rate but not the ex-
tent of reaction of the egg albumin. Decrease in
pH from 7.0 to 4.6 markedly increased the rate of
reaction of g-lactoglobulin with p-mercuribenzoate.

The reaction of the —~SH groups of egg albumin at
pH 7.0 in phosphate buffer or of 8-lactoglobulin at
pH 4.6 in acetate buffer with p-mercuribenzoate
follows a second-order course, as shown by the data
in Figs. 10 and 11. The second-order velocity con-
stants were as indicated on the figures.

The close conformity of the reaction with p-
mercuribenzoate at pH 7 of three ~SH groups per
egg albumin molecule to second-order kinetics in-
dicates that under the conditions used the three
—SH groups are homogeneous with respect to their
reactivity with p-mercuribenzoate. That the three
—-SH groups do not react at the same rate under
all conditions appears probable from the results
obtained in the presence of 0.5 M NaCl (Fig. 7) and
0.1 M pyrophosphate (Fig. 8); a distinct decrease
in reaction rate is evident after reaction of approxi-
mately !/; of the -SH groups. Thus of the 4 -SH
groups per egg albumin molecule which react with
p-mercuribenzoate in the preparation used, three
different types may be recognized on the basis of
their rate of reaction. Some of the —SH groups
present react much more rapidly at pH 4.6 than at
pH 7.0, and of the groups reacting at pH 7 some
react more rapidly than the remainder in presence
of certain ions. The factors which determine the
reactivity of -SH groups in proteins have not been
well established although steric effects have fre-
quently been considered as explanations for the
decreased reactivity of —SH groups often observed
in native proteins. Reactivity of protein —-SH
groups might also be affected by hydrogen bonding
of the ~-SH? or by H bonding in connection with the
proximity of an aliphatic side chain."

The number of moles of p-mercuribenzoate
found to react with egg albumin agrees well with
the data of MacDonnell, ef al.?* These workers us-
ing a titrimetric procedure of pH 5.3 found reaction
of 2.9 and 4.1 moles of p-mercuribenzoate per mole
native and guanidine denatured egg albumin, re-
spectively. From the results in Fig. 4, curve 3, it
is evident that 4 —-SH groups of egg albumin react
readily with p-mercuribenzoate at pH 4.6 in acetate
buffer without treatment of the albumin with a
denaturing agent such as guanidine. The decreased
reactivity of the —-SH groups of the native egg albu-

min at pH 7.0 as compared to pH 4.6 probably ac-

counts for the observations of MacDonnell, et al.,??
that their titration values were erratic and low at
pH values above 5.3. Discussion of various values
which have been obtained for the number of -SH
groups in egg albumin has been given by MacDon-
nell, et al.,*® and need not be repeated here.

(9) R. O. Cecil, Biochem. J., 47, 572 (1950).
(10) R. E. Benesch and R. Benesch, Tuis JourNar, 78, 4366 (1953).
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Fig. 11.—Second order plots for the reaction of p-mercuri-
benzoate with egg albumin and g-lactoglobulin. Data used
are shown in Fig. 10.

The moles of p-mercuribenzoate which reacted
with B-lactoglobulin at pH 4.6 in 20 hours were
equivalent to 2.2 —SH per 35,500 g.!! of 8-lactoglobu-
lin. Using a titrimetric procedure, Fraenkel-Con-
rat, et al.,’ found that 1.8 moles of p-mercuribenzo-
ate reacted with 35,500 g. of 8-lactoglobulin. Other
values recently reported for moles of —SH per
35,500 g. of B-lactoglobulin have ranged from 1.6
to 3.9%12; there thus appears to be considerable
variation in the reactivity of the -SH groups of 8-
lactoglobulin. Higher values for total -SH found
by oxidation procedures might result from over-
oxidation or side reactions; alternatively the p-
mercuribenzoate might not react with all the —-SH
groups of B-lactoglobulin under the conditions used.

Experimental

p-Chloromercuribenzoate.—A preparation of p-chloro-
mercuribenzoate several vears old made by the procedure
of Whitmore and Woodward!? was suspended in water and

(11) The molecular weights for 8- and Bi-lactoglobulin are 35,000 and
36,100, respectively, as reported by B. D. Polis, H. W, Schmulker,
J. H. Custer and T. L. McMeekin, sbid., 72, 4965 (1930).

(12) J. T. Hutton and S. Patton, J. Dairy Sci., 35, 699 (1952);
M. L. Groves, N. J. Hipp and T. L, McMeekin, THIs JourNaL, 78,
2790 (1951); L. K. Christensen, Compl. vend. trav. lab. Carlsberg, Ser.
chim., 28, 37 (1952); B. L. Larson and R. Jeanness, J. Dairy Sci., 38,
890 (1950).

(13) F. C. Whitmore and G. E. Woodward, “Organic Syntheses,”’
Coll. Vnl, I, John Wiley and Sons, Inc., New York, N. Y., 1941, p. 159.
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treated with sufficient 1 M/ NaOH to dissolve the bulk of the
material; a small amount of insoluble matter was removed
by centrifugation. The solution was treated with sufficient
1 M HCI to precipitate the p-chloromercuribenzoate, cen-
trifuged, and the precipitate was again dissolved in dilute
NaOH. The product was reprecipitated twice more,
washed 3 times with distilled water by centrifugation, and
dried in a thin layer in an evacuated desiccator over P,O;.
A commercial preparation (Sigma Chemical Co.), similarly
purified, was used for some studies.

TIodometric titration?® was used as a check on the puritv
of a p-chloromercuribenzoate sample prepared as described
above. The p-chloromercuribenzoate was dissolved with a
minimum of dilute NaOH and a 5-ml. aliquot containing
0.206 millimole by weight was mixed with 2 ml. of acetate
buffer (0.5 M NaAc, 0.5 M HAc), 8 ml. of 959, ethanol and
3 ml. of a standard iodine solution containing 0.290 milli-
mole. After standing for 1 minute or 10 minutes the ex-
cess iodine was titrated with standard thiosulfate; the cal-
culated iodine consumption was 1.02 and 1.03 moles per
mole of p-mercuribenzoate, respectively. At pH 7.0 the
consumption of iodine increased rapidly with time of stand-
ing with the result that more than 1 mole of iodine was con-
sumed per mole of p-chloromercuribenzoate. This extra
consumption of iodine was minimized at pH 4.6 but may be
reflected in the slightly higher than theoretical iodine con-
sumption.

For spectrophotometric standardization weighed amounts
of a well-dried preparation were completely dissolved in a
slight excess of dilute sodium hydroxide and diluted with an
appropriate buffer. p-Chloromercuribenzoate solutious de-
teriorate slowly on standing; solutions used were prepared
within several days of their use and were mixed with an ap-
propriate buffer after preparation to avoid standing at high
pH. Because of the difficulty in insuring that the p-chloro-
mercuribenzoate is completely dissolved, solutions prepared
routinely were centrifuged and standardized by measure-
ment of the absorption at 232 mu, pH 7 (ex 1.69 X 104), or
234 myu, pH 4.6 (ex 1.74 X 10%), following dilution of an
appropriate aliquot. If solutions are filtered, error may
result by introduction from the filter paper of materials ab-
sorbing in the 230 mu region.

Solubilization of p-mercuribenzoate may be aided by in-
clusion of pyrophosphate or sulfate ions or to a lesser extent
of phosphate or citrate ions. For exaniple, 1 ml. of a sus-
pension containing 8.5 micromoles of p-chloromercuribenzo-
ate at pH 7.0 was solubilized by addition of 0.3 ml. of 0.15
M sodium pyrophosphate, final pH 8.1, or by addition of
0.1 ml. of 4 M (NH4)SOy, final pH 7.0.

o-Chloromercuriphenol.—This was prepared as described
by Whitmore and Hanson, !4

p-Mercuriphenylsulfonate.—This was prepared by use
of the diazonium borofluoride of sulfanilic acid essentially
as described by Dunker, ef al.15 A suspension of 12.7 g. of
SnCl-2H,0, 7 g. of HgCly, 25 ml. of acetone and 13 ml. of
water was mixed slowly with 7.1 g. of the diazonium boro-
fluoride. After effervescence had ceased, the mixture was
heated in near-boiling water for 10 minutes, cooled, and
1:1 NH,OH together with about 200 ml. of water was added
until the mixture was alkaline to litmus. The copious pre-
cipitate of metallic hydroxides was filtered off. The
yellow-brown filtrate after addition of 2.5 volumes of ethanol
and standing overnight vielded 3.2 g. of light brown crys-
tals. Recrystallization from hot water gave a colorless
product which was dried under vacuum over P,O;. The
product as isolated did not give a test for chloride or for
ammonia, and was sparingly soluble in water but readily
soluble in acetate or phosphate buffer. The product thus
probably corresponded to the inner salt +HgCiH.SO;—;
Whitmore and Ehrenfeld® isolated the inner salt of o-
mercuritoluene-p-sulfonate by crystallization from hot
water.

p-Nitro-p-chloromercuriphenol.—This was prepared by
direct mercuration of p-nitrophenol with mercury acetate.l?
The product was isolated as the chloride by recrystallization
from water acidified with HCI.

(14) F. C., Whitmore and E. R. Hanson, ref. 13, p, 161,

(15) M. F. W. Dunker, E. B. Starkey and G. L. Jenkins, TmH1s
JourNaL, 68, 2308 (1936).

(16) ¥. C, Whitmore and L. Ehrenfeld, ibid., 48, 789 (1926).

(17) E. Fourneau and A, Vila, J. Pharm. Chim., 6, 433 (1912);
C. A, 7, 2285 (1913).
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Phenylmercuric Nitrate.—The Eastman product was
used as received.

Protein Preparations.—The egg albumin was prepared
as described by Sorensen aud Hoyrup!®® and recrystallized 2
times, dialvzed until free of sulfate and dried from the
frozen state. Concentrations were calculated from the ab-
sorption at 280 my, based on the absorption at 280 mu of a
solution of known dry weight. The B-lactoglobulin was a
five-times recrystallized preparation® kindly made avail-
able by Prof. R. Jenness. The g-lactoglobulin concentra-
tion was calculated from the absorbancy at 280 my, using a
value of E}Z“m of 9.5, intermediate between the values of
9.3 and 9.7 reported for 8- and B;-lactoglobulin, respectively,
by Polis, et al.!' The crystalline bovine serum albumin was
a commercial product (Armour); its concentration was c(al-
culated for the absorbancy at 280 mu usiug a value of Ei c/"m
of 6.6.20

Cysteine.—The hydrochloride was recrystallized from
209% HCIL,2 dried under vacuum over P,O; for 1 to 2 days
and stored in a well-stoppered bottle. As noted in Fig. 3,
the product gave close to a stoichiometric reaction with p-
mercuribenzoate. Hellerman? has noted that cysteine
hydrochloride preparations may give slightly high values
for sulfhydryl sulfur, possibly due to loss of some HCI to
form free cysteine. Titration of the preparation used with
brom cresol green indicator showed that 1 mole of cysteine
hyvdrochloride was equivalent to 0.985 mole of NaOH.

Spectrophotometric Measurements.—Measurements were
made in the conventional manner with a model DU Beck-
man spectrophotometer or with a spectrophotometer
equipped with a special amplifier and recording potentiome-
ter for automatic recording of absorbancy changes.?? For
measurements at pH 4.6 the p-mercuribenzoate was added
as a dilute neutral or slightly alkaline solution because of
its limited solubility in acid solutions; the excess of acetate
buffer present brought the pH of the resulting mixture to
the desired value. For initial estimations of the ~SH con-
tent of a given protein solution, determinations were made
with amounts of protein less than and greater than that which
would react with all the p-mercuribenzoate present. This
was necessary to calculate the total increase in absorbancy
accompanying mercaptide formation with a given protein.
Subsequent determinations with a protein required only one
absorbancy determination with p-mercuribenzoate in ex-
cess.

Whet measurements of rates of reaction were made with
protein solutions, the reaction was started by addition of
0.1 ml. of either a protein or of a p-mercuribenzoate solution
with a convenient stirrer-adder’ to 3.0 ml. of solution con-
taining buffer and p-mercuribenzoate or protein, respec-
tively, using a solution containing buffer alone for the
blank setting. The A at 250 or 255 myu for mercaptide for-
mation was calculated by subtracting from the resulting
absorbancy that due to the added substance and the in-
itial absorption of the solution, corrected for the small di-
lution accompanying the addition.

The interference in spectrophotometric measurements
by ethylenediaminetetraacetate limits use of this agent to
decrease oxidation of —SH groups in proteins. The pres-
ence of 5 X 107% M ethylenediaminetetraacetate gave with
7 X 1078 M p-mercuribenzoate 5 and 489, as much absorb-
ancy change as na excess of cysteine at pH 4.6 and 7.0,
respectively. Addition of 102 M MgCl, eliminated the in-
terference of ethylenediaminetetraacetate but decreased by
1/, t_l]le A 250 mu for mercaptide formation obtainable at

H 7.
’ A solution of bovine seruin albumin (Armour lot N-66706)
when freshly prepared gave upon addition of p-mercuri-
benzoate a A 225 my, pH 4.6, equivalent to 1.2 -SH per mole
of serum albumin (69,000 g.). Reprecipitation of the al-
bumin with ammonium sulfate reduced the measured
ammount of —SH to 0.85 group per mole. Treatment of an

(18) S. P. L. Sorensen and M. I. Hoyrup, Compé. rend. trav. Lab.
Carlsberg, 12, 12 (19186).

(19) Prepared essentially as described by H. B. Bull and B. T. Cur-
rie, THIS JOURNAL, 68, 742 (1946).

(20) E.J. Cohn, W. L. Hughes, Jr., and J. H. Weare, ibid., 69, 1753
(1947).

(21) V. du Vigneaud, L. F. Audrieth and H. S. Loring, ibid,, 62,
4500 (1930).

(22) R. M. Bock and R, A, Alberty, ibid., T8, 1921 (1953).
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approximately 1073 M solution of the reprecipitated albu-
min at pH 9.5 with 5 X 1073 M iodoacetamide overnight
at room temperature, followed by acidification and repre-
cipitation twice with ammonium sulfate, gave a product
with a measured A 255 myu following p-mercuribenzoate ad-
dition equivalent to only 0.07 —-SH per mole. A control
preparation similarly treated but without iodoacetamide ad-
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ditions gave a value of 0.89 —SH per mole. Reprecipitation
of the iodoacetamide treated albumin was necessary because
of formation in the reaction of substances which interfered
in the spectrophotometric test. The nature of the impurity
in the bovine albumin is not known.

St. PAUuL, MINN.
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Adsorption Chromatography of Hypophyseal Growth Hormone and Other Proteins on
Hyflo Super-cel Columns

By HuBeRrT CLAUSER! AND CHOH Hao L1
RECEIVED MARCH 18, 1954

The adsorption behavior of hypophyseal growth hormone (somatotropin), bovine serum albuniin (BSA), methylated BSA,
ovalbumin, ribonuclease and adrenocorticotropic hormone (ACTH) on a Hyflo Super-Cel colunin, has been investigated.
It was found that BSA, methylated BSA and somatotropin can be adsorbed onto the column with buffers of a pH below the
isoelectric point of these proteins, whereas ovalbumin, ribonuclease and ACTH could not be adsorbed at any pH. The
adsorbed proteins could be eluted into separate peaks by increasing, either continuously or discontinuously, the pH of the

developing solvent.
adsorption and elution procedure.
to this chomatographic method.

The adsorption and elution of proteins, and partic-
ularly of enzymes, have been subjects for study for
many years.2® While proteins of relatively low
molecular weight and high isoelectric point have
recently been chromatographed successfully,*—*
proteins of high molecular weight have been sub-
mitted to chromatographic investigation with less
striking success. Shepard and Tiselius® introduced
the technique of ‘“‘salting-out adsorption,”” whereby
serum proteins were adsorbed on silica gel. Frontal
analysis of hemoglobin, bovine plasma albumin and
egg proteins on cation-exchange resin Dowex-50 has
been reported by Sober, Kegeles and Gutter.?
Although in the past Hyflo Super-Cel usually has
been considered as a rather poor adsorbent,!! celite
products have been used in several instances to frac-
tionate protein mixtures.!2—18
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No loss of biological activity was observed after somatotropin had been repeatedly subjected to this
It was further demonstrated that the hormone protein exhibits homogeneity according
The mechanism for the adsorption of proteins onto Hvflo Super-cel is discussed.

In the present work, adsorption and elution anal-
yses of hypophyseal growth hormone and several
other proteins on Hyflo Super-Cel were performed.
The separation of these proteins was carried out
with both continuous and discontinuous pH gradi-
ent techniques.

Experimental

Protein Preparations.—The growth hormone preparations
were isolated from ox anterior pituitary glands by the meth-
ods previously described®~2!; thev had been shown to be-
have as homogeneous substances according to electrophor-
etic, sedimentation and diffusion studies!®2! and have re-
cently been found to be essentially homogeneous by zone elec-
trophoresis on starch?? and end group analysis.?® Growth-
promoting activity of the hormone was estimated by the
tibia test in hypophysectomized rats.24

The ACTH fraction emploved was a peptic digest of a
concentrate prepared from sheep glands, obtained by pro-
cedures previously described.?® It possessed an activity
of approximately 50 I.U. per mg. The crystalline proteins,
bovine serum albumin, ribonuclease and ovalbumin were
commercial products; the two former preparations were
obtained from Armour and Co., the latter from the Worth-
ington Biochemical Laboratories. The methyl ester of bo-
vine serum albumin was kindly prepared for us by Dr. I.
I. Geschwind by the acid methanol technique.2

Adsorbents.—Among the various celite products? inves-
tigated, Hyflo Super-Cel was found the most suitable for
the present investigation. Before use, the adsorbent (200
g.) was pre-treated by washing twice in 6 hours with ap-
proximately 1 liter of 2 N HCI, filtered on a biichner funnel,
washed with 1 liter of distilled water, suspended once more
in 1 liter of distilled water and re-filtered twice. This pro-
cedure of washing with distilled water was repeated until
the acidic reaction of the eluate disappeared, usually after
3 or 4 washings. Then the Hyflo Super-Cel was oven dried
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