DETERMINATION OF SULFUR AND MERCAPTO GROUPS

By
JAMES EDMUND EPCKLEY
Bachelor of Science in Chemistry
Marquette Univers%ty
Milwaukee, Wisconsin

1956

Submitted to the faculty of the Graduate School of
‘ the Oklahoma State University
in partial fulfillwment of the requirements
for the degree of
MASTER OF SCIENCE

May, 1959



10

DETERMINATION OF SULFUR AND MERCAPTO GROUPS®

Thesis Approved:

ga

Tﬁ551s Adv1 ser

4

//ﬁ;£~o44> 2424u944&4°’

Dean of the Graduate School

438557

OKLAHOMA
STATE UNIVERSITY
LIBRARY

FEB 29 1360



ACKNOWLEDGMENT

The author wishes to express his sincere gratitude to.
Dr. George Gorin, whose suggestions, guidance and helpful
criticism made the pursuance of this experiméntal work agd
preparation of this thesis possible.

Acknowledgment is also made for financial support fur-
nished by a grant, RG-4669, from the National Institutes of
Health, United States Public Health Service, and to the

Research Foundation of Oklahoma State University.

iii



Chapter
I.

IT.

IIT.

Iv.

TABLE OF CONTENTS

INTRODUCTION » o o o« ofla o & o« o &

L] .

ANALYSTS OF SULFUR IN BIOLOGICAL MATERIALS

Review of the Literature. « o « « o &

Introduction to Present Work;

Detaill o s + ¢ 5 o o s o o
Reduction of Methionine « .
Summary and Conclusions « - .

L] . . ° ) L) -

Review of the Literaturee - -

Introduction te Present Work; General

Detail s o e s & & e o »
Determination of Cysteine - -
Summary and Conclusions « + -

Review of the Literature. - -
Introduction to Present Work;

Detail ¢ o o o o « o o o
Bovine Serum Albumin « o o
Beta~-Lactoglobuline « « « .« .
Summary and Conclusiocns » - o

BIBLIOGRAPHY o ¢ o o o o o « o o o o4 o o

iv

COLORIMETRIC DETERMINATION OF CYSTEINE
DITHIZONATE '

MERCAPTO~GROUP CONTENT OF SOME PROTEINS

(METHIONINE)

® . ° » -

3

°

General Experimental
o - L o . -] - @ L -
L] L) L) L] » o -] ® Qo o
e s s s o s s & o e
WITH SILVER . o
v e ® - 0 ° L) - o L] © L]
L » L ° L - ° ® ©
Experimental
. e . . o o
e« s s e 6 e o s e
L - L L] . ¢ L © o .
L] L] L[] L] - .
. ® L] © . L] L[] o L a
General Experimental
o . L] . . ° a o
o o - - L - » . . .
®© . . . » L ] ° . a °
e s e s e e e e s

°

L]

Page



Table

1.

1T,

11T,

Iv.

Figure

LIST OF TABLES

Page

Optical Density of Ferro- and Ferricyanide in
Presence of Copper(IT) v v ¢« v o v o o o o s o o o« + o o 47

Molesof -SH Found per Mole of BSA in GHC1l Denaturing-Medium .49
Molesof -SH Found per Mole of BSA in Urea and SDS
Denaturing=Medium . « ¢ o « & o o 4 4 o o 0 e e 0 e s o . 52

Bffect of Ferricyanlde on the Blocked -8H Groups of BLG. . .59

LIST OF FIGURES

Page
Spectrum of Methylene BluCs o « & o + ¢ o o ¢ o o o o o« o o 12

Standard Curve for the Determination of Sulfur as
Methylene Blues o o o s s o s o s « o s o s s s « o o o o 13

Spectra of Dithizone and Silver Ditaizonate in a
50:50 Mixture of 0014 and t-Butanol « + + & ¢« ¢ 6 o o o 29

Optical Density of free Dithizone at 600 mp - « o« o s o« o o 30

Optical Density Developed at 600 mu o v e s o o o o s o o 92



CHAPTER I
INTRODUCTION

Many organic sulfur compounds of biological origin are of
great importance in chemistry. While a variety of procedures and
techniques are avallable for their detection and analysis, no nme-
thod ig equally well suited to all problems, and there is there-
fore a continuing need for novel analytical methods. The present
thesis deals with this general probleu.

The first part of this thesis deals with the determination
of organically bound sulfur. The method of analysis euwploys a
reduction technigue, followed by absorption of the hydrogen sul-
fide and determination of sulfide spectrophotometribally. The
amino acid wmethionine was chosen as a test_compound.

The second part of the thesis is concerned with the mertapto
group and ite determination. One section describes efforts to
determine cysteine spectrophotometrically. This was effected by
. reacting the cysteine with a silver complex of dithizone; cysteine
forms the corresponding silver mercaptide and the freed dithizone
can be determined spectrophotometrically.

The last section deals with sulfhydryl—containing proteins
and efforts to determine their -SH conte#t by the use of ferri-
cyanide. Katyal (35) has shown that ferricyanide is a specific
reagent in fhe case of ovalbumin, but no work with bovine serum

albumin or beta-lactoglobulin has been reported using this



oxldizing agent. Before the corresponding disulfide bond can be
formed, these proteins must be denatured in order for the sulf-
hydryl groups to be fréely reactive. Efforts to determine the
specificity of ferricyanide for the -8H groups concluded experi-

mentation.



CHAPTER 11
ANALYSIS OF SULFUR IN BIOLOGICAL MATERIALS (METHIONINE)

The sulfur countent of organic compounds is most commonly deter-
nined by converting the sulfur to sulfate, which is analyzed gravi-
metrically as barium, lead dr silver sulfate (11). Despite its wide-
spread use, this méthod is rather time-consuming, and the precipita-
tion of sulfate is one of the most troublesome gravimetric proced-
ures, For these reasons, it seemed of interest to investigate the
alternative possibility of converting sulfur to sulfide and deter-
mining it in that form. The attempts made to develop such a method
are described below. Methionine was chosen as a test compound.

S8ince the results obtained were not aufficiently favorable, the

method was not extended to other compounds.
Review of the Literature

The problem involves two parts: (a) conversion of sulfur to
the sulfide form, and (b) determination of tﬁe sulfide. 1In the
first part of this review will be discussed kuown methods of
effecting both (a) and (b), and in-the.second part will be de-
scribed the methylene-blue method for determining sulfide.

Conversion to Sulfide and its Determination

A number of authors have used polarographic techniques in
analyzing for sulfides. Trifonov, et al. (64) determined the

sulfur content in organic compounds by reducing with Raney nickel,

\H



absorbing the hydrogen sulfide produced in sodiuvum hydroxide, and
determining it polarographically. In aﬁother direct polarographic
method, Andrew and Gentry (2) absorbed the hydrogen sulfide in an
ammoniacal solution of cadmium chloride. Uging the same absorb-
ent, Roubal, et al. (56) did an indirect polarographic determina-
tion by measuring the decrease in the cadmium ion concentration
caused by formation of insoluble cadmium sulfide.

By far the most popular method for analyzing the hydrogen
sulfide evolved after reduction has been the iodometric methed,
where the gas is first absorbed in an aqueous solution of a suit-
able cation that forms an insocluble sulfide. Iodine is added
to the sulfide, which is liberated from the precipitate by the
addition of strong acid, and the lodine in excess is titrated
with standard thiosulfate. The amount of iodine used to oxidize
the sulfide is calculated by difference. Heinemann and Rahn (30)
used a two-stage reduction to convert sulfur to sulfide. The
first was an alkaline reductién with stannous chloride and the
second reduction with aluminum metal in hydrochloric acid solu-
tionj the hydrogen sulfide was absorbed in ammoniacal cadmium
chloride. Shaw (61) applied this method to determine.hydrogen
sulfide, methyl, ethyl and n-propyl mercaptans in gases. Solid
potassium metal in ligroine was used by Zimmermann (72, 73) to
achieve quantitative reduction before ahalyZihg the hydrogen
sulfide iodometrically. Kurchatov (40) effected reduction with
zinc vapors, dissolved the fusion mixture in hydrochloric acid,
and collected the hydrogen sulfide in cadmium acetate. Hydrogena-
tion in the presence of a platinum spiral at 8500 C. in an electric
furnace wag the methodvemployed by Yudasina and Vysochina (71);

a buffered solution of zinc sulfate was used as absorbent.



A1l of the iodometric methods described above, although easier
and faster to perform than the methylene-~blue me£hod next despr;ped,
afforded limited sensitivity and accuracy; iB% was the best accu~
racyrattained. The methylene~blue method has a reported accuracy
of £1.0% rfor hydrogen sulfide sambles not. exceeding 10 mg. In re-
cent years this method has been perfected for sample sizgs in the
range 5 - 500 pg., with a total énalysis time not exceeding one

hour.

‘Determination of Sulfide as Methylene-Blue

Fischer (21) first called attention to the possibility of using
_pwaminodimethylahiline as a %eagent for the detection of hydrogen
sulfide in swmall quantities. The reaction between this compound
and hydrogen sulfide in the presence of an oxidizing agent and hydro-
chloric acid results in the formation of methylene-blue,

Some years later, Mecklenburg and Rosenkranzer (44) worked
cut a colorimefric determination for as little as 1.0 - 3.0 pg.
of hydrogen sulfide per ml., using ferric chloride azs the oxidiz~-
ing agent. Thése authors clearly defined the conditions necessary
for the best results. Eleven years later Almy (1) adapted the
methylene~blue method to the estimation of hydrogen sulfide in
proteinacecus food products. A known quantity of protein was sub~
Jected to a01d hydroly51s, the hydrogen sulfide was swept from the
reaction chamber into a zinc acetate §olutlon with carbon dioxide,
the,pwaminodimethylaniline solution: was added, and the intensity
of blue color determined two hours after the addition of oxidant.

Bheppard and Hudson (62) also employed this method for the



determination of sulfur in‘gelatin,and proteins. These authors
found Almy's simple hydrolysis techniqﬁe too crude for quantita-
tive results. They treated the protein with a solution prepared
by dissolving silver chloride in stroﬁg'ammonium hydroxide, which
caused the protein solution to swéll;'after the protein solution
had swelled for one hour, the samplevwas>put in a water bath and
heated until the tube was well blackened owing to the formation
of.silver sulfide, silver oxide and metallic silver, which were
then decomposed with concentrated hydrochloric acid. The hydro~
gen sulfide was removed from the reaction flask by nitrogen and
absorbed in a»zinc acetate solution.

In trying to find a method .for the determination of low con-
centrations of hydrogen sulfide in nafural gas, Sands, et al. (59)
successfully adapted the methylemq—blﬁe pfbcédﬁré‘to their prob-
lem, and in the process of experimentation did extensive research
on all the variables that affect the acc@facy of this method,i.e.,
which salt of the reagent 1s best, the proper'hydrogen sulfide
absorbent, aging and temperature effects, etc. Once thé proper
conditions for a rapid and accurafe analysis for hydrogen sulfide
were established, this method enjoyed great popularity. It is
fast, accurate and éasily adapted to micro-~determinations. One
outstanding virtue is that it is quite specific for hydrogen sul-
fide. Methyl and ethyl sulfides and mercaptans do not interfere,
although they produce a pink color, which may later change to a
yellowish or slightly green shade, when added directly to the
hydrogen sulfide reagenfs. Thelr lack of interference in the
test is probably due to the fact that they are not absorbed by

zinc acetate solution.-



Determination of Methionine

Baernstein (5) outlined the first useful method for deter-
mining the methionine content in proteing. It is based on demethyl-
ation with hydroiodic acid, oxidation of the resulting homo~
cjsteine with sodium tetrathionate, and determination of the
thiosulfate formed with iodate after acidification. Some years
iater, Schormuller and Ballschmieter (60) improved the method
and adapted i1t to microchemical determinations with as little
as 50 mg. of protein. Bakay and Toennies (6) were able to formu-
late a highly specific method of analysis based on the reversible
reaction of methionine with iodine. By first blocking the amino
groups in the protein hydrolysate and then adding an excess of

iodine to this solution the following reaction takes place:

o+
CH-SCHZCHZCH(COO') NH

3 3

+
+ T (A) “,‘37 CH_SCH.CH.CH(CCO )NH + 2HI
2 o BTTE2TT2 [

PH I (B) —

After the reaction has gone to dompletion‘the jodine in excess is
removed with a 9:1 mixture of isoamyl alcchol and carbon tetra-

chloride. Then the‘pH is lowered and the iodine liberated by re-
action (B) is determined spectrbphotometrica}ly with the aid of a
standard curve. Saito (57) employed a sodium'fusion to decompose
methionine, reacted the sodium sulfide with sodium nitroprusside,

and determined the sulfur content spectrophotometrically.
Introduction to Present Work; General Experimental Detail

From the review of the literaturé, it appeared that the methyl-
ene-blue method might be used to advaﬁtage in the determination of
sulfide sulfur. Thus the method was tried and adapted to use.

First a calibration curve was constructed From sulfide solution of



known strength. Secondly, the removal of hydrogen sulfide from a
solution like the reaction mixtures was tested. Finally, sauples
of methionine were treated with stannous chloride and Raney nickel,
and the sulfur removed was determined by fhis means.

Apparatus

The reaction and absorption assembly Was‘identical to that of
Budd and BRewiclk (15).

Beckman Model DU and DK-1 gpectrophotometers were used with
10-mm. Corex absorption cells.

Reagents

Double~Digtilled Water. Double-distilled water from an all-
glass still was boiled for one-~half hour, cooled, stored under
nitrogen and used on the day it was prepared,

~St&mnous Chloride. To 10 gQ of C.P. étannous chloride di~-
hydrate was added 10 ml, of hYdrochloricvacid and the solutibh was
diluted to 100 ml. with double~distilled water. A few pieces of
mossy tin were added. The reagent was stable for at least three
days at room temperature,

Raney Nickel Catalyst. The catalyst was prepared exacfly
as prescribed by Pavlic and Adkins (50) and stored under absolute
ethanol. It was found to be stable for three weeks.

Aluminum Strips. Sheet aluminum, one sixty—fourth' of an
inch thick, was cut into strips 0.25 x 1.25 inch. Just prior to
use, they were treated with boiling 1:5 hydrochloric acid for-BO
seconds, then rinsed with water.

Zinc Acetate. The stock solution was prepared by dissolving

50 g. of C.P. zinc acetate dihydrate in 200 ml. of double-distilled
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water. Inough glacial acetic acid was added to effect solution
(4-5 ml.) and the whole was made up to 250 ml. The 2% zinc ace-
tate solution was made by diluting the stock solution 10 times
with double-distilled water.

Amine Solution. The stock solution was prepared by dissolv-
ing 12.7 g. of N,N-dimethyl—p—phenyienediamine monchydrochloride
in 35 ml. of 1:1 sulfuric acid and diluting to 50 ml. with 1:1
sulfuric acid. The reaéént solution was made'by diluting 12.5
ml. of the stock solution to 500 ml. with cold 1;1 sulfuric aecid.
This solution kept for about a month at 20° ¢.

Ferric Chloride. This solution was prepared by dissolving
50 g. of C.P. ferric chloride hexahydrate in enough double-dis-
tilled water to make 50 ml. of solution.

Iodine. A 0.1 N solution was prepared from "Acculute"
concentrate and standardized agminstbstandard thiosulfate. One
milliliter of this solution was egquivalent to 1.6 mg. of sulfur.

Sodium Thiosulfate. Exactly 6.205 g} of C.P. sodium thio-
sulfate pentahydrate was dissolved in suffiéient quantity of
double~distilled water to make 250 ml. of 0.1 N solution. This
solution was standardized against a standard 0.1 N solution of
sodlum arsenite.

Starch. One gram of water-soluble starch was made into a
paste with cool distilled water and diluted to 100 ml. with hot
50% glycerol solution.

Methionine. Commercial samples of dl-methioﬂine, CfP, were
obtained from the California Foundation for Biochemical Research,

Los Angeles, California.
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Preparation of Sulfide Solution

Into a 600 ml. beaker was.placed 500 ml. of double=~distilled
water, and into this were passed 80~100 bubbles of hydrogen sul-
fide gas from a tank cylihder. After Vigorous‘stirring, a 10 ml.
aliquot of the‘hydrogen sulfide solution was pipetted into a 250
ml. volumetric flask which contained 25 ml. of 20% zinc acetate
solution, 200 ml. of double-distilled water and 2 drops of glacial
acetic acid.- The flask was then diluted to volume with double~-
distilled water. Immediately following withdrawal of the 10
ml. aliquot, 40 ml. of 0.1 N iodiﬁe was added to the remaining 490
ml. of hydregen sulfide solution; the iodine in excess was back-
titrated with 0.1 N sedium thibsulfate_to‘a starch end point.

Investigation of Color Development

The formation of méthylene—blue may be répresented by the

following eguations:
p-]

NH N
2 F +++ X
C.
+ +
(CHB)ENH (CHB)ENH - N(CH3)2
c1” (CHB)Z c1”
[ —_
/N\ +
c1”
(CHB)EN s N(cl%)2

~Methylene blue chloride
(methylthionine chloride)

\

Methylene=-blue crystals have a dark green color with a bronze

luster. Their solubility is 1 g. in 25 ml. of water or 65 ml.



11

of alcohol. The agueocus solution has absorption maxiua at_609
and 638 mu.

Formation of methylene blue is markedly affected.by the nature
of the anion present. With p-aminodimethylaniline sulfate and
chloride of the same concentrations, identical optical densities
were obtained. The color development with the chloride salt was
more rapid, but the color developed with low sulfide concentrations
faded very rapidly. With the sulfide concentrations used in this
work there was no fading of‘the hlue color, and the chloride salt
was used.

Figure 1 illuwmtrates the optical deneity vs. wavelength curve
from 630 to 770 mu of a solution of methylene blue. The solution
was prepared by pipetting 15 ml. of zinc sulfide solution (3.428
X 10-3 mg. of § per ml.) into a 50 ml. volumetric flask, diluting
to 35 ml. with 2% zinc acetate solution, adding 1.5 ml. of the amine
reagent and shaking the flask gemfly. After the addition of 5
drops of ferric chloride solution the flask was swirled to mix,
the contents were diluted to volume and placed in an ice batﬁ at
lOo Cs for 15-20 minutes to develop maximum color intenéity. Budd
and Bewick (15) used the primary absorption maximum at 670 mp in
their éxperimentation, while Sands, et al. (59) used the secondary
absorption maximum at 745 i to take their readings. In thi§ work
the primary absorption maximum was found at 660 .

Preparation of Standard Curve

Figure 2 represents a composite of at least six separate
determinations of hydrogen sulfide. It was constructed by using
nine 50 ml. volumetric flasks, that contained O, 2, 4, 6, 8, 10,

12, 14, and 16 ul. of the zinc sulfide solution (3.428x10—5 mg.



. 000

900

L
|t

. 700 7 T )

600 \

S

« 500

[

o OO \

> 500 \

Dd

> 200

» 100

630 650 670 690 710 730 750 770

Wavelength in g

Figure 1. Spectrum of Methylene Blue; Solution Contained
C.05 mg. of 8 per ml.

12



» 000

° 900 y

- 800 ; 7

- 700 . /

- 500

)

KN

N

L] I‘!OO

NP

0 200

« 100

0 6,86 13.7 20.5 27,4 B4, 3 41,1 48,0
Mg. of Sulfur x 105 per 50 nl,

Figure 2. Standard Curve for the Determination of Sulfur
as Methylene Blue

13



14

of 8 per ml.), respectively. Each flask was diluted to 35 ml. with
2% =zinc acetate solution and then 1.5 ml. of amine reagent and 5
drops of ferric chloride sclution were added before the mixtures
were brought up to volume with double-distilled water. The standard
sulfide curve was determined by allowing the flasks to starnd at 10°
C. for 20 minutes and then determining optical densities at 660 mp.

Assay of Hydropen Sulfide From Reaction Mixture

In a typiceal determinatioﬁ, 35 ml. of 2% zinc acetate solu-

tion was added to the absorption flask, the apparatus was assembled,
| .

and the system was purged with purified tank hydrogen, which had
previously been deoxygenated with a "Deoxo" purifier. The sulfide
solution was added through the side arm of the reaction flask; the
hydrogen passing through the flask prevented atmospheric oxygen
from entering. Hydrogen was bubbled through the solution for an-
other 15-20 minutes to assure the absence of dissolved oxygen. At
the end of this time, the flow of hydrogen was reduced to a rate
of 3-5 bubbles per second in the absorption flask. While the solu-
tion was bheing degassed, thé funnel was filled with 15 ml. of con-
centrated hydrochloric acid, which had been treated immediately be-
fore by placing in it one or two strips of aluminum for a few sec-
cnds and then decanting the acid off. The side arm was opened,
two aluminum strips were introduced, the side arm was again secure-
ly tightened, and 10 ml, of hydrochloric acid was added dropwise.
The hydrogen sulfide formed was swepf into the zinc acetate solu-
tion. Ten minutes after the addition of the last drop cf acid the
hydrogen gas was turned off and the abSOfption flask disconnected.
One and one-half milliliters of amine reagent was quickly added to

the mixture, swirled, and 5 drops of ferric chloride solution were
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added with mixing. The absorption flask was tightly stoppered and
placed in an icé bath for 20 minutes. Then the blue solution was
transferred quantitatively to a 50 ml. volumetric flask and diluted
to volume with double-distilled water.. The optical density was
measured with the Beckman Model DU spectrophotometer at 660 julh!
using the reagents as blank. The sulfur content was determined
from the standard curve.

In order to determine the accuracy of the above method, fresh-
1y prepared sodium sulfide solutions were used. One aliquot was
taken and the sulfide content analyzed by the lodometric method;
another aliquot of the same solution was placed in the reaction
flask and the evolved hydrogen sulfide determined by the methylene-
blue method. In the most favorable cases, the sulfur concentra-
tion as determined by the méthyl@ne-blue procedure was 96% of the
jodometric results.

It was thought that the loss might be due to incomplete
absorntion by the zinc acetate solution. However the recovery
of sulfide was not improved by using stronger concentrations of
zinc acetate or by putting another absorptioh flask in series with
the first; no appreciable zinc sulfide formed in the second ab-
sorption flask. The shape of the reaction flask was also modi-

fied on three occasions with no effect on the recovery.
Reduction of Methionine

Methionine (4-methylmercapto-2-aminobutanoic acid) has a
molecular weight of 149.15. The concentration used in these re=-
ductions was 1x10 JM, which was equivalent to 3.2x10 2 mg. of

sulfur per nml.
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Stannous Chloride Reduction

Concentrated aqueous solutions of stannous salts become tur-
bid owing to oxidation and hydrolysis. The formation of the basic
salt can be prevented by adding hydrochloric acid,

68nCl

‘

+ 0, + 20,0 « L4sn(OH)C1 + 28nCl,,

2 2 2

and omidatiOn can be prevented by kéeping the acidic solutiecn in
contact with a few piéces ofntin. Thus the stannous chloride solu-
tion used was lO%‘with respedt to'concéntrﬁtéd hydrochloric acid'
and contained a few pieces of mossy tin.

3

In a series of experiments 100 ml. of 1x10 M methionine solu-
tion was refluxed under purified nitrogen with quantities of stan-
nous chloride solution ranging from 10 to 100 ml. for times raung-
ing from l.to & hours. After all these reductions a certain amount
of yellow insoluble precipitate had formea, which, upon analysis
for sulfide content by the methylene-blue metho&, always gave
negative results. The possibility of the product being stannous
sulfide was ruled out. It haé been reported‘by Cka and Matsuo (47)
that stannic sulfide decomposes in the presence of excess stannous
chloride, producing free sulfur. It was ascertained that the pre-~
cipitate was in fact elemental sulfur, that may have been formed
in this way. In any case, the formation of sulfur precluded the
gquantitative determination of the sulfur in methionine by this

method.

Raney Nickel Reduction

In a series of éxperiments 100 ml. of'lklO—BM methionine

were reduced with a pinch of the catalyst at a slow reflux rate,

'
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The time necessary for reduction was found to be at least 1 howur.
After reduction, the reaction mixture contained unreacted Raney
nickel as well as nickel sulfide. The initial attempts to analyze
for sulfide involved transferring an aliquo£ portion of the re-~
action mixture and adding it to the gas~evolution apparatus. Due
to the presence of precipitated material it was impossible to ob-
tain a truly representative aliquot. An alternative attempt to
analyze for sulfide involved adding an excess of iodine to the en-
tire reaction mixture and acidifying. It was found that the re-
sults were consistently high, owlng to reduction of the iodine by
the unreacted Raney nickel.

A third alternative would be to carry out the reduction of
methionine in f{he gas-evolution apparatus. This could have Dbeen
done by increasing the size of the reactlon vessel and decreasing
the amount of methicnine used. Howsver, the procedurevwould be
more cumbersome. This and the fact that the recovery of sulfide
samples had not been complete convinced us that the method would
not be practical, and further investigation of i1t was not under-

taken.



SUMMARY AND CONCLUSIONS

The attempted reduction of the sulfur in methionine to sul=~
fide ion with stannoﬁs chloride was an absolute failure Eecause
sulfur was formed as well as tin sulfide.

With Raney nickgl catalyst, the production of a nickel sul-
fide Irom methioqine solutions was easily accomplished. But the
poor reproducibility and low accuracy attained over-all in-
dicated that the method would not be a good'one for estimating
the sulfur content of methionine and related compoundsa

As concerns the determination of sulfide by the methylene-
blue method, it is absolutely necessary to remove al} oxygen fronm
the apparatus and metallic sulfide solutions before releasing the
hydrogen sulfide. The methylene-blue method is fast, reasonably
accurate for semimicro guantities of reducible sulfides and re-
guires no specilal techniques in the preparation of'reagents.

Using the volumes and concentrations of reagents reported
herein, the maximum amount of sulfur that can be determined at
660 mp is 60 pge, but by taking the optical density readings at

745 myL the range can be extended to nearly 320 p8e

18



CHAPTER III
COLORIMETRIC DETERMINATION OF CYSTEINE WITH SILVER DITHIZONATH
Review of the Literature

The analysis of cysteine (2-amino-3-mercaptopropanoic acid)
has occupied the time of many investigators and much information
is available in the literature. Malisoff, gﬁfgl. (43) published
an early review of mercaptan chemisﬁry, which included methods of
analysis for the thiol group. The biological importance of thiol
groups is the subject of a feview by Barron (7), who also discussed
methods of analysis. Chinard and Hellerman (17), in their review,
classified the various reagents used in thiol determinations into
three main divisions, namely, oxidizing, alkylating and mercaptide
forming agents. Nogare (46) recently publiéhed a review of methods
for the analysis of sulfur-containing organic compounds; one section
is devoted to mercaptans and to detailed methods for thelr deter-~
mination. A later review by Patterson and Lazarow (49) deals with
glutathione, but the authors explicitlyfmake clear that some of
the methods are applicable to the determination of cysteine. The
last two reviews are complementary, as different methods are
chosen for detailed discussilon. An account of more recent methods
is given by Waddill (66), whc himself dévised an analytical method
of the "dead stop" amperometric type.

A quick survey of any one of the .above reviews might indicate
that another method for thé‘determimation of cysteine is superfluous;

19
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vet, the number of methods éuitable for analyzing microgram quanti-
ties of sulfhydryl-containing compounds is liMited, and a method of
high precision and accuracy could bé<quitefbeneficial. Sbme experi-
ence with the silver salt of dithizone indicated that it might be
used for the spectrqphotometric determination of microgram quanti-
ties of cysteine, and this matter was therefore looked into.
Diphenylthiocarbazone (I), or dithizone, was first synthesized
by Emil Fischer (20) during an investigation of the structure and
reactions of phenylhydrazine. The preparation is comparatively
simple,.but the product is seldom obtained in a pure state. The
commercial product usually contains as impurities sulfur, the
carbazide, and yeilow to brown oxidation products, mainly diphenyl-

thiocarbadiazone(II). This is insoluble in acid and basic aqueous

: = M= =T -
C6H5NHNHCSN*NC6H5 06H5 N=NCS-N=I 06H

(1) - (1D

solutions, but readily soluble in chloroform and carbon tetra-

5

chloride; the other impurities are also insoluble in dilute ammon-
ium hydroxide, while dithizone dissolves readilyo Dithizone can
therefore be purified by disadlvimg it'iﬁ'bhlbréform, shaking the
solution with dilute ammonium hydroxide, deganting the agueous
layer, and acidifyiﬁg it to precipitate the pure reagent. The
dithizone is then taken up in carbon tétfaéhlaride, to which it
imparts a green color.v‘Cdoper and Sulli;éh'<i9) used the ratio

of the thical' density at 620 my to that at 450 mpoas a criter-
ion of purity of the sample; the purest dithizone they obtained
had ‘a ratio of 1068."Impurities incréaéé'tbe absorption at

450 wpe
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" Dithizone can exist in a thioketo and an enethiol form. It

is Welieved that the primary absorption maximum at 620 . is due

CgHNENHCSN=NC Hy + CHoNH-N=C (SH) -N=N-C H

keto form enol form

5

to the former and the secondary absorption meximum at 450 up. to
the latter, in cérbon tetrachloride.

Dithizone forms strongly colored complexes with many metal
ions, but no atfempt to use it as an analytical feagenf was made
until Hellmut Fischer took up the study of the metallic dithizonates
and their possible applicgtimns in an&lytical‘chemistry in 1925. To
him goes most of the credit for the present knowledge and usefulness
of this organic compound (22). Another more critical review of
Hellmut Fischer's work was written by White (69).

When a purified solution of dithizone in carbon tetrachloride
is shaken with an agueous solution of a metallic cation, a complex
salt is formed which is usually soluble in the organic ligquid and
insoluble in neutral and acidic agqueous solutions. The guantita-
tive formation of dithirzonates is mafkedly affected by the hydrogen-
ion concentration of the aqueous phase, and the pH governs the order
in which metal ions are extracted. Generally the more "nobleh a
metal is, the lower the pH for optimal extraction (70). The ilouns
of pold, platinum, palladium, silver, mercury, tin(II), copper,
bismuth, zinc, cobalt, nickel, lead, thallium and cadmium react
with dithizone in immiscible solvents ﬁore or less consecutively
as the agueous phase is progressively ohangéd from strongly acid
through weakly acid, neutral, ammoniacal and alkaline, up to a
concentration of 5% sodium hydroxide. Dithizone is therefore not

a specific reagent, but under proper conditiong it can be used to



22

extract a whole group, or to separate subgroups and determine the
individual members thereof.

According to Hellmut Fischer, et al. (23), when a heavy metal

——

cation such as silver reacts with dithizone, the hydrogen atom of

the imido group is replaced by the metal forming a "keto"™ dithigonate.

C H
/NH~—ﬁi 2
5=C ]Ag Mreto” dithizonate
\N:::N
(rrr)  Yefs

However, in receht years,‘th@ structure of thils compound has been
the subject of much debate. Buch and Koroleff (14), who studied
the spectrum. . of silver dithizonate spectrqphotometrically, and
Chemistskaya'(l6),_who used photographic techniques, agreed that
structure IV represented the "keto" dithizonate. Irving and Bell
(34) added that since it is the hydrogen from the thiol group that

imparts acidic character to dithizone, it should be replaced first

in the formation of primary silver dithizonate.

N—-§6H5
/ \ i . .
Ag—-5-C 1 Uketo" dithizonate
. .
N==N
(IV) Cels

Some metals form another dithizone complex which is commonly
called the "enol" dithizonate. It is now realized that the "enol
complexes are formed by replacing the other hydrogen atom with an-
other cation(V),

- ¢ H
675
g
) 6"5

Ag-8-C "enol" dithizonate
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Generally, the keto forms of all metal dithizonates exist, but many
of the enol forms are not knownj the lketo form is preferentially
formed in an acid or neutral solution, while the enol modification
is formed either in an alkaliné medium or with a large déficiency
of dithizone. The enol form is transforméd into the keto form by
treating with an acid°

Dithizone reacts quantitatively Withbaqueous solutions of
silver ion up t6v0n5 N in mineral acid to form the keto dithizonate,
which is soluble in carbon tetrachloride and chloroform, to which it
imparts a yellow color. In neutral or alkalime solutions, the enol
modification is formed. This complex imparts a red-violet color to
chloroform solutions in which it is sparingly soluble; it separates
as a fine violet precipitate from carbhon tetrachlorgde in which it
is insolubie (68),

It is interesting to note that silver keto dithiionate is
stable in the presence of alkalies, and, once formed in an acid
solution, is not appreciably conj@rted to the enol form even on
shalkking the carbon tetrachloride sqlution with 5% sodium hydroxide.
Therefore, after reaction of the silver ions with dithizone, ex-
cesg of the latter can be removed from the carbon tetrachloride
solution by shaking with dilute ammonia.

The idea of using silver dithizonate for the analysis of
cysteine was supported by the work of Babko and Philipenko (&),
who established that reaction (1) would go to completion, if the in-
stability consfant of the metallic dithizonate were at least 400
times larger than the solubility préduéﬁ constant of the metallic

mercaptide formed. Since the instability constant of silver
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(1) MDz  + RSH - RSM + HDz M
(in CCl,) (in H,0) (ppt.) (in CCl,) Dz

it

any metal

dithizone

dithizonate is fgr more than 400 times greater than the solubility
product of the silver mercaptide, this reaction should proceed
guantitatively for thiol groups. Mercury(II) also gives an easily
prepared, stable dithizonate, which does not have an absorption
maximum around 620 mp,‘but the silver keto dithizonate was pre~
ferred to the mercuric dithizdnate for these reasons: silver keto
~dithizonate can easily be obtained uncontaminated by enol form,
and 1s more soluble in carbon tetrachloride; divalent mercury ion
‘might Torm both simple and double mercaptides.

Recently, Fridovich and Handler‘(EG) have described the use
of dithizone.in determining the sulfhydryl content of proteins.
In their method, the protein was treated with an excess of p-
chloromercuribenzoate and the excess mercurial was reacted with
a dithizone solution. Formation of mercuric dithizonate decreases
the absorbancy of dithizone at 625 Ty and this decrease was found
to be proportional to the ex;ess mercurial. In this way they cal-
culated the amount of mercurial bound to the sulfhydryl groups of

the protein.
Introduction to Present Work, General Experimental Detail

The method to be described represents a more direct approach
than that of Fridovich and Handler. 1In this method an aliquot of
aqueous cysteine solution is added to a solution of silver dithi-
zonate and the concentration of freed dithizone is determined at
its primary absorption maximum. It way be expected that the con-

centration of dithizmone formed be.directly proportional to the
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concentration of cysteine added, and this would then serve for the
microanalysis of sulfhydryl grbups.

Carbon tetrachloride. Reagent-grade carbon tetrachlofide was
distilled over calcium oxide and the middle fraction retained. Used
carbon tetrachloride could be recovered by the method of Biddle (10).
One batch of carbon tetrachioride Waé purified according to Gelger
and Sandell (27), but did not behave differently from that distilled
from calcium oxide so their tedioug method of purification was not
useda

All other organic solvents were of reagent grade, and were not
further purified.

Mineral Acids. Reagent-grade concentrated acids were used.

The desired concentrations were obtalned by dilution with double-
distilled water.

Ammonium Hydroxide. Concentrated C.P. ammonium hydroxide was
diluted 1:100 with double-distilled water.

Silver Nitrate. Reagent-grade silver nitrate was used to make
lxlOuaM solutions by accurately wéighiﬁg 169.9 mg. and dissolving
with encugh double—distilled waﬁer\to make 100 ml. of solution.

Cysteine; Commercial samples of cysteine hydrochloride mono=-
hydrate were obtained from the Célifofhia Foundation for Biochemical

Research, Los Angeles, California and stored in a(dessiccator near

OO

C. One-hundredth molar solutions were prepared by dissolving a
weighed amount of cysteine hydrochloride monohydrate in deoxygenated
double~distilled water.

.Dithizone. The "White-Label! product of the Eastman Kodak

Company, Rochester, New York, was used. It was purified according
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to Sandell (58) with slight modifications. One-half gram of dithi-
zone was dissolved in 50 ml. of chlbroform and the solution filtered
through a coarse fritted-glass funnel to remove any insoluble material.
The fiitrate was shaken in a separatory funnel with four successive
portions of 1:100 amwmonia, each 50 to 75 ml. in volume. The aqﬁeous
extracts were separated from the chloroform and filtered through a
small plug of cotton to remove droplets of chloroform. Carbadiazone
present as lupurity was discarded with the chloroform solution. The
ammoniacal solution was then made slightly acidic with a dilute
golution of sulfur dioxide gas to precipitate dithizone. Any semi=~
carbazide present would remain in the acidic équeéus solutiocn. Sul~
fur dioxide also serves to reduce any residual carbadiazone. The
precipitated dithizone was then extrécted with 2-~3 portions of car-
bon tetrachloride, each having a volume of 100-150 ml., and the com=-
bined carbdn tetrachloride extracts were shaken twice with an eqgual
volume of double—distilied water., This wash was used to remove
traces of the inorganic salt formed by acidifying the alkaline solu-
tion. The solution was stabilized by éovering with a C.1 M solution
of sulfur dioxide, whose volume was one-tenth the volume of the
dithizone solution. The dithizomne solgtion prepared in this way
and stored in a brown glass—stdppered bottle at 50 C. in the dark
was kept for at least 6 months with no apparent change in strengtho
8ilver Dithizonate. Fifty williliters of the dithizone solu~
ticn were poured into a sepnrétory funnel and washed with double~
distilled water until the washings were no longer acid to litnmus.
A small amount of this solution was then drawn off and 3 ml. diluted
with carbon tetrachloride until the optical density could be deter-

mined. The absorbance read at 620 Hp divided by the molecular
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absorptivity (3436x103) gave the molar concentration. From this
value the amount of silver nitrate needed to give a slight excess

of silver ion could be calculated and the corresponding volume of
lxlO-ZM silver nitrate in 0.1 N gulfuric acild solution was added to
the separatory funnel. The funnel was shaken vigorously for 3 min-
utes, and the carbon tetrachloride layer was allowed to separate,
The milver dithizonate solution was then ready for dilution and
addition to volumetric flasks. If the spectrum of the silver dithi-
zonate solution showed any absorbance at 620 mp due to excess dithi-
zone, this could be removed by washing the carbon tetrachloride

solution a few times with an equal volume of 1:100 ammonia.

Determination of Cysteine in Mixed

Carbon Tetrachloride~tert-Butyl Alcohol

Before agueous cysteine solutions could be added to carbon
tetrachloride solutions of silver dithizonate a third component»
had to be found that would allow the soluticns to mix. This com-
ponent when added to a carbon tetrachloride solution of silver dithi-
zonate should not cause decomposition or precipitation of the com-
plex, and, should allow addition of as much as 1 ml. of aqueous
cysteine solution to 10 .ml. of the reagent. After many solvents
had been tried, the solvent mixture that behaved most favorably was
one compose@ of 50% carbon tetrachloride and 50% Egzzrbutyllalcohola

Analytical Method

To a given volume of silver dithizonate in carbon tetrachloride
was added an equal volume of butanol and the whole diluted to an
optical density of 2.0 at 460 p with 50% carbon.tetrachloride-50%

butanol. Into a series of 10-ml. volumetric (gr 25-ml. volumetric)
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flasks were pipetted 5 ml. of the diluted silver dithizonate solu-

-2
tion, and varying volumes of 1x10 M cysteine solution were added to
each flask by means of micro-pipettes. The maximum amount of cysteine
solution of this concentration that could be used was approximately
0.5 ml. The flasks were shaken and the amount of free dithizone
forméd was measured with the Beclkman Model DU spectrophotometer at
the primary absorption maximum for dithizone in this ternary systen,
namely 600 mp. By plotting concentration of cysteine used vs, optical
dengity a straight line results which shows that silver dithizonate
and the sulfhydryl group react in a ratio of 1:1.

Experimental Results

Figure 3 illustrates the spectra of dithizone and silver dithi-
zonate in a 50% carbon tetrachloride-50% butanol mixture. The con-
centration of the solutes are not accurately known, and exact molec=-
vlar extinction coefficients cannot be given. The primary absorption
pealr for dithizone occurs at 600 T while the secondary absorption
maximum is at 440 mp. The absorption maximum for silver dithizonate
occurs at 460 mpe Pel'kis (51) gives the spectra of dithizone in
ten other common organic solvents.

Figure 4 illustrates typical results obtained in the initial
experiments with cysteine., In these experiments various volumes of
lxlosz cysteine solution were added to 25 ml. of silver dithizonate
reagent whose absbrption was 1.885 at 460 wmu and 0.077 at 600 mp.

It can be seen that the plot is linear above 0.075 ml., of cysteine
solution, but becomes curved below this value and does not pass
through the origin. The steep slope of the curve is indicative of

the high sensitivity of this method. The readings were taken 5
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minutes after the cysteine solution was added to the silver dithi-
zonate solution.

One reason why the curve did not go through the origin was
likely that the cysteine or the free dithizone formed were partially

oxidized. After many trials, it was thought that decreasing the vol-
ume of silver dithizonate solution would reduce such oxidation, as
the solvent would contain legs dissolved oxygen. The next series
e . -2
of experiments involved the addition of various volumes of 1x1l0 "M
cysteine solution to 5 ml. of silver dithizonate in a 25 ml. vol-
' 1

umetric flask. The flasks were swirled and after 5 minutes addi-

tional 50% carbon tetrachloride-50% butanol solution was added to
the mark. TFigure 5 represents typical results. It can be seen

that these trials did not substantially improve the method. Another
seriesg of experiments was performed identically to that described
above, exce@t the mixtures were diluted to the 25 ml. mark after
addition of cysteine solution with silver dithizonate solutien.

t

Thie also did neot improve the results.
Attempted Use of Other Solvent Systens

Carbon Tetrachloride-Ethancl System

To a cherry-red solution of silver dithizonate in carbon
tetrachloride (silver dithizonate appears this color in concen-
trated solutions) was added 95% ethanol until the solution was
homogeneous. Carbon tetrachloride and ethanol are miscible in
all proportions but silver dithizonate is not very soluble in
the latter; accordingly only a dilute solution could be obtain-
ed containing 1 part of a cmrbon»tetrachloride golution of silver

dithizonate to 99 parts of ethanol. The resulting reagent did
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not contain a sufficient amount of silver dithizonate. Also, the

reaction in this mixed solvent was very slow. A better solvent

system was therefore

Carbon Tetrachloride-2-Propancl System

Since silver dithizonate wap not sufficiently smoluble in
ethanol, it was thought that 2-propanol solvent might serve better.

The best reagent, found after many exy

priments, contained equal
volumes of a carbon tetrachloride solution of silver dithizonate

and 2-propanol. This system was completely miscible when up to

1 ml. of agueous cystelne solution was added tc 10 ml. of the re-
agent. The concentration ¢of free dithizone obtained upon reaction
with_lxlO“zM aqﬁequs cysteine was not directly proportional to the
amount of the latter; the plot of absorptions vs. amount of cysteilne
was curved upwards and the curve itself did not pass through the
origin. Therefore this syﬁtem was abandoned, after the failure of

many attempts to improve the reagent.

Carbon Tetrachloride~Acetic Acid~Water System

S8ince cysteine is readily soluble in acetic acid it was
thought a reagent could be prepared with this organic acid. The
first atftempt to make a reagent involved the ternary: &1.6% carbon
tetrachloride solution of silvef dithizonate, 17.7% glacial acetic
acid and 0.70% water, all percentages by weight. The resulting
reagent was clear and could easily be diluted to proper absorbancy.
But 10 ml. of the reagent was only miscible with up to 0.05 ml., of

XlOmZM aqueous cysteine solution so it was discarded.
The second attempt involved a ternary with a much lower pro=-

portion of carbon tetrachloride. It was composed of the following
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percentages by weight: 16.7% carbon tetrachloride solution of ;ilver
dithizonate, 68% glacial acetic acid and 15.4% water. This reagent
was initially clear but after standing for 30 minutes the silver
dithizonate precipitated out.

The third attempt was a compromise between the two extremes
described above and involved a ternary composed of the following
percentages by weilght: 30.6% carbon tetrachloride solution of silver
dithizonate, 67.8% glacial acetic acid and 1.56% water. This ter-
nary was also initially clear, but faded guite rapidly.

Carbon Tetrachloride-Acetic Acid—2-Propanocl System

In the investigation of a substitute for the water in the
last system 2-propanol was tried and after many attempts the fol-
lowing ternary system proved most useful; 77% isopropancl, 18%
glacial acgtic apid and 5% carbon tetrachloride solution of silver
dithizonate, all percentages by volume. The primary absorption
maxiunum for free dithizone in this system was shilfted from 620
to 590 . By placing 3 ml. of this reagent in 10-ml. volumetric
flasks, adding 0.01-0.06 ml. of lxlO-ZM agqueous cysteine solution
and mixing, a straight line passing through the origin was obtained
by plotting the absorbancies vs. the amount of cysteine. However
the silver dithizonate concentration was rather low, so that lérge
cysteine samples could not be analyzed. The carbon tetrachloride
content gnd silver dithizonate concentration could only be increased
by increasing the acetic acid content proportionally. This resul£ed
in rapid fading of the color, so this system was not of much value.

Carbon Tetrachloride-Ethancl-Ethyl Acetate System

Kirsten (3%6) used silver dithizonate to determine chloride,

bromide, iodide and sulfide in agueous solutions. His reagent
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consisted of 2 ml. of 85% phosphoric acid dissolved in 150 ml. of
ethyl acetate. To 5 ml, of the reagent he added 2 ml. of silver
dithizonate in chloroform and various volumes of the aqgueous anion
solution. He measured the liberated dithizone at 598 mP. The
analysis of chloride, bromide and iodide was reported to be gquanti-
tative but the sulfide analysis was only qualitative.

A reagent similar to Kérsten's was achleved by adding 5 ml.
of a carbon tetrachloride solution of silver dithizonate to 100 ul.
of a solution composed of 50% ethyl acetate and 50% ethanol, which
had been made 1% with respect to concentrated phosphoric acid.
This reagent was miscible with the desired volumes of agueous cys-
teine, and the reaction was essentially complete after 5 minutes.
However the reagent did not contain sufficient silver dithizonate
to permit analysis of samples as large as desired. Even when the
proportion of gilver dithizonate solution was increased to 10% of
the reagent only 0.2 ml. of lxlO—ZM agueous cysteine solution»freed
all the available dithizone in 5 ml. of the reagent. The propeortion
of silver dithizonate solution could not be increased over 10% be-~
cause the reagent precipitated. Use of larger volumes of the 10%
reagent did not improve the method. Neither the substitution of 2-
propancl for ethanol nor varying the percentage of'ethyl acetate

kad heneficial effects, and this reagent was therefore abandoned.



SUMMARY AND COMNCLUSIONS

Silver dithizonate in carbon tetrachloride has been used as
a reagent in the analysis of cysteine; this binds the silver and
the liberated dithizone is determined spectrophotomefricallyg

Mixed solvent systems must be used to mix with aqueous solu=-
ticns, A reagent composed of silver dithizonate in 50% carbon
tetrachloride~50% tert-butanol was found to have the most degir-
able characteristics. Even in this case, results were not favor-
able since the standard curve wés net linear and would not pass
through the origin. The method of analysis is limited to 0.30 ml,
of lxlOnZM cyﬁteiﬂe solutions. The sensitivity is very high, but
the useful range is so narrow that the method would not_be generally
useful.

Other reagents were tried with varying degrees Qf suUcCcess,

but in all cases the free dithizone or cysteine was readily oxidized

by dissolved oxygen in the reagent.
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CHAPTER IV
MERC&PTO—GRQUP CONTENT OF BOME PROTEINS

Of the chemically active groups of proteins and biological
substances the mercapto (sulfhydryl) groups possess the broadest
reactivity. Their determination is, accordingly, of speclal inter-
est. Thig section of the thesis deals with the mercapto-group
content of two proteins, bovine serum albumin and beta~lactoglobulin.
&4 peculiar problem attaches to the determination of mercapto-groups,
namely, that their reactivity and consequently thé number found in
some conditions varies with the state of denaturation of the protein.
Conatant reference will therefore be made to the process of denatura-

tion in what follows.

Review of the Literature

Denaturation

While in the older literature it is not uncommon to find reference
to "denaturation" as if it were a well-defined process, it is now
realized that denaturation is a Qomplicated phenomenon and may in=-
volve a number of separate processes. For this reason, it cannot be
discussed in detail here. However, it may be said in general that
denaturation results in the protein assuming a looser and more random
arrangement; there is an unfolding of the molecule. With respect to
the oxidation of mercapto groups this process is of importance be=-

cause it may permit distant groups to come into close contact, thus
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making possible their oxidation with the formation of a disulfide
bond.

Neurath, et al. (45) have written an excellent review on the
nature of the denaturing reaction, the kinetics and thermodynamics
of protein denaturation, and the properties c¢f denatured proteins.
Other sources containing valuable material on protein denaturation
include Anson's (3) review on the reversibility of denaturation,
the work of Putnam (52, 53) on the role of ﬂynthefic detergents as
denaturants, and Chinard and Hellerman's (17) review of the action
of various sulfhydryl reagents on native and denatured proteins.

Povine Serum Albumin

The first analysis for the sulfhydryl content of this proteiﬁ
was performed by Greenstein (28). He used porphyrindin, an oxidiz-
ing agent, and his method consisted of adding larger and larger
amounts of porphyrindin until sodium nitroprusside no longer gave
a sulfhydryl test. In the protein denatured with & or 16 M guanidine
hydrochloride (GHC1l) he found 1.94 -8H groups per mole of albumin
(M.W, 69,000)., All subsequent data will be reported using this
molecular weight. Later it was shown that porphyrindin is not
specific for thiol groups, as it also oxidizes the hydroxyphenyl
groups of tyrosine under the same conditions.

A number of authors have determined the sulfhydryl content of
serum albumin with mercaptide-forming agents.  Boyer (12) measured
spectrophotometrically the increase in absorbancy accompanying mer-
captide formation with p-chloromercuribenzoate, and found 0.89 -8H
groups per moi@o Fridovich and Handler (26) treated the protein
with p-chloromercuribenzoate and employed dithizone to determine

the excess of mercurial; the decrease in dithizone concentration
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was measured at 625 mp by means of a spectrophotometer. They-found
1.05 -SH groups per mole. Another‘spectrophotometric method was de-
vised by Horowitz and Klotz (315, who used a colored azomercurial to
effect mercaptide formation. By calculating the amount of dye bound
by the protein they reported the thiol content of serum aibumin to
be 0.67 -SH groups per mole, Simpson and Saroff (63) employed
methylmercuric iodide in excess, and after mercaptide formation ti=-
trated the excess mercury'compound with dithizone until the first
excess of dithizone imparted a green color to fhe gsolution. At a

pH of 3.0 they found 0.50 -8H groups per mole of albumin.

The most popular method used in dete;mining the sulfhydryl con-
tent of bovine serum albumin has been amperometric titration'with
aqueous solutions of silver nitrate. The method was first used by
Benesch and Benesch (8) in 1948, who found 0.80 -SH groups per mole
iﬁ aqueous solutions and 0,71 =-SH gfoups in agueous solutions after
denaturation with guanidine hydrochloride. Using the same titrant,
Rosenberg, et g;. (55) found no e§sential difference in the: thiol
content of serum albumin denatured -with alcohol, urea or guanidine
hydrochloride. In all céses.they-repdrted.an average of 1.77 -SH
groups. Benesch, et g;. (9) improved their amperometric method by
Qomductiﬁg the titrations in a neutral ﬁTRIS" buffer where formerly
an ammonium hydroxide-ammonium nitrate 5uffer of high pH had been
used. These agthors found 0.67 '=-SH groups per mole of native
albumin and 1.04 -8H groups after the albumin had stood- for
30 minutes in 8 M urea.

Kolthoff, et al. (29) used mercuric phloride or acetate.and
reported this titrant gave clearer end points than silver ion. They

reported 0.65 -SH groups per mole of serumalbumin, With & M guanidine
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hydrochloride as the denaturing wmedium, and mercuric chloride as
titrant, Kolthoff, et al. (38) féund 0.68 ~SH groups per mole of
albumin, the same value they reported earlier with native albumin.
These authors>stated that the denatured protein was easily oxdidized
whereas in the native state 1t was perfectly stable toward oxygen.
They showed that at pH 7.0 all the sulfhydryl could be determined,
but ‘that at pH 9.0 the results were low even when great care was
taken to exclude oxygen completely.

The latest attempt to determine'the mulfhydryl content of
bovine serum albumin is that reported by Roberts and Rouser (54),
who employed N-ethylmaleimide in dilute aqueous solutions at pH
6.0 and measured the décrease in absorbancy of this reagent at 300
1 this correspondéd to 0.60 ~SH groups per mole.

While the results of several investigators.are not in good
agreement, it is seem that most of them are close to 0.66 -SH groups
pef mole., The fact that a non-integral valué is found has been justi-
fied by reference to the results ovaughes (32) with human serum
albumin. Thie investigator demonstrated that this protein wés not
homogeneous, and he isolated and crystallized =& frabtion, called mer-
captalbumin, which contains 1.0 -SH group per molé of protéin. Hughes
found that human serum albumin contains 66% nercaptalbumin or 0.66
-SH groups per mole of human serum albumin. Whilé many investigators
apparently assume that bovine serum albumin is exactly similar to
human albumin with respéct to mercaptalbumin content, there is l;ﬁtle
published evidence to support this. deVrekar and Lontie (65) defer-
mined the mercaptalbumin content of bovinebsérum albumin by light-

scattering measurements and found it to be ?7%.
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It is interesting to note that out of the dozen or more deter-
minations of the gulfhydryl content in bovine serum albumip only the
initial.attémpt by Greenstein vtilized ah oxidizing agent. This per-
haps can be attributed to thevfact that porphyrindin was found to be
unspecific for sulfhydryl groups, and this may have led many research-
ers‘to believe that all oxidizing agents were unspecific.

)

Beta~-Lactoglobulin

It has been twenty-five yeafs since beta~-losctoglobulin was
first crystallized by Palmer (48). During this time there have been
many articles dgvoted to the chemistry of this protein, but only a
guperficial inap@étion of the literature is needed to show that

there is much discrepancy between sets of experimental data. As an

example, the values reported for the molecular wel

have varied from as low as 35,000 to as high as 42,000, and there is
no agreement at present on a correct valuve. In this work, the value
of 40,000 will be adopted, and data on the sulfhydryl content of beta-

lactoglobulin will refer to this value.

[

I

The initial evidence on the sulfhydryl content of beta-lacto-
globuliﬂ was reported by Brand, 93'51' (13); they used‘a photometric
method employing phosphotungstic acid on the'protein hydrolysate and
found 3,67 mole =SH per mole of protein. Five years later, Larson and
Jenness (41) adapted the ™dead sto?" amperometric titration of Foulk
and Bawden (24) to this analysis. They titrated with o-iodoso-
benzoate and.found 4.3 mole -SH in the native protein; when the pro-
tein was first denatured in 8 M GHC1l the value decreased to L,2%

mole ~-SH per mole of protein (42). Groves, et al. (29) also employed
an oxidizing agent, porphyrindin. They used solutions buffered at

pH 7.2 and 5 M with reépect to GHC1 and found, first of all, that
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denaturation was practically instantaneous by weasuring the increase
in optical rotation. The sulfhydryl content in the same medium was
found to be 1.82 mole. The only other oxidizing agent used for this
analysis was ferricyapide, which was employed by Christensen (l8).
The resulting ferrocyanide concéntration was meagured coloriwmetric-
ally as Prussian Blue. In a wmedium composed of 1% protein and 38%
urea, he found 1.13 mole -8H after denaturing at BOO C. and 4.k

mole ~S8H after denaturing at 0° C. Since the latter value was more
in accordance with Brand's data, hé reported this as the sulfhydryl
content of beta-lactoglobulin., His data were not extensive and he
did not offer any realistic hypothesis for the large difference in
sulfhydryl content found at the two temperatures.

By the use of wmercaptide~forming agents a number of authors
have found a substantially lower -SH titer. Fraenkel-Conrat, et al.
(25) used p-chloromercuribenzoate in GHCl-denatured solutiéns and
found 2.0 mole =SH per mole of protein.  They also reported 2.8
mole ~8H with the alkylating aéent; iodoacetamide, but considered
the former method more specific. Boyer (12) and Horowitz and Klotz
(31) reported 2.48% and 1.83 mole ~SH respectively. The former used
p-chloromercuribenzoate and the latter used a colored azomercurial
to effect mercaptide forwation as in the experiments with bovine
serum albumin.

The only reported use of an amperometiric method is the work
of Hutton and Patton (3%3), who used silver nitrate as titrant and
found 1.75 mole ~SH.

Thenforegoing review of the literature is complefe to the
writer's knowledge and illustrates the complete lack of agreement

among the results of various workers. The purpose of this study
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is not merely to add another value to this list, but to evaluate the
utility of ferricyanide as a specific reagent for the mercapto groups

of proteins.
Introduction to Preseﬁt Work; General Experimental Detail

Katyal (35) has shown that ferricyanide is a specific reagent
in the case of ovalbumin. He employed a spectrophotometric method
and the "dead stop" amperometric titration in his successful deter-
mination of sulfhydryl content in this protein. The same two ana-
lytical procedures Will be used in this work to determine the thiol
content of bovine serum albumin and beta-lactoglobulin.

Reagents

Cupric Sulfate., Bxactly 61.6 mg. of reagent-grade cupric sul-
fate pentahydrate were dissolved in enough deionized water to make
160 ml. of solution. One milliliter bf this solution is equivalent
to 24.64){10"11r maole of sulfhydryl or 250 mg. of bovine serum albumin
containing 0.68 -SH groups per mole of protein.

Potassium Todide. A lxlO—BM solution was prepared by dissolv-
ing 16.6 wmg. of reagent-grade potassium iodide in sufficient deion-
ized water to make 100 ml. of solution.

Potassiunm ferricyanide. A MxlO-BM solution was prepared by
dissolving 131.7 mgnbof reagent-grade potassium ferricyanide in
enough delonized water to make 100 ml. of solution. This solution
was made fresh daily.

Potagsium Ferrocyanide. A 4xlo-3M solution was prepared by
dissolving 169 mg. of reagent-grade potassium ferrocyanide tri-

hydrate in sufficient deionized water to make 100 ml. of solution.
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Phosphate Buffer. Reagent-grade monopotassium and dipotassiunm
phosphate, and sodium hydroxide were used in preparing 3.5x10-?M
buffers ranging in pH from 6.8 to 9.0.

Deionized Water. Distilled water was passed through a column
of analytical-grade Amberlite MB-1, a sulfonic acid-guaternary amine
resin mixture; the deionized water was used in all expefimentsa

Guanidine Hydrochloride (GHCl). C.P. guanidine hydrochloride
was reqrystallized from methanol ﬁcoording to Kolthoff, EE ggn (38)
and dried at 500 C. in vacuo for about 5 hours.

Urea. A concentrated aqueous solution of reagent-grade urea
was purified according to Benesch, et al. (9) and dried in vacuo at
C. for about 5 hours.

Sodium Lauryl Sulfate (SDS). This anionic detergent, U.S.P.,
obtained from Fisher Scientific Company, Fairlawn, New Jersey;‘was
not subjected to further purifications.

Trimethyldodecylammonivm Chloride (DAC). This cationic deter-
gent was a product of Armour and Company, Chicago 9, Illinois. It
was an especially purified product and was not subjected to further
purification.

3

p~Chlmromercuribenz5ate. A 5x10°°M solution was prepared by
dissolving an accurately weighed sample of sodium p~chloromercuri-
benzoate in the minimum volume of 0.5 M sodium hydroxide and dilut-
ing to the desired volume with phosphate buffer of pH 2.0,
Crystallized Bovine Plasma Albumin. This product was obtained
from the Armour Laboratories, Chicago 11, Illinois. .It was found
to contain 6.3% molsture by heating in vacuo at 110° ¢. to constant

welght.
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Crystallized Bovine Beta-Lactoglcbulin. Two sources of this
protein were used. Sample I was the product of Nutritional Bio-
chemicals Corp., Cleveland, Ohio and was found to contain ll% moist-
ure; Sample II was obtained from Pentex, Inc., Kangakee, Illinois
and had a moisture content of 5.3%. All experiments were performed

using accurately weighed fresh samples.
BOVINE SERUM ALBUMIN
Spectrophotometric Determination

Analytical Method

Ferricyanide has a broad absorption peak about 410 g, and its
reduction product, ferrocyanide, does not absorb in this region.
Hence the amcunt of ferricyanide coansumed is weasured by the de-
crease in absorbancy compared to a "reagent™ blank, which contains
no protein. Such a blank is necessary because a small amount of
ferricyanide may be consumed even when protein is absent. The
optical density of the sample and '"reagent" blank are compared to
the "spectral" blank, consisting of deionized water.

A recently welghed sample of bovine serum albumin, 250 mg.,
was transferred to a 25 ml. volumetric flask and dissolved in 5 ml.
of 3°5x10-2M phosphate buffer of pH 6,9° To this clear solution was

B = o
added 2.0 ml. of QXlO M potassium ferricyanide. The denaturant was
added and whole diluted to the mark with deionized water. The mix-
ture was allowed to stand in a 370 C. water bath. At various inter-
vals an aliquot portion was transferred to a spectrophotometer cell,
and the absorption of the "reagent" blank and sample were measured

at 410 mp on a Beckman Model DU spectrophotometer. The amount of
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ferricyanide consumed by the albumin could be calculated from the

decrease in absorption.

Sample Calculation

and reagent blank had the following optical density at 410 mie

O:D.
Sample 0.209
Reagent Blank 0.319

Since the reagent blank contains 2 ml. of 4x10 M ferricyanide,

the amount of unreacted ferricyanide is;

2209 5

—7 —
8x1077 x Lo = 5,2L%10

- mmoles
. 519

The amount of ferricyanide consumed by the denatured albumin is:

3

3 . 5.24x%1077 = 2.76xlO_3 muoles

8x10"~
The bovine albumin sample contains 6.3% moisture.

(250 mg.) x (100-6.3) = 234 mg. dry wgt.

kY —-
%éiégg - %.395%x10 "~ mmole of BSA
L

2.76%10"°

WW} = 0.81 mole -SH per mole BSA

Experimental Results

No oxidation of sulfhydryl was found in native bovine serunm
albumin. This is in accord with the findings of Kolthoff and
Anastasi (37). These authors also reported that an equivalent

amount of copper(II) (1.5 ml. of copper(II) of the concentration
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used is equivalent to 250 mg. of BSA on the mole basis) catalyzes
the oxidation of the sulfhydryl group in BSA by ferricyanide.

S8ince the copper(II) catalyst and ferrocyanide might be ex-
pected to regct and form copper ferrocyanide, some preliminary ex-
periments wére done with ferricyanide, ferrocyanide, copper(II) and
BSA, with the results shown in Table I. Bach 25 ml. volumetric
flask contained 5'ml. of“3.5xlO-2M'ph95ﬁhate buffer of pH 6.9,
various volumes of copper(II) solution (0.62 mg./ml.) and 1 ml. of

4x10"5M,ferrocyanide'or ferriecyanide solution. The flasks were. diluted

‘

TABLE I

OPTICAL DENSITY OF FERRO- AND FERRICYANIDE IN PRESENCE OF COPPER(II)

Sample 1 2 3 4 5  6
Wave

Length, mp = 410 410 470 410 470  4io 410 410

Time in

Minutes

V 30 0.175 0.180 .090 .070 .229 .185 .ok2  .082
240 0.174 0.178 .080 .050 .297 .274 061  .08&9

to the mark with dkionized water and aliquot portions taken for spectro-
photometric analysis. Sample 1 contained 1.5 ml. of the copper(II)
solution and 1 ml. of the ferricyanide while sample 2 contained 2.5

ml. of copper(II) solution. It can be seen that the optical density

of ferricyanide at 410 mp is independent of copper(II) concentration.
Sample 3 contained 1.5 ml. of copper(II) solution and 1 ml. of ferro-
cyanidé,‘while sample 4Iqontained 3.5 ml. of copper(II) solution;
neither of the original reactants absorb at 410 mp, and the absorp-

tion noted is due to copper ferrocyanide, which is readily formed at
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this pH, and shows a broad absorption peak about 470 mp. Sample 4
contained an excess of copper(II) and it should be noted that the
absorption at 410 mP is nearly identical to the absorption of sam-
ple 2 after 30 minutes. Sample 5 was identical to sample 3 but in
addition contained 250 mg. of BSA. Sample 6 was identical to sam-
ple & but in addition it also had 250 mg. of BSA present. In the
presence of BSA copper(II) is bound by the protein in such a fash-
ion that it is not available for the formation of copper ferro-
cyanide. The small absorbance of samples 5 and 6 at 410 mp is
due to the protein present.

Table II is comprised of data illustrating the oxidation of
denatured BSA as a function of time. The BSA was denatured by
adding 12 gm. of GHCl to the 25-ml. volumetric flaslks; this is
equivalent to 5 M GHCl. Samples 1 and 2 were mixtures of phosphate
buffer, pH 6.9, BSA and ferricyanide in the concentrations specified
under M"analytical method". Although the reaction was carried out
mainly at 3?0 C., the volumetric flésks were taken out of the water
bath when aliguots were taken for analysis; hence the measurements
of reaction rates are only roughly quantitative. The pH of the re-
ageﬁt blank in sample 1 and 2 was 5.38, while the protein-containing
sample had‘a‘pH of 5.34 after 24 hours. Th;s decrease in pH can be

expected from the following equation:

+++

2(Fe(CN) )" "7 42R8H — 2(Fe(CH) )"+ R-5-8-R + 28"

Sample 3 1llustrates the effect of lxlo-ﬁM potassium iodide on
the ferricyanide oxidation.
In order to determine the specificity of ferricyanide for the

sulfhydryl group of BSA, the -SH groups were blocked by adding 1 ml.



MOLE OF ~SH FOUND PER MOLE OF BSA IN GHC1 DENATURING-MEDIUM

TABLE II

Time of
Denaturation

Sample 1
pH 5.38-5,34

Sample 2
pE 5.38-5.34

Sample 3
pH 5.38-5.34

at 37° C. in 0.D. of 0.D. Mole-~SH/ 0.D. of 0.D. of Mole-SH/ 0.D. of 0.D. of Mole-SH/
Minutes Blank Sample Mole BSA Blank Sample Mole BSA Blank - Sample Mole BSA
20 . 330 . 267 0.45
55 : .321 227 0.685
120 « 320 .231 0.68
190 . 322 . 229 0.686
300 .323 . 225 0.715
320 : . 319 .197 0.+ 905
490 .318 .190 0.954
600 . 319 . 209 0.812
740 . 324 .213 0.81
780 2315 . 207 0.81
935 . 323 . 206 0.85
1115 . 323 . 200 0.90 :
1155 .318 .180 1.03
1440 .323 .189 0.98 ~
2640 . 320 .162 1.16

64



TABLE II (Continued)

Time of Sample &4 Sample 5 Sample 6
Denaturation pH 5.66-5.40 pH 6.90-5.85 pH 6.70-5.90
at 37° C. in  +1.0 ml. of 0.15% PCMB +1.0 ml. of Copper(II)
Minutes 0.D. of 0.D. of Equiv. 0.D. of 0.D. of Mole-SH/ 0.D. of 0.D. of Mole-SH/
Blank Sample of Feic Blank Sarmple Mole BSA Blank Sample Mole BSA
Consumed/
Mole BSA
55 + 317 . 320 0 .318 . 220 0.74 « 335 . 250 1.00
320 . 318 . 280 0.28 . 310 . 165 1.14 . 345 .227 1.34
450 . 314 257 0.43 . 313 L+ 157 1.20 « 354 .225 1.h44
1155 . 310 231 0.60 . 306 o144 1.30 <356 . 220 1.49

0§
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of 0.15% p-chloromercuribenzoate (PCMB) to a buffered solution of
BSA. This enough PCMB to tie up 1.09 mole of sulfhydryl at the
albumin concentration used, namely 250 mg. Sample 4 illustrates
the results when PCMB was added to the reagent blank and sample
buffered with phosphate buffer of pH 6.9. The pH of blank and
sample after 24 hours was 5.60 and 5.40, respectively. After 55
winutes, no ferricyanide had been consumed although after 1155
minutes the d@creasevin ferricyvanide concentration amounted to
0.60 eguivalents per mole of BSA. It appears from this that ferri-
cyanide reacts rapidly with the sulfhydryl groups of BSA, but that
this is accompanied by reaction with other groups in the molecule
as well.

Samples 5 and 6 in Table II illustrate the effect of raising
the pH of the albumim samples. In these samples 5 ml. of B,SXlO-EM
phosphate buffer of pH 9.0 was substituted for the »H 6.9 buffer.

In addition sample 6 contained 1.0 ml. of copper(II). After de-
naturation for 24 hours at 37° C. the pH of sample 5 was 6.9 and 5.85
for the reagent blank and protein sample respective;y, while the
corresponding pH for sample 6 was 6.70 and 5.90. It can be con-
cluded from these data that, as the pH is raised, the reaction be-
comes more unspecific,

Table III is comprised of data illustrating the oxidation of
BSA denatured with other agents, as a function of time. Samples 1
and 2 were denatured by adding 12 gm. of urea to the 25 ml. Qolu—
metric flask, making the solution 8 M with respect to urea. Sample
5 was denatured by adding 10 ml. of 10% SDS to the 25 ml. volumetric
flask, makiné this solution 0.14 M with respect to SDS concentration,

and an equivalent mole guantity of copper(II) was also added. All



TABLE

ITT

MOLE OF -8H FOUND PER MOLE OF BSA IN UREA AND 8DS

DENATURING-MEDITH

Time of Sample 1 (Urea) Sample 2 (Urea) Sample 3 (SDS)
Denatyration oH 754-7018_ pH 7f47~7u02
at 37 €. in 0.D. of 0.D. Mole-SH/ 0.D. of 0.D. of Mole-SH/ 0.D. of 0.D. of Mole-8H/
Minutes . Blank Sample Mole BSA Blank Sample Mole BSA Blank Sample Mole BSA
20 . 321 .328 0
120 . 324 .291 0.24 <363 <341 0.14
190 . 320 . 272 0.35 <367 « 331 0.23
300 .316 .2k9 0.50 . 391 . 320 0.43
600 .316 .212 0.78 b3l . 307 0.69
746 . 314 .213 0.76
78Q 0513 . 202 0.83 43 .293 0.80
935 2313 . 206 0.80
1115 .310 . 194 0.88
1440 « 3507 173 1.03

4]
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values for the sulfhydryl content of BSA in these tables were converted

to the moisture free basis. After 24 hours the pH of the reagent
blank in sample 2 was 7.47 while the protein sample haé a pH of 7.02.
Again it can be seen that the action of ferricyanide on BSA is un-
specific when either urea or SDS are used as denaturants. The cat-
ionic detergent DAC was aléb used as a denaturant in these studies
but was found to be of no usé due fo the increase in absorbancy of
DAC=denatured albumin samples instead of a decrease.

( In comparing denaturants, the action of GHCl is fastest, fol-
lowed by urea, while the slowest reaction takes place with SDS-
denatured samples. But it must be concluded-thatliﬁ all the above

cases the action of ferricyanide on denatured albumin involves

zidation of other groups besides sulfhydryl.
Electrometric Determination

Analytical Method

The apparatus used has been described (63). In this work a
Leeds and Northrup lamp and scale galvanoumeter was used (Model No.
2430-A) which had a sensitivity of 0O.41 uv/mm; the internal resist-
ance was 17 ohm. A 5 ohm resistance was connected in parallel with
the internal resistance, giving a final sensitivity of approximately
0,10 va/m. The potential impressed upon the electrodes was 100 mv.,
as determined with the ald of a Beckman Model ¥G" pH meter.

In a typical electrometric titration procedure, the protein
was taken from the refrigerafor and allowed to come to room tempera-
ture before weighing. The accurately weighed sample, 250 ng., was
placed in a 100-ml. tall-form beaker and dissolved in 10 ml. of

-2
3.5%x10 "M phosphate buffer of pH 6.9. This was followed by the
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addition of 1 ml. of lxlO-BM potassium iodide or 1.5 ml. of copper(II)
solution. Then 1.0 ml. of 4X10—3M potassium ferricyanide was added,
followed by the proper amount of denaturant, and the,whole diluted

to 25 ml. with deionized water. The beaker was then placed in a 370
C. water-bath until oxidation was complete. A reagent blank was pre=-
pared containing no proteinj; this solution was also placed in the
water-bath and was used to measure the residual current. The ex-

tent to which the reaction had gone to completion was periodically
checked by immersing the electrodes in the solutions, stirriné with

a glasg stirrer rotating at 600 rip m., and nbting the current on the
galvonometer. Since the blank contained no ferrocyanide its reading
was congtant. In certain favorable cases, the current produced in

the sampie was proportional to the councentration of ferro- and ferri-
cyanide present. Thus, when small vortions of MXlO_BM ferricyanide
solution were addeﬂ from a 5-ml. semi-micro buret the current ip~
creased. The values of the current were plotted as a function of
total ferricyanide added and the line connecting theﬁe points was
extrapolated to the residual current lihé; this measured the amount
of ferricyanide prgsent in the sample before the additipnal small
portions had been added. The difference between the amount present
at that time and that iﬂitially added gives the amount consumed by

the protein.

Experimental Results

As noted earlier, the denaturants guanidine hydrochloride and
urea serve best in denaturing BSA. DBut it was reported by thyal
(35) that urea could not bé nsed as a denaturant in the électro—
metric method because it reduces the response of the electrodes to

small amounts of ferricyanide. This was found to be true, even
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after extensive purification of the urea. He also stated the GHCL
denatured solutions have erratic and high galvanometer. readings; how-
ever GHCl was successfully used as a denaturant in this study after
careful recrystallization.

In the first series of experiments with GHCl 12 g. of it waa
added to the buffer solution of albumin, which also contained 1 mole
of coprer(Il) per mole of albumin., After various periods of stand-
ing at 570 C.y 0.62 ml, of hxlO-BM ferricyanide was added and, when
the galvanometer reading had reached a steady value, small additional
amounts of ferricyanide Were‘added° It was thus learned that the
amount of ferricyanide cogsumed'decreased with increasing time of stand-
ing in the GHCl solution. For example, if the denatured albumin
solution was allowed to stand at 370 C. for only 15 minutee before
the addition of ferricyanide, 0.47 mole -8H per mole albumin was
found; after a 120-minute veriod of denaturation, 0,36 mole -SH was
found. This difference can probably be attributed to air-oxidation
of the denatured protein, as no precautions were taken to exclude
OXYE el o

If the GHCl was added after a small excess of ferricyanide has
been mixed with the protein, different results were obtained; in
this case, the galvanometer readings reached a maximum after 20 min-
utes and then began to drift downwards. If more ferricyanide was
added to the solution before the readings start to decrease, the
galvanometer did not respond linearly to these additions. There-
fore, the amount of ferricyanide reduced could not be determined
quantitatively. Itkcan only be concluded some reduction of ferri-

cyanide takes place in these conditions.
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In the next series of experiments, 10 ml. of 10% SDS was used
as denaturant. In the first set of experiments, the reaction mix-
ture consisted of 250 ng. of BSA, 10 ml. of 5.5X10-2M vhosphate buf-
fer of pH 6.9, 1 ml. of lO-BM iodide ion, 1.0 ml. of LH:ZLO"3 M ferri-
cyanide and 10 ml. of 10% SDS, added in that order. The volume was
adjusted to 25 ml. in aﬂhcases‘with deionized water. The purpose
of the iodide ion was to stabilize the galvanometer readings. In
these experiments it was learned that no ferrocyanide was produced
even after denaturation for 24 hours at z7° ¢C.

The next set of experiments was ldentical to those above, ex~
cept that they were conducted in the presence of 1 nole of copper(II)
pér mele of albumin (1.5 ml. of solution), in place of the iodide
ion. After denaturation for 260 minutes at 370 C., one sample gave
a reading of 27 on the galvanowmeter, where initially the reading was
only 59 Upon addition of small increments of ferricyanide to this
sanple it was noted that the galvanometer readings increased lin-
early. wtrapolation to the value of the qurr@nt found in the re-
agent blank indicated 0,77 mole ~SH per mole of albumin. Upon long-
er standing it was found that the galvagometer readings slowly drift-
ed downwards. Another sample showed 0.78 mole -SH per mole of al-
bumin after denaturation for 168 minuteé, but again the galvanometer
readings slowly drifted dowaward, indicating further consumption of
ferricyanide. More expérimqnts were conducted with copper(II) ion
and SDS, but in most cases the readings were quite erratic, and the
amount of ferricyanide consumed wés not calculated.

In order to estimate in another way what concentration of ferro-
cyanide had been formed in these experiments, a mixture Wés_prepared

with 10 ml. of 3°5x10_2M phosphate buffer of pH 6.9, 1.0 ml. of
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Lx10™°M ferricyanide, 10 ml. of 10% &DS, and 1.5 ml. of copper(II)
solution, i.e., the same mixture as used above but without the BSA.
This solution was allowed to come to 370 C. and small amounts of
MKlO'BM ferrocyanide were then added. As might be expected from
the spectrophotometric experiments, thevadded ferrocyapide precipi=
tated as copper ferrocyanide and there was no appreciable rise in
the galvanometer readings when up to 1.0 ml. of the ferrocyanide
was added. Thus it was not possible to ascertain ferrocyanide con-
centration in the presence of copper(II).

By substituting 10 ml.;of 10% DAC for the anionic detergent,
the electrode response obtained after reaction with denatured BSA

samples was too feeble to be measured.
BETA-LAGTOGLOBULIN
Spectrophotometric Determination

Experimental Results

The method of analysis for the sulfhydryl content of beta~
lactoglobulin (BLG) was identical to that used for BSA. Prelimin-
ary @erriments with urea and guanidine hydrochloride as denaturants
were done to ascertain whether or not this protein would also show
a slow but steady decrease in absorbancy as a function of time, as
BOA did. It was surprising to find that with 5 M GHCL and 8 M urea
as denaturants the reaction was complete in less than 30 minutes,
with no further decrease in the optical density'of the reagent blank
or sample in up to 8 hours. To illustrate, a sample of urea-denatured
BLG showed an uptake of ferricyanide equivalent to 2.32 mole =-SH per

mole of protein after 150-minutes incubation, and 2.45 mole -8H
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after 480 minutes. A corresponding sample of GHCl-denatured BLG
showed 3.15 mole =8H after 150 minutes and 3.27 mole ~8H after 480
minutes, at 37° C.

8ix determinations done with both samples of BLG.gave, for the
ﬁrea-denatured samples, 2.44%0,10 mole -SH per mole of BLG, and for
the GHCl-denatured samples 3.12t0.10 mole =-3H per mole of BILG.

A series oflexperiments were then designed to show the effect
of blocking the -8H groups of BLG in the presence of these two de-
naturants. The ~SH groups were blocked by an appropriate concen-~
tration of PCMB prior to the addition of denaturant and ferricyanide.
To a series of 25—@1. volumetric flasks were added 50 mg. of BLG and
solution was effected by adding 5 ml. of 3.5X10_2M phosphate buffer
of pH 6.9. To these solutions was added 1.5 ml. of O.l5% PCMB, which
was sufficient to block 4.75 =SH groups in the‘protein used. After

a period of 20 minutes had elapsed, 2.0 ml, of 4x10'3

M ferricyanide
was added, followed by the appropriate amount 6f denaturant, and
the volume was then brought to 25 ml. The reagent blank for these
solutions contained everything but the BLG. The blanks and samples
were incubated at 370 C. and at suitable time intervals aliquot por-
tions were analyzed spectrophotometrically. The results of these
blocked-su1fhydryl experiments are shown in Table IV. The results
indicate that, with BLG, ferricyanide is quite specific for sulf-
hydryl groups in the presence of urea. However, when GHCl was used
as denaturant the optical density decreased'fromhthe’bgginning, show~
ing that ferricyanide was not specific.

These results explain in part the higher results for mercapto-
group content found in the presence of GHCl, but the decrease found

in the PCMB blocked samples after 30 minutes is not sufficient to



TABLE IV

EFFECT OF FERRICYANIDE ON THE BLOCKED -~SH GROUPS OF BLG

Time of Sample 1 (Urea) | Sample 2 (GHC1)
Denaturation 0.D. of 0,D, of % Decrease 0.D. of 0.D. of % Decrease
at 377 C. in Blank Sample in O. D. Blank Sample in 0. D.
Minutes Blank Sample Blank Sanple
5 .310 .311 0 o ' .320 320 0 0
10 .312 <311 0 0 . 320 . 309 0 3.4
20 ,slé .315 0 0 ' 2320 . 307 0 4.0
30 314 .516 0 0 2320 .303 0 5.3
60 o 314 313 0 0 .320 . 301 0 5.9
120. . .306 . 307 1.6 1.6
150 « 297 . 299 b,2 3.9 « 320 .288 0 10,0
300 .319 .273 0.3  1k.7
345 .275 :273 11.3  12.2 «318 .568 0.6 16.2
540 . 268 + 265 13.6 14.8 .318 .235 0.6 25.8

64



60

explain the difference fuylly. Attempts to raise the pH of the GHCL
samples only resulted in a much higher -SH titer.

Determinations using-det@rgents as denaturants were not suc-
cessful. A SDS-denatured BLG sample showed only a 20% decrease in
absorbancy at 410 mp after 24 hours incubation at 370 C. The DAC~
dena%ured protein solution showed a slow but steady rise in optical
densifya Thus further work with the synthetic detergents wés

abandoned.
Electrometric Determination

Exverimental Results

The sulfhydryl groups of BLG, like those of BSA, are not oxid~
ized by ferricyanide in the native state., Thus all attempts to

determine the thiol content are dependent on the ablility of de-

@

naturants to make the -8H groups freely reactive.

Into & 100-ml. tall=-form beaker was placed 50 mg. of BLG, 5
nl. of 3.5%x10"°M phosphate buffer of pH 6.9, 1 ml. of Ux10™2u
ferricyanide,; and 12 gm. of GHCl, in that order. The final vol-
ume was diluted to 25 ml. with delonized water and placed in a
370 Cse water bath for 20 minutes. Then the electrodes were placed
in solution which was stirred by a glass stifrer rotating at 600
ToPolle The bureﬁ tip wes placed below the surface of the solution

3

«in the beaker, small increments of 4x10 M ferricyanide were added,
and the increase in galvanometer deflections was noted. By extra-
polation to the residuwal current line, it was found that the amount

of ferricyanide consumed after 20 minutes was equivalent to 3.02

mole =8H per mole of protein} But thelonger the solution was
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incubated at 370 C.y the more ferricyanide was consumed until, after
Lk hours, there was no yellow color left. Thus it must be again con-
cluded that ferricyanide is unspecific under these conditions.

It has been reported by several investigators that SDS binds

BLG and does not serve to denature it. Groves, et al. (29) found

that at a pH of 8,0 and 25% ¢. BLG was about 40% denatured after
250 hours, while the 8D8 derivative was denatured to a smaller ex-
tent under the same conditions. Nevertheless, a series of experi=-
ments were set up to show the effect of SDS and DAC on this protein.
Into a 100 wml. tall-form beaker was placed 50 mg., of BLG, 5 ml. of
ﬁa5KlQ-2M phosphate buffef, 1.5 ml. of 4xlO-3M’ferricyanide and 10
ml. of a 10% solution of the detergents. The final volume was di-
lutgd’to 25 ml. In the case of SDS the current rose frouw its init-
ial value of 22 to a final value of 74 after 7 hours, and continued
to rise after that time. ‘This would indicate some reduction of
ferricyanide but the process of denaturation was too slow to fol-
low electrometrically. In the case of‘DAC the results were opposite.
After only 100 minutes of incubation at 370 C. the current went off
the scale and it was not until 17 hours later that the current came
back on the scale, slowly drifting downward. Unfortunately, this

interesting phenomenon could not be investigated further, for lack

of time.



SUMMARY AND CONCLUSIONS

The reaction of ferricyanide with bovine serum albumin and
beta-lactoglobulin has been studied. Ferricyanide has been used
successfully for the determination of mercapto groups in denatured
ovalbumin and it was wished to see whether this reagent could be
used with otheér pro%eins. The proteins Were'tested both in the

native state and after denaturation With‘ureé;’guanidine hydro-
chloride, sodium lauryl sulfate and trimethyldodecylammonium
cnloride.

The reaction of ferricyanide with bovine serum albumih'was
investigated spectrophotometrically and electrometrically.
Spectrophotometric measurements indicated no reaction with the
native protein and a slow reaction in 5 M guanidine hydrochloride
or & M urea. The reaction did not c&me to a définife énd,'and‘it
appears thaf ferrigyanide redcts Wifh oth@r group$ in this protein
besides sulfhydryl,lIﬂitial?treammenttwith p-chloromercuribenzoate
did not inhibit the reaction. Eiectrgmétfically, theré:maS;foﬁnd
0,77 mole of sulfhydfyl per méle'of protein“in’some>favorable cases.
Reproducibiliﬁy was not easy to obtain, however, and fhé signifim
cance of this résult is uncertain.

Spectrophotometrically, urea~-denatured beta-lactoglobulin
samples were shown to react stoichiometriéally with férricyanide
at pH 7.0. The amount of -SH groups found was 2,44i0.10 per 46,000

g. of protein. Samples denatured with guanidine hydrochloride,

62
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on the other hand, gave a -«SH titer of B.lEiO.lO groups .per mole of
protein at pH S.4. It was found that p-chloromercuribenzoate in-~
hibits the reaction in urea, but only partly the reaction in guan-
;dine hydrochloride. The unspecificity of ferricyanide in the pre-
.senoe of this denaturant may be respousible for the high results.
‘Synthetic detergents were very poor denaturants for both

proteins.
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