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ABSTRACT 

The reaction kinetics of p-mercur.ibenzoate with 

the sulfhydryl groups of the protein hemerythr.in were 

.investigated. A mechanism .is proposed .in which the 

organic mercurial binds at two sites, one of which .is 

not a sulfhydryl group. From the dependence of the 

react.ion rates on the protein concentration .it .is 

further concluded that the react.iv.ity•of the sulfhydryl 

groups depends on the protein's state of aggregation. 

v.i 



I. INTRODUCTION 

A. Description of the Protein 

Hemerythrin, a non-heme, iron-containing protein, 

is distributed among four different phyla, the primary 

one being sipunculids. (3). This is an oxygen carrying 

protein found to combine reversibly with oxygen, (16), 

and therefore believed to serve a respiratory function 

(3). 

The hemerythrin isolated from Golfingia gouldii 

(also known as Phascolosoma gouldii) has a molecular 

weight of 107,000 (14), contains 16 moles of iron per 

mole of protein, and binds 8 molecules of oxygen (1) 

( H1-) (15). Evidence also indicates that there are 8 

moles of sulfhydryl groups per mole of protein (7,4). 

Hemerythrin is comprised of eight subunits having 

a,molecular weight of 13,500 (7). Sequence studies 

have indicated that all the subunits are the same. (13) 

Thus, each subunit contains two iron atoms (capable of 

binding one molecule of oxygen) and one sulfhydryl group. 

Similar to other iron-containing proteins, the 

iron can be oxidiz:ed to Fe (III) which in turn is capable 

of combining with a number of coordinating ligands; e.g. 

N3-, SON-, OCN-, 01-, F-, OH-, and CN- (8). Coordination 
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of the .iron .is reflected by character.ist.ic changes .in the 

v.is.ib1e and u1trav.io1et spectrum of the protein. No 

spectral change .is noted w.ith buffer so1ut.ions of 

bicarbonate, Tr.is, acetate, cacody1ate, or sulfate, 

suggesting, as expected, that these .ions do not coordinate 

w.ith .iron. In such cases water or a protein residue wou1d 

b.ind to the .iron. 

The characteristic spectral changes which occur 

w.i th the add.it.ion of coord.inat.ing 1.igand to the aqu·o-

methemerythr.in have provided a convenient means for 

studying the nature of the .iron-1.igand bond. Upon 

·complete saturation, the sto.ich.iometry of az.ide (8) and 

thiocyanate (12) has been measured to be one an.ion bound 

to two .iron atoms. 

2 

Various evidence .indicates that the octamer .is .in 

d.issoc.iat.ive equ.i1.ibr.ium with .its subunits. Manwel1 (17) 

showed the m.ix.ing of two genet.ica11y d.ist.inct hemerythr.ins, 

obtained from .ind.iv.idua1 worms, resulted .in hybr.id.izat.ion 

of the two. Keresztes-Nagy et.al. (9) found that hy-

br.id.izat.ion of a native and a succ.iny1ated hemerythr.in 

(w.ith new e1ectrophoret.ic properties) produced an octamer 

w.ith .intermediate e1ectrophoret.ic mob.i1.ity. The occurrence 

of hybr.id.izat.ion suggests that the octamers are .in 

equ.il.ibr.ium with a sma11er sized subunit. 

Further evidence f'.or a d.issoc.iat.ive equ.i1.ibr.ium 

was found from sed.imentat.ion studies. If the octamer 
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.is .in equ.il.ibr.ium with the monomer.ic subun.it, d.ilut.ion 

of the prate.in should result .in a relat.ive .increase of 

the monomer at the expense of the octamer. Us.ing the 

analyt.ical ultracentr.ifuge, Klapper, Barlow and Klotz (10) 

have shown d.ilut.ion of hemerythr.in causes the appearance 

of a new boundary with the sed.imentat.ion propert.ies of 

the monomer, w.ith the concom.itant d.im.inut.ion of the 

boundary due to the octamer. The presence of only these 

two boundar.ies suggests that the monomer and octamer are 

the only spec.ies .involved .in the equ.il.ibrium. 

React.ion of the prate.in sulfhydryl groups with 

mercaptan-block.ing reagents results .in prate.in d.issoc.iat.ion. 

Ket>esztes-Nagy, et. al. (7) have shown that th.is d.issoc.iat.ion 

occurs by an 11 a11-or-none 11 mechan.ism. As soon as one 

mercur.ial molecule .is bound to one s.ite on a prate.in 

molecule, the other s.ites also b.ind and d.issoc.iate .into 

subun.its. Upon remov.ing the blocked sulfhydryl groups 

of the subun.its w.ith cysteine ethyl ester, .it was poss.ible 

to reaggregate the prate.in back to octamer w.ith a n.inety 

per cent y.ield. (7) 

B. Cooperat.ive Interact.ion 

Keresztes-Nagy and Klotz (8) d.iscovered that the 

env.ironment of the .iron atoms .in hemerythr.in effects 

the react.iv.ity of the sulfhydryl group. Sed.imentat.ion 

stud.ies revealed that .in the absence of a coord.inat.ing 
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1.igand, the sulfhydry1 groups of aquo-methemerythr.in react 

extremely slowly w.ith su1fhydryl reagents. In the presence 

of a 1.igand, the react.ion of the prote.in w.i th su1fhydry1 

reagents proceeds rap.idly. Therefore, a 1.igand coord.inated 

to .iron enhances the react.iv.ity of the su1fhydryl groups. 

In the absence of 1.igands, the low react.iv.ity of 

the sulfhydry1 group may be due to coord.inat.ion w.ith the 

.iron (11). It .is poss.ible that 1.igands could replace 

the su1fhydry1 group at the .iron s.ite, re1eas.ing the 

su1fhydry1 group for comb.inat.ion w.ith su1fhydryl reagents. 

However, the react.ion of the su1fhydry1 group with an 

organ.ic mercur.ia1 .in the absence of any external 1.igand 

causes no change .in that port.ion of the prote.in 1 s spectrum 

due to the .iron. This suggests that the su1fhydryl group 

.is not .in the v.ic.in.ity of the .iron, but ex.ists at a 

separate locus. The enhanced react.iv.ity of the sulfhydryl 

groups when the env.ironment about the .iron .is changed 

.is an example of cooperat.ive .interact.ions: a react.ion 

at one s.ite of the .prate.in effects the react.iv.ity of a 
' second s.i te ( 8). 

C. Models for Cooperat.ive Interact.ion and 
Substant.iat.ing Ex;eer.iments 

Two molecular .interpretat.ions of the cooperat.ive 

.interact.ion .in hemerythr.in have been out1.ined by Klapper, 

Barlow, and Klotz (10). Both models assume that two 

prote.in forms are .in equ.i1.ibr.ium w.ith one another. The 
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su1fhydry1s of one of these forms are relatively unreact.ive; 

those of the other react readily. If coord.inat.ion of 

external 1.igands to .iron sh.ifts the protein equ.ilibr.ium 

from the unreact.ive to the -reactive form, cooperative 
I 

effects could be explained. 

In the f.irst or 11 dissoc.iat.ion 11 model, or.ig.ina11y 

proposed by Keresztes-Nagy and Klotz (8), it .is assumed 

that: 

(1) The octamer.ic protein .is .in equ.i1.ibr.ium with 

a small amount of monomer. 

(2) The monomer has a greater affinity for .iron 

coord.inat.ing an.ions than does the octamer, 

and therefore an.ions sh.ift the octamer 

monomer equ.i1.ibr.iurn to the r.ight. 

(3) The sulfhydry1 groups of the monomer are 

more reactive than the sulfhydry1 groups of 

the octamer. 

The second or 11 conformat.iona1 11 model proposes that 

the bind.ing of the ligand to the octamer generates a 

conformational rearrangement without d.issoc.iat.ion of the 

protein. The rearrangement exposes the sulfhydryl groups 

or places them .in such a posit.ion as to stimulate 

react.iv.ity. 

S.ince both models are able to explain the cooperative 

.interact.ions, experiments have been performed .in order to 

test one of the alternatives, the d.issoc.iat.ion model. 
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Evidence for the first assumption, the octamer-

monomer equilibrium, has been presented in the hybridization 
\ 

experiments (9) (17) and sedimentation studies (10). 

The binding constants of azide to mercurial-produced 

monomer and to octamer, cited by Keresztes-Nagy and Klotz 

(8) indicate that the monomer has a higher binding 

constant. This comparison of the binding constants is 

open to criticism, because the monomer was prepared by 

chemical modification. Monomer with a non-blocked 

sulfhydryl group may have different properties. Therefore, 

another experiment was performed, measuring the binding 

constant of thiocyanate. As ultracentrifuge experiments 

have shown, the octamer is in dissociative equilibrium 

with the monomer. Upon dilution of the protein, more 

monomer is formed. If the binding constants of thiocyanate 

to the iron are measured at increasing dilution of protein, 

the apparent binding constant should begin reflecting the 

binding of the monomer to the ligand. If the monomer does 

have a greater affinity for the ligand, dilution of the 

protein should result in an increase of the apparent 

binding constant. The binding curves measured by Klapper 

and Klotz (12) indicated an increase in the binding 

affinity as the protein is diluted. These results sub-

stantiate that the monomer has a higher affinity for the 

anion. 
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D. Testing the Third Assumption 

The third assumption, the greater reactivity of the 

monomer's sulfhydryl group, has been tested using kinetic 

studies (11). The reaction between p-mercuribenzoate (PMB) 

and the chloride form of methemerythrin was studied by 

measuring the formation of the sulfur: mercury bond, which 

can be observed by an increase in absorption at 250 mu. 

+ Hr-SH --->Hr-S-Hg-O-co2H + 

Variation of the mercurial over a thirteen-fold range at a 

constant protein concentration produced no changes in the 

reaction rate. An apparent_first order rate constant was 

obtained. This suggests that the rate limiting step must 

be one which does not involve the mercurial. 

These results of the kinetic studies neither verify 

the dissociation model nor reject the conformational model. 

In both models a first order rate limiting step may be 

proposed. 

In the dissociation model one may consider a sequence 

of reactions in which the rate limiting step is the octamer-

monomer dissociation; thus first order kinetics would be 

found. 
Slow 

8 Hr-SH 

fast 
Hr-SH + · HgR ~IIr-S-HgR 
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On the other hand, .in the conformational mode1, the 

rate 1.im.it.ing step might be the conformat.iona1 change of 

the protein. This also does not .involve the mercurial. 

The mercurial react.ion with the activated octamer wou1d be 

a fast react.ion, not .involved .in the rate limiting step. 

slow {: .... :. 
(Hr-SH)s 

(Hr-SH)fr: + HgR 
fast 

Hr-S-HgR 

Further kinetic data .is required to prove the third 

assumption of the d.issoc.iat.ion mode1. 

Since oc tamer.ic .methemerythr.in .is .in d.issoc.ia ti ve 

equ.i1.ibr.ium with the monomer, decreasing the hemerythr.in 

concentration w.i11 therefore produce monomers. If the 

second order rate constants of hemerythr.in reacting with 

PMB are measured at .increasing d.i1ut.ion of the protein, 

the apparent rat~ constants shou1d beg.in ref1ect.ing the 

rate of the monomer. If the monomer .is the more reactive 

species, as mode1 one predicts .in the third assumption, 

d.i1ut.ion of the protein shou1d resu1t .in an .increase .in 

the apparent second order rate constant. 

However, .if the conformat.iona1 model .is va1.id, 

di1ut.ion would not promote the react.ion and the apparent 

second order rate constant wou1d not .increase with protein 

d.i1ut.ion. 



The present research is concerned with measurements 

of the first and second order rate constants for the 

reaction of methemerythrin with p-mercuribenzoate (PMB) 

at increasing dilution of hemerythrin, in order to test 

the third assumption of the dissociation model. 

9 



II. EXPERIMENTAL PROCEDURES 

A. Materia1s 

p-mercuribenzoic acid was purchased from the Sigma 

Chemica1 Co., Phascolosoma Gou1dii were obtained from 

Marine Bio1ogica1 Laboratories, Woods Hole, Massachusetts. 

A11 other chemica1s were purchased from genera1 commercia1 

sources. 

B. Preparation of Reagents 

Crysta11ine oxyhemerythrin and methemerythrin were 
0 prepared at 5 G by procedures described by K1otz et. a1. 

(14, 16). The procedure out1ined be1ow inc1udes some 

modifications which were made. 

Each batch of hemerythrin was prepared from the 

coelomic f1uid of approximate1y 100 worms (Phasco1osoma 

gouldii). The worms were washed in 3.1 per cent NaC1, 

the coe1om s1it, and the fluid drained into an ~ce-coo1ed 

beaker. The f1uid was a11owed to c1ot for about fifteen 

minutes and then fi1tered through g1ass wool. The 

hemerythrin-containing cells were centrifuged at 17,500 

r.p.m. for thirty minutes twice: once to remove the super-

natant and again after washing the ce11s with 3.1% NaC1. 

· A volume of O .4% NaCl twice the vo1ume of the ce11s was 

10 



added. The solution was laked overnight, covered with a 

1:1 mixture of benzene and ether (approximately one ml.). 

11 

After centrifuging for thirty minutes at 17,500 r.p.m., 

to remove cell debris the clear solution was dialyzed 

overnight against 0.4% NaCl. If no precipitate appeared, 

the protein was crystallized overnight against an 80:20 

mixture of 0.4% NaCl and 95% ethanol. (If precipitation 

had occurred the suspension was centrifuged to remove the 

contaminating solid before the crystallization step.) The 

crystals were centrifuged for fifteen minutes at 10,000 

r.p.m., and the supernatant and milky coating were removed. 

The crystalline protein was redissolved in a minimum 

volume of 0.4% NaCl (75-100 ml.) and then recrystallized. 

The purified crystals were redissolved in 0.4% NaCl, and 

a 0.1 ml. aliquot was removed. The remaining oxy-hemerythrin 

was dialyzed against one liter of 1.0 M NaCl for three 

hours. 

The aliquot of oxyhemerythrin was diluted 1:10, 

and the optical density of the diluted sample was read 

at 500 mu (where oxyhemerythrin has an extinction co-

efficient of 1100 cm. 1. mole-Fe-1 (8) ) to determine· 

the concentration of iron in the oxyhemerythrin solution. 

In order to oxidize the iron in the protein, a two-fold 

excess of potassium ferricyanide was added to the 

hemerythrin solution. The solution was kept at room 



temperature for half an hour and then was placed in the 

refrigerator overnight. 

In order to remove ferri- and ferrocyanide, the 

methemerythrin was passed through a column of Dowex 1-X8, 

200-400 mesh (washed by the method of Hartree (6) and 

used in the chloride form). 

12 

The methemerythrin was first dialyzed seven hours 

against 1 liter 0.05 M EDTA (brought to pH 7.0 with Na0H) 

and then two times against one liter 0.05 M ~-Acetate 

buffer, pH 7.0. A small sample of the aquomethemerythrin 

was removed and diluted one tenth. The absorption of the 

sample was read at 355 mu to determine the approximate 

concentration of the hemerythrin solution. The extinction 

coefficient of aquo-methemerythrin at this wavelength is 
. -1 ( 8) 3220 cm. 1. mole-iron • 

(At this point, if aquo-methemerythrin crystals 

were desired, the solution was dialyzed against 0.4% 

NaN03: 95% ethanol in the ratio; 95:5.) 
Because the kinetic studies described later were 

performed with fluoride as the ligand bound to the iron, 

and the aquo form is not as stable as the fluoride form, 

the protein was dialyzed three times against 0.05 M ~-

Acetate cotitaining 0.1 M NaF, pH 7.0 and stored. 

A11 of the above operations for the preparation of 

the protein were done at 3-5° C. 
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The Tris-Acetate buffer was prepared as follows. 

A 0.2 M Tris and a 0.2 M acetic acid solution (made with 

the assumption that glacial acetic acid is 17.4 M), were 

combined to form a pH 7.0 solution. The buffer was 

diluted 1:4 with water to yield the 0.05 M Tris-Acetate 

solution. This buffer, pH 7.05 was the base solvent for 

all solutions used in titrations and kinetics. From it 

buffers containing 0.1 M F-, 0.1 M F- plus 0.05 M Br-, and 

0.l MF- plus 8 M urea were made. New buffer was prepared 

every two weeks, due to pH changes on standing. 

Solutions of p-mercuribenzoate (PMB) were prepared 

either the night before or the day they were to be used, 

depending on the concentration desired. For solutions 

with a concentration of approximately 5 x 10-4 M to l x 10-3 

M, excess PMB was added to 20-50 ml. of the appropriate 

buffer and allowed to stand overnight, allowing the excess 

PMB to settle. The clear solution was drawn off and its 

concentration determined. For higher concentrations of 

PMB, solutions had to be prepared the day of use. In order 

to remove excess PMB, centrifugation at 20,000 r.p.m. for 

one hour was employed. However, two hours of centrifuging 

sometimes proved less effective in removing excess PMB 

then settling overnight. 

All solutions were passed through glass filters to 

remove dust. 



C. Concentration of Solutions 

The concentration of PMB so1utions were determined 

by di1uting an aliquot 1:50 and reading the absorption 

of the di1uted sample at 232 mu. The absorption of the 

buffer was subtracted from that of the samp1e. The 

extinction coefficient cited by Boyer (2), 1.69 x 104, was 

used for determining the concentrations of PMB in 0.1 MF-, 

0.05 M ~-Acetate and 0.05 M ~-Acetate buffers. In 

0.05 M NaBr, PMB was found to have an extinction coefficient 

of 1.94 X 104. 

The concentration of the su1fhydryl groups in the 

protein was determined as fo11ows. vJhen the protein 

solution was prepared, the approximate iron content was 

found for the aquo-methemerythrin. Knowing that for 

every two iron atoms, the protein contains one sulfhydry1 

group, the su1fhydry1 content can be approximated. Be-

cause the origina11y prepared protein is too concentrated 

to study, various di1utions are made for the kinetics. For 

each specific di1ution, the approximate su1fhydryl con-

centration must be ca1cu1ated. The exact va1ue is found 

by a su1fhydry1 titration with the di1uted protein. 

A11 the titrations of the protein were performed 

with a fixed concentration of protein and variation of 

the titrant, PMB. Volumetric f1asks and microburets 

having an accuracy of greater than o.5% were used. 

For the fo1lowing concentrations of di1uted protein, the 
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volumetric .flasks and spectrophotometric cells employed 

are .indicated: 1 x 10-4 M SH, 5 ml. flasks, 0.5 mm. cells; 

4 x 10-5 M SH, 5 ml. flasks, 1 cm. cells; 1 x 10-5 M SH, 

25 ml • .flasks, 2 cm. cells; 1 x 10-6 H SH, 100 ml • .flasks, 

10 cm. ce11s. 

An aliquot o.f the concentrated protein was added 

to each .flask w.ith the appropriate m.icroburet. The 

.flasks were placed .in a 5° C environment for an hour, and 

removed .ind.iv.idua1ly to _add a predetermined amount o.f PMB. 

Approximately .f.ive .flasks contained .increasing concentrations 

of PMB less than the SH content, an<;l s.ix contained .in-

creasing excess o.f PMB. Seven t.imes excess was used .for 

1 x 10-~· M SH, 10 t.imes excess .for 1 x 10-5 M SH, and 20 

t.imes excess .for 1 x 10-6 M SH. Two .flasks were prepared 

w.ith diluted protein only. 

Following add.it.ion o.f PMB and .f.ina1 d.i1ut.ion w.ith 

the appropriate buf.fer, the .flasks were replaced .in the 

5° C environment, to prevent protein denaturat.ion. Once 

.f.i lled, all the .flasks were set .in a 10° C water bath 

.for 10 to 14 hours. Absorption readings were made on a 

Cary 16 at 250 mu .in the appropriate cell. Zero reading 

was made .in the same cell with water pr.ior to the reading 

of each .flask. Figure 1 contains the diagram o.f a typical 

t.itrat.ion. 

Th.is t.itrat.ion has a t~o-fo1d purpose. The .f.irst 

.is the determ.inat.ion o.f the su1fhydryl concentration. 



The second is the calculation of the total absorption 

change expected for the complete reaction of the protein 

with PMB at the various PMB to protein ratios. 

The slopes of the two Lines in Figure land their 

y intercepts were determined by least squares. The 

concentration of J?MB at which the two 'Lines intercept 

is the concentration of the protein sulfhydryl groups. 

The slope of the 'Line at low PMB concentration divided 

16 

by cell length is the change in the molar extinction 

coefficient during the formation of the protein-mercurial 

complex plus the molar extinction coefficient of PMB. 

The slope of the 'Line at excess PMB concentrations divided 

by cell length is the molar extinction coefficient of 

PMB alone at 250 mu. The difference between the two 

slopes is the molar extinction coefficient change during 

the formation of the protein-mercurial c_omplex multiplied 

by the cell length. 

From the calculated A E- , the change in absorption 

for any amount of PMB reacting with the protein can be 

determined. For PMB in excess of the protein sulfhydryl 

groups, all of the sulfhydryl groups will react, limiting 

the absorption change. Therefore the change in absorption 

at 250 mu due to complex formation would be: 

6 AT= A£ (Concentration of Protein)(Cell Length) 

For concentrations of PMB less than the protein, all 

of the PMB would be in the protein-PMB complex. 



Therefore, the total change in absorption at 250 mu 

would be: 

A AT = £ (Concentration of flTB) ( Ce 11 Length) 

17 

In order to determine the iron content of methemerythrin 

a cyanide titration was first tried, since it was believed 

that cyanide had a high affinity for iron. The titration 

was first done at pH 8.0 in a Tris-Acetate buffer to 

minimize formation of HCN. The absorption was read at the 

ch~racteristic cyanide peaks, 493 mu and 374 mu. No 

apparent change in absorption was observed at these peaks, 

up to a 1:1 addition of cyanide to iron. 

There are two possible reasons for this result. 

At pH 8.0 more hydroxy-methemerythrin than expected might 

be present. Because hydroxy-methemrythrin has a maximum 

at 362 mu with a similar extinction coefficient to cyanide-

methemerythrin, the differences betw~en the two extinction 

coefficients at 374 mu at this pH may be too insignificant 

to produce absorption changes. On the~6ther hand cyanide 

may not complex strongly with iron, and therefore a 

large excess of cyanide is required for complete binding 

of iron. 

To verify this, a cyanide titration was done in 

a pH 6.8 Tris-EDTA buffer. A two to one addition of ~. 
cyanide yielded a small decrease in absorption at 374 mu. 



But a marked decrease in absorption was noted w.ith the 

add.it.ion of crysta11.ine potassium cyanide. Thus .it 

appears that cyanide does not b.ind strongly to the .iron 

.in hemerythr.in. Th.is was substantiated by a difference . 
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spectrum of aquo-methemerythr.in w.ith and without potassium 

cyanide. The spectra of the two were .identical. Low 

concentrations of cyanide are therefore unable to replace 

the ligand coordinated to the .iron .in aquo-methemerythr.in. 

The .iron content of methemerythr.in was therefore 

determined directly by s1.ight1y modified procedure of 

Yonetan.i (19). An aliquot conta.in.ing 6.25 to 62.5 ug 

of .iron was transferred to a 25 ml. volumetric flask. 

The sample was dissolved .in 0.5 ml. concentrated sulfuric 

ac.id and heated gently. At the charring po.int a few drops 

of 30~ hydrogen peroxide were occas.iona11y added. The 

sample was heated unt.i1 a colorless Liqu.id was obtained. 

It was then diluted w.ith two ml. d.ist.i11ed water, heated 

slowly, and evaporated to wh.ite fumes. The flask was 

cooled, and the solution diluted w.ith another two ml. of 

water. Th.is was followed by heating aga.in to wh.ite fumes, 

cooling, and d.ilut.ing w.ith s.ix ~l. d.ist.i11ed water. The 

solution was heated to bo.il.ing and diluted to about ten ml. 

w.ith d.ist.i11ed water. 

To the above solution, two ml. of 0.25~ 1,10-

phenanthrol.ine, one ml. fresh hydroqu.inone ('LO~), and 
. 

f.ive ml. of sodium citrate (25~) were added, .in that order. 
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The pH was adjusted to J.5 or 4.0 with a one to one dilution 

of concentrated ammonium hydroxide. Final dilution to 25 
ml. was made with distilled water. After mixing well, the 

flasks were allowed to stand one hour. Two blariks, con-

taining no iron, were prepared in the same manner. The 

absorption of the solutions was read at 508 mu. 

A standard iron solution was prepared from ferrous 

ammonium sulfate. In order to prevent formation of 

ferrous hydroxide, 2.5 ml. of concentrated sulfuric acid 

were added per liter of initial solution. The standard, 
-1 1.0 x 10 M was diluted 5 ml. to one liter to produce 

a final standard solution containing 28 ug iron per ml •• 

Iron determinations with five standard iron solutions 

gave an extinction coefficient for the iron complex as 
-1 -1 0 .Ll-4 7 mumole cm. • Yonetani I s figure, corrected for 

-1 -1 differences in the procedure, was 0.459 umole cm (19). 

These values are consistant considering modifications in 

the procedure which could not be corrected for. 

D. Procedure for Kinetic Studies 

The kinetics of the reaction between PMB. ·.and met-

hemerythrin were followed spectrophotometrically on a 

Cary 16 at 250 mu (2). The temperature of the cell was 

held constant at 14.0 ± 0.1°c by passing water from a water 

bath, held at about 10° C, through the cell holder. A 

thermistor calibrated to 0.01° C was employed for measurement 



20 

of the so1ut.ion temperature within the cel1. 

Da.i1y 1abwork was begun by f.il1ing a cel1 to be 

used for the runs w.ith water, and measuring its temperature 

w.ith the thermistor. The bath temperature was adjusted 

unt.i1 the temperature of the ce11 read 14.0 ± 0.1° C. 

Protein to be used .in the react.ion was part.ial1y 

d.i1uted to a known vo1ume 12 hours before with f.i1tered 

buffer and a11owed to stand at 5° o. Dilution to the 

fina1 concentration was made .in the ce11 w.ith add.it.ion 

of buffer and PMB. However, prior to PMB add.it.ion, the 

protein-buffer so1ut.ion remained .in the ce11 for one hour 

when 2, 5, and 10 cm. cel1s were used, and one-ha1f hour 

for the sma11er ce1ls. Th.is t.ime was generally 'long 

enough for the temperature of the so1ut.ion to reach 

equ.i1.ibr.ium. In the larger ce11s, where a 'longer t.ime 

period was sometimes required, the thermistor was washed 

w.ith d.ist.i11ed water, dried, and p1aced .in the so1ut.ion 

to verify that the temperature was 14.0 :!:" 0.1° 0 before 

starting the react.ion. A vo1ume of PMB of known concen::. 

trat.ion, ca1culated as described previously, was then 

added to the ce11 w.ith a Hamilton syringe or a p.ipet. 

The ce11 was shaken by hand and immediately returned to 

the ce11 ho1der. The rate of the react.ion indicated by 

the .increase of absorption at 250 mu was followed to 100% 

comp1et.ion for smal1 ratios of PMB to protein, and to 

60-80% comp1et.ion for larger ratios. 



At the time the protein sulrhydryl concentration 

had been calculated, the total change in absorption ror 

the reaction had also been calculated. Thus, one could 

estimate when the reaction was 60-80% completed. 

For each reaction, the readings or optical density 

ror the rirst six minutes were extrapolated to time zero. 
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The extrapolated reading at time zero was taken as A0 • The 

change in absorption calculated ror the initial concentration 
' or PMB and methemerythrin sulrhydryls in the cells (explained 

previously when determining sulrhydryl content) was added 

to A0 to rind A00 • For reactions taken to completion the 

calculated ArJO was in close agreement with the observed A~ • 

The readings or absorbance, At, along with A0 and 

A00 , were rit into the equations /17/ and /21/ to rind 

the rirst and second order rate constants. Calculations 

were made with an Olivetti Programma~ The lert hand side 

or the equation was plotted versus t and the slope or the 

best straight line was k, the rate constant. In the event 

or a slightly curved line, the slope was taken at 60% or 

the reaction. 

E. Determination or the Rate Constants 

In a reaction involving one reactant in the rate 

determining step, the rate constant k is determined rrom 

the dirrerential equation, 
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where tis time, [:cJ is the concentration of the reactant, 

and n is the order of the reaction. If n = 1, integ_ration 

of /1/ from zero tot produces: 

/2/ In Co = kt 
Ct 

Since c 0 - p = ct, where pis the product, 

/3/ ln _c_o __ _ - kt 
co - p 

If the 'logarithm of c0 /c 0 - pis plotted against t, a 

straight 'line of slope k is obtained. 

For a reaction between two reactants, a and b, 

the rate determining step may be dependent upon only 

one reactant and fo11ow the kinetics of a first order 

reaction /3/, or may be second order, first order in 

both a and b. If a + b --+ p, then, 

Integration yields: 

/5/ 1 ln ao ( bo-P) 
bo ( ao -p) 

= kt 

Again a plot of the 'left hand of the equation versus time 

would form a straight 'line with slope k. 

Since the reaction of hemerythrin and PMB could 

be either first or second order, both plots were employed. 



However, the concentrations of hemerythrin, PMB, and 

product were measured indirectly by absorption changes. 

Equations /3/ and /5/ therefore had to be put into more 

applicable forms, which are derived below. 

We know that if a + b~p, and all species absorb 

at the wavelength used, then: 

/6/ Ao = E.aao + Ebbo 

/7/ At = Eaat + Ebbt + E'pPt 
/8/ A«J = Eaato + £bb"° + EpPCIIO 

where A is absorption; Ea, Eb, and ep are extinction 

coefficients of reactants a and b, and product p, 

respectively; and subscripts o, t, and~ refer to zero 

time, an arbitrary time during the course of the reaction, 

and time at the completion of the reaction, respectively. 

/9/ ao Pt 
/10/ bo Pt 
/11/ ao Poo 

/12/ bo Pto 

Combining equations 

= at 
= bt 
= a., 
= boo 

/6/ through /12/ yields: 

Ao = Pt ( Ep 

A0 = pCIIO ( E p 
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Subtracting /13/ from /14/ yields: 

/15/ Aoo - At = (poo - Pt) ( € - £a - €b) p 

The first order rate equation is formed by dividing 

/14/ by /15/. 

/16/ Ar.,o 
Ac,o 

- Ao 
- At 

= a ' 0 

= Pc,o 
Poe - Pt 

Equation /16/ substituted into /3/ gives: 

/17/ 

Equation /17/ is the equation used for the calculation 

of the first order rate constant k. 

· For the second order rate constant, equation /13/ 
is substituted into /5/ to give: 

At - Ao 
/18/ l ao bo - E;p - Ea - Eb 

bo ln • kt - ao ao - 1-rt 7-ro = 
Ep - E:.a - eb 

Substituting /14/ into /18/ produces: -· 

At - A 
0 • Poe 

/19/ l ln ao bo A°co Ao 
bo ao On • = kt 

0 ao - At - Ao 
Aco Ao • pc,,o -
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Rearrangement yields: 

/20/ 1 ln 

If b >> a , p00 = a • Therefore, p 
0 0 . O 

into /20/ to give: 

l /21/ bo 

can be substituted 

= kt 

If a >> b , p 00 = b
0

, and the equation is the same form 
0 0 

as /21/, but a0 and b0 are interchanged. Thus, equation 

/21/ is used for calculation of the second order rate 

constant k. The reactant in larger quantity is b0 , the 

one of smaller concentration is a0 • A plot is made of 

the left hand side of the equation against t, and the 

slope of the best straight line is k. 



III. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Fluor.ide B.ind.ing to Iron 

Aquo-methemerythr.in has a characteristic peak at 

355 mu, while f1uoro-methemerythrin has characterist.ic 

peaks at 317 mu and 362 mu. A compar.i son of the.ir 

spectrum (9) .ind.icates that the largest d.ifferences .in 

the ext.inct.ion coeff.ic.ients are near 355 mu. Th.is peak 

was used for determ.in.ing the extent of b.ind.ing of 

fluor.ide to .iron .in a one-tenth molar f1uor.id-e so1ut.ion. 

The decrease .in absorpt.ion'w.ith .increas.ing fluor.ide .is 

shown .in Figure 2. The curve suggests that .in a 0.1 M 

fluor.ide so1ut.ion the .iron .in methemerythr.in .is at least 

n.inety percent saturated w.ith f1uor.ide. 

B. Consequences of Prate.in Conformat.iona1 
Changes 

Because the prate.in absorbs at 250 mu, any con-

format.ional changes .it undergoes dur.ing the react.ion 

m.ight be observed as a change .in absorpt.ion at 250 mu. 

Such a change would effect the .increase .in absorpt.ion 

used to measure the su1fhydry1 react.ion. In order to 

determ.ine contr.ibut.ions due to prate.in conformat.iona1 

changes, the ext.inct.ion coeff.ic.ients of the var.ious 

spec.ies .in the react.ion mixture were determ.ined. 

26 



27 

Titrations were performed in 0.1 MF-, 0.05 M Tris-

Acetate buffer plus 8 M urea and in 0.1 MF-, 0.05 M 

Tris-Acetate. The extinction coefficient of PMB and the 

change in extinction coefficient during the protein-mercurial 

complex formation were obtained as discussed in the methods 

section and are listed in Table I. As indicated in the 

table, the extinction coefficients are independent of 

protein concentration. 

The observed change in absorption is due to the 

decrease in absorption when protein and PMB are consumed 
' in the reaction and the jncrease in absorption resulting 

from the formation of the complex. When the protein and 

PMB are in a one to one ratio: 

This may also be written in the form of extinction co-

efficients. 

/ 23/ AE = €.p-PMB - E. -protein 

The respective values for E. and c . PMB' cprotein' 

may be substituted into /23/ to find the extinction 

coefficient of the protein-PMB complex in both fluoride 

and urea. ( Table II) 

Assuming that the absorption of the protein-PMB 

complex is composed of two additive parts, the sulfur-PMB 
grouping and the rest of the protein, then: 
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/24/ E.p-PM"B = €. + fi protein 

If we further assume that the extinct.ion coeff.ic.ient of 

the protein does not change w.ith format.ion of the comp1ex, 

the extinct.ion coeff.ic.ient for the S-PMB complex can be 

calculated (Tab1e II) • 
.. 

Boyer (2) has determined the change .in extinct.ion 

coeff.ic.ient w.ith the su1fhydry1 of cyste.ine at pH 7.0 
.in an acetate buffer. In that buffer system PMB shou1d 

have the same extinct.ion coeff.ic.ient as .in Tris-Acetate or 

f1uor.ide Tr.is-Acetate. S.ince the absorption of cyste.ine 

.is sma11 at 250 mu, the extinct.ion coeff.ic.ient for 

cyste.ine-PMB may be estimated from his data. (Tab1e II) 

The va1ue ca1culated from Boyer's data .is within 

exper.imenta1 error of the va1ue for the ca1culated 

extinct.ion coeff.ic.ient of the -S-PMB grouping in the 

protein dissolved .in fluoride. Th.is suggests that the 

assumption that the protein absorption at 250 mu does 

not change when .its su1fhydryl groups react with PMB .is 

va1.id. Therefore, the data suggests that those con-

format.iona1 changes which occur during the react.ion are 

not reflected by a change .in absorption at 250 mu. The 

differences between the extinct.ion coeff.ic.ients of the 

-S-PMB comp1ex when protein .is .in urea and fluoride 

may be due to env.ironmenta1 differences. It .is known 

that PMB absorbs d.iffer~.nt1y .in urea and .in water. 
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Therefore it is 1ike1y that -S-PMB would have a different 

extinction coefficient in the urea environment than in 

the water environment. One must remember, however, that 

the simi1arities between the extinction coefficients of 

-S-PMB for protein and cysteine may be fortuitous. The 

absorption of the protein in fluoride could undergo a 

change when the protein-mercuria1 comp1ex is formed, but 

this cou1d be compensated by a change in the extinction 

coefficient of the -S-PMB complex. For these reasons no 

definitive conc1usions can be drawn. Another important 

point found in Tab1e I, is the fact that the extinction 

coefficient of PMB a1one and in the presence of protein 

is the same as the extinction coefficient in the absence 

of protein. This suggests that either PMB binds only 

at the su1fhydryl site, or that if there is binding at a 

second site, only the reaction at the su1fhydry1 site 

causes an absorbancy change at 250 mu. 

O. Concentration of Sulfhydryl 
Groups and Iron 

In Table I, three protein concentrations are marked 

with an asterisk. These sulfhydry1 titrations were done 

on the same protein so1ution. The average concentration 

of the sulfhydry1 groups was 1.86 x 10-3 M. An iron 

determination performed on the same protein showed the 

iron content was 3.35 x 10-3 M. The protein therefore 

contains 1.80 iron atoms for every sulfhydryl group. 
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These results are cons.istant within experimental error with 

the .iron to sulfhydryl ratio 2:1 reported by Keresztes-Nagy 

and Klotz (9). 

D. Rate Constants 

The first and second order rate constants for the 

react.ion of PMB with hemerythr.in were calculated for 

various concentrations of PMB at four different hemerythr.in 

concentrations. (See Tables III, IV, V, VI) The values 

for the apparent first and second order rate constants 

were obtained from the slopes of graphs, such as the ones 

.in Figures 3 and 4. 
The variations of the apparent rate constants listed 

.in Tables III, IV, V, and VI .indicate th.is .is not a simple 

first or second order react.ion. The first order rate 

constant decreases to an approximately one to one ratio 

of PMB to protein su1fhydryls, and then .increases with 

excess PiVIB. (See Figure 5) The second order rate constant 

decreases with .increasing PMB concentration and then beg.ins 

to level off. (Figure 6) The data suggests that PMB .is 

definitely .involved .in the rate determining step. 

The data suggests the format.ion of a PMB-prote.in 

complex at a s.i te other than the su1fhydryl. W.i th th.is 

assurnpt.ion, the fo 11owing mechanism may be wr.i tten: 

fast 
(1) Hr + PMB PMB-Hr-SH 
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( 2) PMB-Hr-SH + Hr 
kl 

Hr-S-HgR + Hr 
- k2 

(3) PMB + Hr Hr-S-HgR 

(4) PMB-Hr-SH 
k3 

+ PMB Hr-S-HgR + PMB or PMB-Hr-S-HgR 

(5) PMB-Hr-SH 
k4 > Hr-S-HgR 

As the reactant ratio departs from one to one, the free 

hemerythrin or PMB increases and the rate would also 

increase. 

, If the initial binding of PMB to protein is correct 

and the benzoate portion of PMB is binding to a second 

site on the protein, an excess of benzoic acid should 

displace the PMB and therefore change the reaction 

kinetics. 

The reaction of PMB with fluoromethemerythrin was 

performed in the presence of 3 x 10-4 M benzoic acid. 

Since the protein concentration was 3.88 x 10-5 M, nine 

times excess benzoic acid seemed sufficient to replace 

the PMB at the second site. Table VII contains the rate 

constants for the reactions of hemerythrin and PMB in the 

benzoic acid., When the first and second order rate 

constants are compared with rates of the reaction under 

identical conditions but without benzoic acid (Table IV), 

no appreciable differences are found. This is apparent 

in Figure 7, where the concentration of PMB is plotted 

against the first order rate constants for both cases. 

If PMB binds to another site, benzoic acid is not capable 

of replacing it. 



These results suggest that .if PMB .is bound to the 

second site on the protein, .it .is attached through the 

mercury atom. In such a case, .it .is probab1y bound to 

the hemerythr.in at a nitrogen or oxygen atom. If the 

mercury were blocked by an .ion which hinds more strong1y 

than oxygen or nitrogen, but 'less than sulfur, the 

react.ion wou1d be forced to proceed through, 

(3) PMB + HrSH 
k2 

--~) Hr-S-HgR 

and the react.ion rate shou1d .increase. 

Bromide .is an .ion which hinds strong1y enough to 

mercury to prevent complex format.ion at a second site 
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on the protein (18). Bromide binds 'less strong1y to .iron 

than f1uor.ide (18) and therefore shou1d not coordinate 

with the protein .iron .in the presence of f1uor.ide. Kinetics 

were performed at one protein concentration under previous 

conditions, but .in the presence of 0.05 M bromide. The 

first order rate constants were ca1cu1ated and are 1.isted 

.in Tab1e VIII. A comparison of these rate constants with 

those .in Tab1e VI shows that the overa11 rate of the 

react.ion was .increased for concentrations of PMB be1ow 

and above the protein su1fhydryl concentration. The 

bromide enhancement suggests that PMB may be bound at a 

second site on the protein through the mercury atom. 

The decrease .in the second order rate constants 

with .increasing PMB concentration .in the presence of 
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fluoride (Figure 6) suggests that PMB is inhib.iting the 

overall reaction when it forms a complex w.ith the protein, 

(found in reaction (1)). There are two forms of .inhibition: 

one, binding would decrease the rate of the sulfhydryl 

reaction; two, binding would lower the apparent concentration 

of PMB and thus lower the apparent rate. The form of 

inhibition can become apparent by studying the variation 

of the first order rate constants (Figure 5). The minimum 

of the first order rate constants suggests that a tightly 

bound complex exists between one PMB molecule and one 

protein monomer. irfuen the protein sulfhydryl is in excess, 

the first order rate constants_ are high, even though some 

type of inh.ib.ition exists, as found in the increased rate 

with bromide. Above a one to one ratio of PMB to protein, 

the first order rate constants are extremely low, even 

though free PMB should be available 'for the reaction w.ith 

the sulfhydryl groups. If the inhibition were due to a 

decrease in the apparent PMB concentration, first order 

rate constants at ratios of PMB to protein sulfhydryls 

g~eater than two should be larger that the rate constants 

for ratios less than one. As :Figure 5 indicates, rates 

for up to ten times excess PMB do not exceed or even 

approach the first order rates for PMB: sulfhydryl ratios 

less than one. Therefore, it appears that the decrease in 

reaction rate must be due to a decrease in the sulfhydryl 

reactivity. 



If we accept that there is binding between PMB and 

protein as the data suggests, at excess PMB the protein 

should exist completely in the bound form. In such a 
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case reactions (4) and (5) would be the only significant 

reactions occurring. The rate of the overall reaction for 

the mechanism would be: 

i = kJ (PMB-HrSH) (PMB) + k4 (PMB-HrSH) 

from which it follows that: 

Thus, plotting the apparent first order rate constant 

versus PMB concentration should yield a straight line 

with a slope equal to k3 and the intercept equal to k4. 

The plot of kapp. versus the initial PMB to initial 

sulfhydryl ratio is shown 'in Figure 8, and is a straight 

line as predicted. The rate constants from the graph 

are given in Table IX. 

The experimental error in the rate constants is 

indicated in Table IX. It is primarily due to the 

difficulty in obtaining an accurate A0 and thus A00 when 

the PMB was in excess. 

These results indicate that the overall reaction in 

excess PMB is comprised of a first and a second order 

reaction. The first order reaction could be the reaction 
(5) proposed in the mechanism. 
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(5) Hr-S-HgR 

Because the rate constant does not vary with protein 

concentration, .it appears that the ratio of octamer and 

monomer, which decreases upon dilution does not effect 

the rate of this react.ion. Therefore, the proposed 

react.ion could have a conformational rearrangement of 

the complex as the rate 1.im.i ting step. 

From Figure 7 we find that the second order rate 

constants at excess PMB .increase with dilution of the 

protein. If the mechanism .is correct, then the rate 

constants would be for the react.ion: 
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(4) 
k3 

PMB-HrSH + PMB or PMB + Hr-S-HgR 

Dilution of the protein .increases the monomer at the 

expense of the octamer. If fluoride has the same effect 

on the d.issoc.iat.ive equ.i1.ibr.ium as thiocyanate, measured 

by Klapper, Barlow, and Klotz (11), the protein concen-

trations from the highest to lowest contain approximately 

8, 14, 31, and 100 percent monomer. Therefore the PMB-

prote.in complex would be composed almost entirely of 

octamer at the highest protein concentration and 100 per 

cent monomer at the lowest protein concentration. Since 

k2 .:.increases with dilution, our model .indicates that the 

monomer .is more reactive than the octamer .in the prote.in-PMB 

complex. Moreover, the large difference between the rate 
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constants of the highest and lowest concentration suggests 

that the octamer does not react significantly. This data 

therefore supports the third assumption of the dissociation 

model, that the monomer is more reactive than the octamer. 

In Figures 3 and 4 the appearance of the steep slope 

in the first few minutes suggests that an initial fast 

reaction occurs in the PMB-hemerythrin reaction. The fast 

reaction may be due to the initial equilibrium in the 

proposed mechanism. The sulfhydryl groups of the unbound 

protein, which is not inhibited by PMB, could react very 

quickly and produce the fast initial change in absorption. 

Once a sufficient amount of PMB has complexed with the 

protein, the system will reach equilibrium, and the fast 

reaction appears to cease. However the fast initial 

absorption change could also be due to absorption of the 

PMB-protein complex itself. In either case studies of the 

kinetics in the presence of bromide should eliminate the 

fast reaction if it is due to the formation of the protein-

PMB comp 1 ex. 

If the PMB-protein complex does absorb, kinetics 

would be altered significantly, since the rate of the 

sulfhydryl reaction is measured by the change in absorption. 

If the protein-PMB complex formation produces a change in 

the extinction coefficient, one would expect a protein-PMB 

complex with reacted sulfhydryl groups (PMB-Hr-S-HgR) to 
J 

perform in a similar manner. From sulfhydryl titrations 
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.it .is known that .if the reacted complex (which .is a poss.ible 

product .in react.ion (4)) ex.ists as a f.inal product .in the 

react.ion between excess PMB and hemerythr.in, .it does not 

produce an absorpt.ion change. The ext.inct.ion coeff.ic.ient 

of PMB .in the presence of the reacted prote.in .is the same 

as the ext.inct.ion coeff.ic.ient of PMB alone. Therefore .if 

.it can be determ.ined that the reacted complex does ex.ist 

as a f.inal product, .it can be assumed that the formation 

of the PMB-prote.in complex does not produce an absorpt.ion 

change. 



IV. SUMMARY 

Klapper, Barlow and Klotz proposed two mechanisms 

for the react.ion of the sulfhydryl groups of hemerythr.in 

with su1fhydry1 reagent to explain cooperative .inter-

actions. In the dissociation model, three assumptions are 

made: (1) an octamer-monomer equi1.ibr.ium exists; (2) the 

1.igand boun9- to the .iron has a higher b.ind.ing affinity 

for the monomer and shifts th'e equ.il.ibr.ium to the right; 

(3) the monomer .is more reactive than the octamer. The 

first two assumptions have been proven. The purpose of 

th.is .investigation was to study the kinetics of the react.ion 

between the hemerythr.in and p-mercur.ibenzoate and determine 

.if the third assumption holds true. 

The first and second order rate constants were 

measured at four different protein concentrations. The 

first order rate constants with.in a given protein concen-

tration were found to decrease sharply up to a one to one 

ratio of PMB to protein and then slowly .increase. The 

second order rate constants decreased with .increasing PMB 

and slowly leveled off when excess PMB was added to the 

protein. These results suggested a mechanism which assumed. 

b.ind.ing of PMB to a second site on.the protein, which 

.inhibits the su1fhydry1 react.ion. A plot of the first order 
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rate constants showed that with excess PMB, a second and 

a first order react.ion occur s.imu1taneously. The rate 

constant of the first order react.ion was found to be 

constant throughout the protein concentrations. The first 

order react.ion .is therefore unaffected by a monomer or 

octamer concentration, and the rate 1.im.it.ing step cou1d 

be the rearrangement of the prote.in-mercur.ia1 comp1ex. 

The apparent second order rate constants increased 

with d.i1ut.ion of the protein. Since a higher percentage 

of monomer .is present in the 'less concentrated protein, 

the .increase .in the rate constant .is .most 1.ike1y due to 

the greater reactivity of the monomer than the octamer. 

This suggests that the third assumption .is correct. 

From experiments with benzo.ic acid, .it was found 

that PMB does not bind to the protein through the benzo.ic 

acid port.ion of the mo1ecule. The b.ind.ing must therefore 

occur between the·mercury and nitrogen or oxygen .in the 

protein. Pre1.im.inary studies have been done .in the 

presence of bromide which suggests that binding does occur 

.in th.is manner. 
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TABLE I 

EXTINCTION COEFFICIENTS -FROM SULFHYDRYL 

TITRATIONS 

Protein A£ + 
EJ?M'B ~E Su1fhydry1 E-,flfB Concent4ation Conditions 

M X 10 X 10-3 X 10-3 X 10-3 

{~ 18.6 13.72 4.71 9.01 10 hr. 

1.276 12.96 5.26 7.70 10 hr. 

1.226 12.99 5-54 7.45 10 hr. 

1.16 12.93 4-93 .8 .oo 14 hr. 

0.129 12.91 4-95 7.96 10 hr. 

0.119 13.35 4.69 8.66 14 hr. 

0.114 12.70 4-77 7-93 14 hr. 

0.0114 13.13 bt.:..21. 8.20 14 hr. -
Ave. 13 .oo't.08 4. 95!(l 09,: 8. 05 

18.1 9.95 6.56 3.39 8 M urea, 
2 hr. 

~( 19.1 10.03 6.68 3.35 8 M urea, 
2 hr. 

Ave. 9.99 6.62 3-37 

4.86 PMB alone in 
buffer 

4.88 PMB alone in 
··buffer 

6.62 PMB alone in 
8 M urea 

A11 solutions were kept in a water bath at 10°c for 
the time indicated, and contained 0.1 MF-, 0.05 M ~-
Acetate, pH 7.0. 
1~Trip1icate su1fhydry1 titrations on the same protein 

solution. 
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TABLE II 

AVERAGE EXTINCTION COEFFICIENTS AT 250 mu 

c..€ t PMB Eprote.in Ep-PMB <!S-PMB 

X 10-3 X 10-3 X 10-3 X 10-3 X I0-3 

Methemerythrin 
.in Fluoride 8.05 4.95 15.8 28.8 13.00 
Methemerythr.in 
in Urea 3.37 6.62 13.8 23.8 9.99 
Cyste.ine 7.62 

4-95 12.6 

1. Calculated on the bas.is of the assumption g.iven .in 
equation l24i!-, and on the assumption that protein 
absorption does not change at 250 mu dur.ing the 
react.ion w.i th PMB. 

2. Obtained from Boyer (2). 

3. Calculated from the relationship 

1 

1 

3 
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TABLE III 

APPARENT FIRST AND SECOND ORDER RATE CONSTANTS FOR THE 

PROTEIN SULFEIYDRYL CONCENTRATION 1.164 x to-4 M 

Initial PMB Average Average 
Concentration kl k 2 

10-4 
! -1 I -1 min-1 7 .64 X 0.0135 min 19.2 1 mole 

6 • 53 X 10-4 0.0123 min-1 21.4 1 mole-1 min-l 

5.01 X 10-4 0.0105 min -1 23.5 1 mole -1 min -1 

4.01 X 10-4 0.00939 min-1 23.6 1 mole -1 . -1 m.1.n 
'--

2.18 X 10-4 0.00670 min -1 47.6 1 mole- 1 min-1 

1.17 X 10-4 0.00376 min-1 85. 7 1 mole- 1 min-1 

8.06 X ·o-5 0.0119 min -1 164 l mole -1 min -1 
.J. 

4.85 X 10-5 0.0401 min-1 538 1 1 -l . -1 mo e m.1.n 

The rate constants were calculated as described 
previously. Kinetics were performei in 0.05 M Tris-
Acetate, 0.1 M NaF, pH 7.0 at 14.0 - 0.1 °c. -:--

PMB 
protein 

6 • 56 
5. 61 

4.30 

3.44 

1.89 

1.01 

0.692 

0.417 
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TABLE IV 

APPARENT FIRST AND SECOND ORDER RATE CONSTANTS FOR THE 

PROTEIN SULFHYDRYL CONCENTRATION 3.BB x 10-5 rvI 

Initial PrvIB Average Average PrvIB 
Concentration k1 k proteln 2 

3.BB x 10-4 o.014B m.in-1 40.5 1 mole-l m.in-1 10.00 

3.03 X 10-4 0.0135 min -1 4B.2 1 mole -1 min -1 7.Bo 

2.12 X 10-4 0 .0130 min -1 69.6 1 mole -1 min-1 5.47 

1.53 X 10-4 0.0120 m.in- 1 94.9 1 mole- 1 m.in-1 3.94 

7.44 X 10-5 0.0102 min -1 19B 1 mole -1 m.in-1 1.92 

3.13 X 10-5 0.0103 min-1 502 1 mole-1 min-1 o.Bo5 

2.42 X 10-5 o.015B min -·1 653 1 mole-l m.in- 1 0.622 

1.77 X 10-5 0.03B0 m.in-1 1300 1 mole-1 min-1 0.457 

1.21 X 10-5 0.0B6B m.in- 1 2790 1 mole -1 m.in-1 0.311 

The rate constants were calculated as described 
previously .in the methods sect.ion. I{.inet.ics were performed 
.in 0.05 rvr ~-Acetate, 0.1 rvr NaF, pH 7.0 at 14.0 !' 0.1 °c. 
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TABLE V 

APPARENT EIRST AND SECOND ORDER RATE CONSTANTS FOR THE 

PROTEIN SULFHYDRYL CONCENTRATION 1.16 x 10-5 M 

Initial PMB Average Average PMB 
Concentration ', kl k 2 protein 

1.02 X 10-4 0.0189 min -1 201 l mole-1 ~n-1 8.71 

8.11 X 10-5 0.0157 min -1 206 l mole~1 min -1 6.99 

6.11 X 10-5 0.0140 min -1 262 -1 -1 l mole min 5.24 

4.05 X 10-5 0.0109 min-1. 316 l mole-1 min-1 3.48 

2.16 X 10-_5 0.00835 min -1 540 l mole-1 min-l 1.86 

9.73 X 10-6 0.00891 min -1 1420 l -1 -1 mole _ min o.836 

7.78 X 10-6 O. 0141 min -1 2060 l -1 . -1 l mo~ min o.669 

5.84 X 10-6 0.0265 min -1 3310 l mole -l min ·•l 0 • .590 

3.73 X 10-6 0.0587 . -1 min 6240 -1 -·l l mole min 0.320 
--

The rate constants were calculated as described 
previously in the methods section. Kinetics were performed 
in 0.05 M Tris-Acetate, 0.1 M NaF, pH 7.0 at 14.0 :r 0.1 °c. 

0 
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TABLE VI 

APPARENT FIRST AND SECOND ORDER RATE CONSTANT~ FOR THE 

PROTEIN SULFHYDRYL CONCENTRATION 2.33 x 10-6 M 

' ,,; 

Initial PMB Average Average PMB 
Concentration k1 k2 protein 

4.49 X 10-5 0.0286 min-1 689 l mole-l min-1 19.29 

3.29 X 10-5 0.0214 min -1 697 l mole -1 . -1 min 14.15 

2.03 X l~-5 0.0174 min -1 89~_-1 mole-l min-l 8.72 

1.22 X 10-5 0.0120 min-l 1,110 l mole -1 min -•l 5.24 

7.92 X 10-6 -1 0.00814 min_ 1,230 l mole -1 min -1 3.40 
-- - -4-.-19 X 10-6 0.00715min-l 2 , 45 o-rrno---i:·e-~1 min - 1 1.80 

2.10 X 10-6 0.00696 min -1 5,610 l mole-1 min -1 0.900 

1.58 x Io-6 0.0122 min-1 :7,610 l mole-1 min·•l 0.680 

1.19 X 10-6 0.0215 min -1 12,8.00 l mole-1 min·•l 0.510 

7.92 X 10-1 0.0397 . -1 min 20,200 l mole-1 min -•l 0.340 
. - .. . .. 

The rate constants were calculated as described 
previously in the methods section. Kinetics were per-+ 
formad in 0.05 ~~i~-Acetate, 0.1 M NaF, pH 7.0 at 14.0 
0.1 c. 
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TABLE VII 

APPARENT FIRST AND SECOND ORDER RATE CONSTANTS FOR THE 

PROTEIN SULFHYDRYL CONCENTRATION 3.88 x 10-5 M 

IN THE PRESENCE OF BENZOIC ACID 

Initial PMB 
Concentration 

3.11 X 10-5 

1.84 X 10-5 

1.20 X 10-5 

5.52 X 10 -6: 

Average 
k1 

0.0108 min -1 

0.0293 min-1 

0.0702 min-1 

0.282 min-.1 

540 

1160 

3070 

8960 

Average 
k 2 

1 mole -1 

1 mole -1 
min -1 

. -1 nun 
-1 . -1 1 mole min 

1 mole-l min-1 

PMB 
protein 

0.804 

0.474 

0.308 

0.142 
... ~· . . -· - . . ... - . ,. - ,., 

The rate constants were calculated as described -
previously in the methods section. 
formed in 0.05 M Tris-Acetate4 0.1 
benzoic acid, pH 7.0 at 14.0 - 0.1 

Kinetics wereUper-
M NaF, 3 x 10-- M oc. . ' 



TABLE VIII 

APPARENT FIRST ORDER RATE CONSTANTS FOR THE PROTEIN 

SULFHYDRYL CONCENTRATION 2.33 x 10-6 MIN 

THE·PRESENCE OF BROMIDE 

Initial PMB 
Concentration 

3.59 X 10-_5 

1.88 X 10-,5 

3.93 X 10-6 

7.06 x Io-7 

Average 
kl 

0.0376 min-1 

0.0215 min-:1 

0.0229 min-1 

0.100 min -1 

·,,"" 

PMB 
protein 

15.57 

8.12 

1.69 

0.303 
. - " 

The rate constants were calculated as described --
previously in the methods section. Kinetics were per-
formed in 0.05+M Tris-Acetate, 0.1 M NaF, 0.05 M NaBr, 
pH 7.0 at 14.0- o:r-trc. 

48 
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TABLE IX 

FIRST AND SECOND ORDER RATE CONSTANTS CALCULATED "FROM THE 

APPARENT FIRST ORDER RATE CONSTANTS MEASURED 

Protein 
Sulfhydryl 
Concentration 

1.16 X 10~_4 

3.88 X 10-5 

1.16 X 10~.5 

2.33 X ro-6 

+ 13.6-

129 + 

AT EXCESS PMB 

-1 -1 1% l mole -· min_ 
df -1 -1 l;o l mole -min _ 

5 + _5df -1 -1 24 -3. l mole min 

0.0048 min-l 

0.0096 min-l 

0. 00.57 min~.1 

-1 0.00.51-min 

0.0063!0.0013 

The rate constants, which are the slopes of the lines 
and their intercepts in Figure 8, were calculated by least 
squares. The standard deviation of the ka p was used to 
determine the percent error in k2 • P 



Figure l 

SULFHYDRYL TITRATION WITH PMB 

The titration was performed at 250 mu in 0.05 M 

~-Acetate, O.l M NaF, pH 7.0 at 14.0 °c. 
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Figure 2 

DECREASE IN ABSORPTION OF AQUO-METHil'IERYTHRIN 

WITH FLUORIDE ADDITION 

Titration was performed on a protein sulfhydryl 

concentration 1.4 x 10-5 Min 0.05 M ~-Acetate, 
0 pH 7.0 at 14.0 C. 
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Figure 3 

PLOT OF FIRST ORDER RATE EQUATION 

TO FIND k1 

The left hand side of equation /17/ was plotted 

versus time. Slope of line is k1 • The kinetics were 

performed in 0.05 M !ill,-Acetate, O.I M Fluoride, 

pH 7.0 at 14.0 °c. Sulfhydryl concentration was 

3.88 x 10-5 M; PMB concentration was 7.44 x 10-5 M. 
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Figure 4 

PLOT OF SECOND ORDER RATE EQUATION 

TO FIND k2 

The left hand side of equation /21/ was plotted 

versus time. Slope of line is k2 • The kinetics were 

performed in 0.05 M ~-Acetate, O.l M Fluoride, 

pH 7 .o at l~ .• o 0 c. Sulfhydryl concentration was 

3.88 X 10-5 M; PMB was 7.44 X 10-5 M. 
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Figure 5 

VARIATION OF THE FIRST ORDER RATE CONSTANT 

WITH INITIAL PMB CONCENTRATION 

The apparent first order rate constants from 

Table IV, protein sulfhydryl concentration 3.88 x 10-5 M, 

are plotted for the various ratios of.protein to PMB. 
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.Figure 6 

VARIATION OF THE SECOND ORDER RATE.CONSTANT 

WITH INITIAL PMB CONCENTRATION 

The apparent second order rate constants from 

Table IV, protein sulfhydryl concentration 3.88 x 10-5 M, 

are plotted for the various ratios of protein to PMB. 
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Figure 7 

VARIATION OF THE FIRST ORDER RATE CONSTANTS WITH PMB 

IN THE PRESENCE AND ABSENCE OF BENZOIC ACID 

The apparent rate constants and ratios of PMB to 

protein sulfhydryl concentration are found in Tahles IV 

and VII, for the protein concentrations 3~88 x 10-5 M. 

0 Presence of 3 x l0-4 M benzoic acid; D. absence of 

benzoic acid. 
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Figure 8 

VARIATION OF THE FIRST ORDER RATE CONSTANTS 

WITH EX:CESS PMB 

The apparent first order rate constants and ratios 

of PMB to protein sulfhydryl concentration are located in 

Tables III, IV, V, and VI. 0 Sulfhydryl concentration 

1.16 x 10-4 M; A sulfhydryl concentration 3.88 x 10-5 M; 

64 

D sulfhydryl concentration 1.16 x 10-5 M; 4'J sulfhydryl 
-6 concentration 2.33 x 10 M. 
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