uuuuuuuuuuuuuuuuu

Loyola University Chicago

Loyola eCommons
Dissertations Theses and Dissertations
1972

Hemerythrin: Reactivity of the Sulfhydryl Group and Protein
Association-Dissociation

Michael Charles Cress
Loyola University Chicago

Follow this and additional works at: https://ecommons.luc.edu/luc_diss

6‘ Part of the Medicine and Health Sciences Commons

Recommended Citation

Cress, Michael Charles, "Hemerythrin: Reactivity of the Sulfhydryl Group and Protein Association-
Dissociation" (1972). Dissertations. 1133.

https://ecommons.luc.edu/luc_diss/1133

This Dissertation is brought to you for free and open access by the Theses and Dissertations at Loyola eCommons.
It has been accepted for inclusion in Dissertations by an authorized administrator of Loyola eCommons. For more
information, please contact ecommons@luc.edu.

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 3.0 License.
Copyright © 1972 Michael Charles Cress


https://ecommons.luc.edu/
https://ecommons.luc.edu/luc_diss
https://ecommons.luc.edu/td
https://ecommons.luc.edu/luc_diss?utm_source=ecommons.luc.edu%2Fluc_diss%2F1133&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/648?utm_source=ecommons.luc.edu%2Fluc_diss%2F1133&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ecommons.luc.edu/luc_diss/1133?utm_source=ecommons.luc.edu%2Fluc_diss%2F1133&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:ecommons@luc.edu
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://creativecommons.org/licenses/by-nc-nd/3.0/

HEMERYTHRIN: REACTIVITY OF THE SULFHYDRYL GROUP

AND PROTEIN ASSOCIATION-DISSOCIATION

By

Michael Charles Cress

A Diséertafion Submitted to the Faculty of the Graduate School
of Loyola University in Partial Fulfillment
of the Requirements for the Degree of
Doctor of Philosophy |

June 1972



_ABSTRACT

Hemerythrin, a nonheme, iron-containing protein, consists of eight
idenfical subunits, each of which bear one sulfhydryl group. When these
sulfhydryl groups react with p-mercuribenzoate (PMB), the native protein
dissociates into subunits. This process follows a;n aillor-none mecha-
nism. Apparently, when one sulfhydryl group reacts, all other sulfhydryl
groups in that octamer also reapt. Using a spectrophotometric technique,
this investigation attempted to probe the nature of the reaction of heme-
rythrin with PMB and the subsequent dissociation.

The kinetic data reveal that when PMB interacts with hemerythrin,
about 20-40% of the sulfhydryl groups react at a rate too fast to measure,
» while the remainder react at a slower first order rate. Although the re-
action is first order in protein only, the concentration of PMB affects the
calculated rate constant. The reaction in a solution of hemerythrin mono-
mers proceeds at about the same rate as in a solution of octamers which
demonstrate that the monomer species is no more reactive than the oc-
tamer. Furthermore, light scattering measurements revealed that the
dissociation of hemerythrin is a first order process with a rate const‘ant
of about one half the rate constant for the formation of the mercury-sul-
fur bond.

Apparently, the reaction is a random process. When PMB interacts
with hemerythrin, while it forms a covalent, mercury-sulfur bc;nd, it
also induces a change in the subunit by a concomitant process which ren-

ders the monomer unable to associate into octamers, Over a period of



time, the reacting mixture reequilibrates so that all reacted subunits
are nonassociating monomers and the unreacted subunits have reformed
into octamers,

The kinetic data for the reaction of PMB with hemerythrin indicates a
two step reaction scheme in which the first step is a slow, unimolecular
change in the protein followed by the rapid formatién of the mercury-sulfur

bond. Therefore, the reaction scheme

Hr === HrSH

Hr + HgBz s——=——2 (HgBz)HrSH

(HgBz)Hr m=———=—== (HgBz)HrSH

ﬁrSH 7+ HgBz == HrSHgBz

(HgBz)HrSH + HgBz e———————p= (HgBz)HrSHgBz
is proposed, where Hr represents an unreactive srubunit,of hemerythrin;
HrSH, the subunit with a reactive sulfhydryl group; (HgBz)Hr and (HgBz)-
‘HrSH, the protein species to which PMB is noncovalently bound; HrSHgBz
and (HgBz)HrSHgBz, the protein with which PMB has formed a mercury-
sulfur bond. This scheme assumes that the rate determining step is a
small but definite change in conformation abéut the sulfhydryl group which
makes this group reactive toward PMB and that noncovalent binding of PMB
to the protein, which is known to occur, affecté this change in conforma-
tion. In this reaction scheme, the fast phase of the reaction represents
the depletion of the reactive sl:ecies, éfter which the steady state condi-
tions hold. A first order rate law can be derived by the steady s£ate as-

sumption for the formation of the mér.cury- sulfur bond.
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I. INTRODUCTION

The factors which determine the particular conformation and state
of aggregation of a protein are not yet adequately established and .under-
stood. The investigation of the quaternary structure of a protein, there-
fore, may have heuristic value in understanding the structure, function,
and nature of proteins (I). The sulfhydryl group (-SH, also known as
the mercapto group) appears to have considerable importance in pro-
tein structure and function (2). The investigation of the iron-contain-
ingr, nonheme protein hemerythrin, which has a single sulfhydryl group
in each of its eight identical subunits, may contribute to an understand-
ing of the role the sulfhydryl group has in protein conformation and as-

sociation-dissociation equilibria. a
A. The Character of Hemerythrin

Hemerythrin is an iron-contining, nonheme protein which serves
an oxygen carrying function in sipinculids, a type of sea worm. Because
of the nonheme iron, the hemerythrin is often thought of as a type of pri-
mitive hemoglobin. Besides members of the phylum Sipunculoidea, va-
rious species of the marine phyla, Priapulida, Brachiopoda, and Anne-
lida, also use hemerythrins as their respiratory protein.

Early investigation of the protein which was isolated from the coe-

lomic cavity fluid of Goldfingia gouldii (also known as Phascolosoma

gouldii} indicated that hemerythrin contains sixteen gram atoms of iron

1.



per mole of protein and upon saturation binds sixteen gram atoms of
oxygen (3,4). Keresztes-Nagy (5-10) further elucidated the character of
hemerythrin, finding that it has a molecular weight of about 107,000 gm
mole” ! and that it consists of eight identical subunits each of which bear
two iron ions and one sulfhydryl group. When N-ethylmaleimide or or-
ganic mercurials‘such as p-mer;:uribenzoate react with hemerythrin,
dissociation of the octamer protein into its subunits occurs (7). These
reagents are noted for their reactivity toward sulfhydryl groups of pro-
teins. When added to hemerythrin in less than stoichiometric amounts,
all the reagent binds to the monomer only and none of it binds to the
undissociated octamer. This indicates that the reaction of these re-
agents with the sulfhydryl groups of hemerythrin was by an all-or-none
mechanism (7). Furthermore, Keresztes-Nagy and Klotz (8) found that
hemerythrin also binds certain ligand anions which are noted for thei;'
ability to form coordination complexes with iron ions. They observed
that in tﬁe absence of these ligands, the sulfhydryl groups were relati-
vely unreactive toward the mercurials and that the reactivity of the
sulfhydryl groups depended on the nature of the ligand bound. Yet spe-
tral studies showed ligand binding in an iron cc;mplex, the nature of which
did not change upon reaction with mercurials or subsequent dissociation,
indicating that this complex was at a site separate from that of the sulf-
hydryl group.

An experiment, outlined in Figure 1, illustrates the relationship be-
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FIGURE 1: Outiine of the Effect of Azide Ton on the
Reactivity of Heglerythrin toward N-ethylmaleimide (NEM).



tween the reaction of sulfhydryl reagents which dissociate hemerythrin
and the ligand present. Keresztes-Nagy and Klotz (9) added N-ethyl-
maleimide to a solution of aquomethemerythrin. (Corresponding to met-
hemoglobin, methemerythrin desig.ﬁates the irreversibly deoxygenated
protein containing trivalent iron. The prefex aquo- designates the pre-
sumed iron ligand.) They divided the solution and added azide ion to one
half. After allowing the solutions sufficient time to react, they analyzed
the solutions in an ultracentrifuge to determine whether dissociation had
occured. These experiments showed that the azide solution contained only
monomers while the other solution contained only octamers. To one half
the undissociated hemerythrin solution, they added azide ion, but the
other half, they dialysed to remove any unreacted N-etheylmaleimide.
‘Then they added azide ion to the dialysed portion as well. The ultracentri-
fuge experiments revealed that the undialysed portion had dissociated bqt
the dialysed protion had not. These experiments indicate that the ligand
acfivates the sulfhydryl group and that both ligand and sulfhydryl reagent
are required to effect dissociation.

Keresztes-Nagy and Klotz (8) developed the equilibrium model to ac-
count for the apparent interaction be tween the sulfhydryl group and the
iron-ligand complex. This mbdel proposes that octameric hemerythrin
is in equilibrium with the monomer form. Only the sulfhydryl groups of
the monomer can react with the mercurial reagent; sulfhydryl groups of

the octamer are inaccessible to the reagent. The ligand is capable of



5‘

shifting the equilibrium toward the monomer, thus making the sulfhydryl
groups more available to the reagent. Although this association-dissocia-
tion equilibrium model can satisfactorily explain the cooperative-interac-
tion phenomenon, other models can also explain the phenomenon. The
three assumptions which were made for the equilibrium model must be
tested to determine the correct model.

Considerable evidence has been collected for two of these assumptions:
first, that there is an octamer-monomer equilibrium and second, that the
ligands shift the equilibrium toward the monomer.- Hybridization experi-
ments (9,10), analytical ultracentrifuge experiments (11, 12), and Sephadex
column chromatography experiments (13-15) proved the existence of the
equilibrium. In this laboratery, Rao {13-15) studied the octamer-monomer
equilibrium with Sephadex gel chromatography and observed that the asso-
ciation-dissociation equilibrium is rapidly established and that iron-com-
bining ligands affect the equilibﬁum, increasing the extent of dissociation
according to the series of complexes: aquo, oxy, fluoride, chloride, and -
thiocyanate. Ultracentrifuge and ligand binding experiments confirm this
except that Klapper (11,16, 17) found evidence of a slow equilibration. For
this disc;repancy, Rao (13) postualted a pressufe effect in the ultracentr.-
fuge., Langerman and Klotz (12) calculated an association constant which
agrees within experimental error with trhat calculated by Rao (13-15) and
also they agree with him (14) on the value of the standard free energy of

dissociation for hemerythrin octamer into subunits which is about 6 kcal



mole'l of monomer units formed. The third assumption is that the mono-
mer sulfhydryl group be the only reactive species.
Egan (18) has considered the kinetic implication of the equilibrium
model which involves the processes
(HrSi-I) e= 8HrSH (1)

HrSH + HgBz —»HrSHgBz (2)
where HrSH represents the subunit of hemerythrin, HgBz represents the
mercurial reagent which in this case is p-mercuribenzoate, and HrSHgBz
represents the protein reacted with the m>ercuria1. She concluded that the
third assumption required one of two kinetic possibilities. If the equili-
bration {Reaction 1) were slow and Reaction 2 fast, the rate determining
step would be the dissociation of octamer, the reactidg would be first
order in protein concentration only and first order o-verall. When the
equilibrium is rapidly attained as Rao (13~15) has observed experimentally,
then the rate determining step is the formation of the mercury-sulfur bond.
Reaction 2 is first order in p-mercuribenzoaté and first order in monomer
units of protein. But the monomer is in equilibrium with octamer, and
therefore, its concentration is a function of the eighth root of the octamer
concentration and the equilibrium constant

g

[HrsH] = [(HrSH) s (3)
Consequently, the observed overall order of the reaction would be first
order in p-mercuribenzoate and essentially zero order in terms of the

protein concentration.



Boyer (19) has developed a spectrophotometric technique which di-
rectly observes the formation of the mercury-sulfer bond when p-mercuri-
benzoate reacts with sulfhydryl groups and which thereby permits direct
kinetic investigation of the sulfhydryl group. In this laboratory, Egan
(18) measured the rate of formation of the mercaptide bond for the reaction
of chloromethemerythrin and p-ﬁ‘lercuribenzoate. She claimed that the
reaction was second order overall, first order with respect to hemerythrin
concentration and first order with respect to p-mercuribenzoate concen-
tration. In contrast, Klapper and Klotz (16) claim to have observed that
this same reaction was first order in terms of protein concentration, al-
Vthough they presented no data. Egan (18) claimed that she could fit her
data to either first or second order rate equations. Fransioli (20), who
investigated the reactivity of the sulfhydryl group of several forms of
hemerythrin, and Duke, Barlow, and Klapper (21), who investigated the
reaction of fluoromethemerythrin with p-mercuribenzoate, also fit their
data to both first and second order rate equations. Apparently the re-
action of the sulfhydryl group of hemerythrin is more complicated than
Egan (18) had presumed originally, The third assumption remains un-
proven.

Working in this laboratory, Fransioli (20) also applied the spectro-
photometric technique to the hemerythrin sulfhydryl group. She observed
that the rate of reaction increases as chloride ion concentration increases.

She also compared the reaction rates for various ligand forms of heme-
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rythrin and observed that the ligands affect the reaction, increasing the rate
according to the series: aquo, fluoride, chloride, thiocyanate, and azide.
This is a series similar to that for increasing dissociation. Fransioli

also directly compared the rate of oxygen release with the rate of mercury-
sulfur bond formation when oxyhemerythrin reacts with PMB and she dis-
coveréd that the rate of oxygen release is much slower than the rate of
mercaptide formation and appears to be first order. The sulfhydryl group
is not required for oxygen binding. Except for the measurement of a sec-
ond order rate, her work is consistent with the equilibrium model, but
nevertheless, it does not prove it.

At the same time, Klotz and associates (22-23) continued the investi-
gation of the physicochemi.cal properties of hemerythrin, particularly into
the nature of the iron-oxygen binding site. They determined the amino
acid sequence and confirmed that the subunits were identical, each having
a molecular weight of 13, 500 gm rnole'1 (22-24). Darnall, Garbett, and
Klot-z (25) discovered that certain anions bindihg at a noniron site affect
the formation of the iron-ligand complex. Using the spectral shift ob-
served when the hydroxy form is converted into the aquo form of the pro-
tein as a criterion for evaluating the strength of binding at the other site,
they found that perchlorate arad nitrate bind strongly; phosphate, weakly;

sulfate, dodecylsulfate, acetate, and trichloroacetate, not at all, Cir-



cular dichroic spectra indicate that the spectral shift observed was not
due to anion coordination to the iron but to anion binding at some other
site. Furthermore, perchlorate decreases the reactivity of the sulfhy-
dryl group of aquomethemerythrin and nitrate also protects but to a lesser
extent, Later work by Garbett et al (26, 27) confirmed that perchlorate
and certain other anions bind at two sites on the hemerythrin subunit. Of
these sites, the one to which perchlorate ion binding is stronger is close
to both the iron-ligand site and the cysteinyl residue. The protective
efféct of perchlorate on the sulfhydryl group is lost when either azide or
thiocyanate is present. When anions bind, all the subunits are independ-
ent and noninteracting; there is no evidence of an allosteric interaction
among them. Circular dichroic spectra indicate an a-helix content of
about 75% and there is no significant change in these spectra in the UV
range when ligands bind to iron, p-mercuribenzoate reacts with the sulf-
hydryl group, or the octamer dissociates into monomers (28).

The structure of iron-ligand and iron-oxygen complexes can be de-
duced from Mossbauer spectra which for hemerythrin are characteristic
of Mossbauer spectra for certain model compounds (29)., Garbett and co-
workers (30, 31) correlated absorption, circular dichx.'oic, .and M8ssbauer
spectra of hemerythrin, then proposed structures for the iron complexes
in hemerythrin which are illustrated in Figure 2. Oxyhemerythrin and
methemerythrin contain high-spin iron(IlI) atoms, antiferromagnetically

coupled in dimeric pairs via an oxo ( 0 2= ) bridge derived from water. Oxy-
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hemerythrin also contains a second bridge formed by a peroxo (0 §‘) group.
For methemerythrin, when the ligand is chloride, bromide, cyanate,
thiocyanate, azide, and sometimes fluoride, the ligand also acts as a
7 bridge. When the ligand is water, hydroxide, and sometimes fluoride,
however, a ligand binds to each iron(IlI) atom and there is no second
bridge. In oxyhemerythrin, the énvironment of the two iron atoms differ,
but in methemerythrin, their environments are the same. In deoxyheme-
rythrin, like methemerythrin, the two iron atoms have identical environ-
ments, but the iron atoms are present as high-spin iron(Il) and there is
no magnetic coupling between them. York and coworkers (33, 34) con-
firmed the Mossbauer spectra and obtained magnetic susceptibility
measurements which support the proposed iron structures. Using tetra-
nitromethane for chemical modification of hemerythrin, Rill and Klotz (32)
demonstrated that at least some of the tyrosine side chains of the protein
coordinate to the iron. Using 5-diazo-1-H-tetrazole for chemical modifi-
cation, Fan a‘nd York (35) demonstrated that four histidine residues in
hemerythrin coordinate to the iron. They also eliminated as possible
iron ligands the gamino groups of lysine and the N-terminal group by
reacting hemerythrin with trinitrobenzenesulfonic a.ci‘d. But the entire
protein-iron structure is yet dinknown.

Earlier thermodynamic measurements of the association-dissociation
equilibrium in hemerythrin led to the conclusionthata minor change of as

little as one side chain might alter the quaternary structure (12). Langer-
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man and Sturtevant (36), therefore, investigated the association with calo-
rimetry. They discovered that on association, there is binding of addi-
tional protons so that the equilibrium may be written
8Hr + 8nt' === [ mr(d),] . (&)

The number of protons binding per monomer (n) was not measured di-
rectly but was estimated from thé calorimetric and ultracentrifuge (12)
data to be 0.6 +0.3. Langerman and Sturtevant (36) give a summary of
the thermodynamic parameters for the various reactions of hemerythrin.
Apparently, for the association, the main thermodynamic driving force
is entropic (A S° = 23 eu per mole of monomer, Rao (15) obtained ASC® =
.-15. 5 eu for dissociation)., Their calorimetric data correlated with earlier
observations established that the enthalpy of association is small and
positive (14, 36), that the partial specific volume of the monomer and the
octamer are essentially identical (12), and that the heat capacity change
upon association is small and positive (36). The first of these facts sug-
gest thatr hydrophobic bonds are involved in the association, but the other
two facts are contrary to that expected if only hydrophobic binding oc-
curred. A simple molecular interpretation of the association-dissocia-
tion equilibrium, therefore, is not feasible from the present knowledge.

DePhillips (37) studied thte binding of oxygen to hemerythrin and from
a Hill plot observed, as had Keresztes-Nagy and Klotz (8) earlier, that
little cooperative interaction occurs between oxygen binding sites. He

also observed that perchlorat‘e has a profound effect on oxygen binding
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which confirms the idea that the oxygen binding site, the perchlorate
binding site, and the sulfhydryl group are close to each other.

Work on hemerythrin isolated from species of sipunculids other than

Golfingia gouldii, though not as extensive as that of G. gouldii hemerythrin,
does indicate that these other proteins are similar. For example, York

and Bearden (33) observed that the Md&ssbauer spectra of Dendrostomun

zostericulum and G. Gouldii oxyhemerythrins are identical, Oxygen bind-

ing studies gave about the same results for the hemerythrin from G. gouldii

(8, 36, 37), Sipunculus nudus (38), and D. pyroides (39). Farrell and Kitto

(39) characterized some macromolecular properties of D. pyroides he-
merythrin and on the basis of immunodiffusion, aminc acid analysis, and
peptide mapping, demonstrated that this hemerythrin is closely related to
the hemerythrin from G. gouldii. Bossa et al (40) likewise obtained for
S. nudus hemerythrin optical rotatory dispersion curves and circular di-

chroic spectra which were similar to those of G, gouldii hemerythrin.
B. The Sulfhydryl Group

The availability of reagents which will specifically react with the sulf-
hydryl group given the proper conditions reveaied the involvement of sulf-
hydryl groups in enzyme cataglytic sites and in maintenance of subunit-sub-
unit interactions which led to an early appreciation of the role of the sulf-
hydryl group in proteins. Boyer (41) and Cecil (42) have thoroughly dis-

cussed the sulfhydryl group; Glazer (43) has summarized more recent de-
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velopments; and Leach (2) has presented a comprehensive guide to experi-
mental techniques for investigating sulfhydryl groups. The extent of the
role of su].fhydryi groups may be judged by the number of so-called sulf-
hydryl enzymes which Boyer (41) has defined as one which loses its cata-
lytic activity when some or all of its sulfhydryl groups u-ndergo chemical
modification. He listed over onel hundred such enzymes, although, as
Cecil (42) has pointed out, the sulfhydryl group has been shown to be ac-
tually part of the active site for only a few of them.

| The sulfhydryl group in proteins is particularly noted for the varia-
bility of its reactivity. Sulfhydryl groups may be classed as reactive for
those which react at rates comperable to that of simple thiols, or unre-
active for those which do not react unless considerable denaturation of
the protein occurs, or any degree of reactivity between these extremes.
But regardless of the reactivity of the sulfhydryl group in the intact pro-
tein, when the protein is denatured, all sulthydryl groups have a reactivi-
ty compérable to that of simple compounds. Boyer (41) discussed the -
factors which might limit sulfhydryl group reactivity. Generally, the
degree of reactivity is probably due to the extent the sulfhydryl group is
involved in noncovalent interactions with other parts of the protein or
buried within the protein strueture. Glazer (43) covers the recent evi-
dence that sulfhydryl groups are involved in hydrophobic interactions with-
in apolar environments. This evidence includes that of Edsall (44) who

investigated the ionization of cysteine and concluded that the su.lfhydryl
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group has little affinity for forming hydrogen bonds. Further, Perutz
(45) presented the tertiary and quai:ernary structure oi: horse oxyhemo-
globin and observed that the unreactive sulfhydryl groups were located
in the interior of the molecule, appeared to be involved in hydrophobic
bonds, and were not too important for the protein structure, but the re-
active sulfthydryl group was at the surface.

Several proteins besides hemerythrin dissociate when reacted with
sulfhydryl group reagents (46). Because the hemerythrin molecule in
each of its eight subunits contains but one sulfhydryl group which has a
reactivity that varies under different molecular conditions, it presents
an ideal protein for the study of the role of the sulfhydryl group. Central
to an understanding of the role of the sulfhydryl group in hemerythrin
structure is a knowledge of the proper mechanism by which p-mercuri-

benzoate or other organomercury reagent reacts with that sulfhydryl group.

C. The Three Models

When certain proteins such as hemerythrin (7) or asparatate trans-
carbamylase (47, 48) react with p-mercuribenzoate or other reagent that
substitutes on the sulfhydryl group, the sulfhyd-ryl groups of that protein
react by an all-or-none mechinism; either all the sulfhydryl groups of a
particular protein molecule react or none of them react. Keresztes-Nagy
and Klotz (7) demonstrated the all-or-none nature of the reaction in the

following manner, They added salyrganic acid, an organic mercurial, to
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hemerythrin solutions with a different ratio of the mercurial to protein
sulfhydryl group for each solution. After the solutions had reacted, they
analyzed them in an ultracentrifuge. In each solution, two components
were observed, one was the hemerythrin monomer and was the same
fraction of the total protein as the fraction of sulfhydryl groups titrated
with the mercurial, the other component was undissociated hemerythrin
octamer. There was a one-to-one relationship between percentage mono-
mer and percentage sulfhydryl group blocked by mercurial. To explain
thev all-or-none phenomenon and the apparent cooperativity between sulf-
hydryl groups and other sites on the protein molecule that has been ob-
served also, three models, which have been listed by Gerhart and Schach-
man (48), have been devised.

Madsen and coworkers (49-51) observed the reaction of muscle phos-
phorylase with p-mercuribenzoate and noted that attachment of mercurial
to the protein, enzymic inhibition, and protein dissociation were all-or-
none phenomena. Madsen and Gurd (51), therefore, devised the zipper or
wedge model. Boyer (4l) developed the model into its final form whereby
when one sulfhydryl group on a molecule reacts, it activates the other sulf-
hydryl groups so that they all react almost immediately, Although Battell
et al (52,53) discovere-d that ypany of the early observations for phos- v
phorylase wére invalid, many of the hemerythrin experiments and the re-
sults from them parallel those of Madsen and coworkers (49-51).

Monod, Wyman, and Changeux (54) proposed the second model, the
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allosteric model, as a general molecular theory to explain many types of
protein interactions, particularly those which regulate enzymes and
through them metabolic pathways. This model postulates that the protein
exists in two conformations which are in equilibrium with each ofher.
Binding of anions or ligands or attachment of chemical modifiers to a site
on one form displaces the equilibrium in favor of that form. The result-
ing conformation is characteristic of all subunits of the protein oligomer
not just those containing bound ligand. In this manner, sites on all sub-
units are either activated or deactivated simultaneously depending upon
the nature of the effector. For hemerythrin, this model may be applied
by postulating that the coordination of ligand with iron stabilizes the con-
formational state in which all the sulfhydryl groups in the octamer are
unmasked, but which does not induce dissociation ot the protein,
Keresztes-Nagy and Klotz (8) devised the equilibrium model for he-
merythrin., This third model is described in Section A of this chapter.
Like the allosteric model, the equilibrium meodel also involves two staAtes,
one reactive, one unreactive. But the two states in equilibrium are an
oligomer and its monomer subunit rather than two conformational states

with the same quaternary structure,

€

D. The Purpose

This work attempts to determine the correct model for the reaction

of hemerythrin with p-mercuribenzoate and the subsequent dissociation of
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the protein. To this end, the reaction of p-mercuribenzoate with the sulf-
hydryl group must be better characterized. The order of the reaction
must be determined with less ambiguity and the relationship between the
formation of the mercury-sulfur bond and the dissociation revealed. A
deeper insight into the nature of the effect of ligands and other anions on
the rate of reaction should be obtained when earlier data are correlated
with the data of this work. Finally, from the data obtained, a molecular
model will be proposed to ex.plain the nature of the reaction. This model
should indicate a possible function of sulfhydryl groups in the protein |
structure and better reveal how the sulfhydryl group réagents effect pro-
tein dissociation. But most important, this thesis and its reaction model
should provide a guide that points the direction for further research.
Actually, we cannot consider the primary intention, which is to determine
the model for the reaction of the sulfhydryl group, to be achieved until

this further research is complefed.



II, EXPERIMENTAL PROCEDURES

This work continues the investigation of the reaction of PMB with the
sulfhydryl group of hemerythrin isolated from the coelomic cavity of

Golfingia gouldii, examines the effect of certain ligands upon that reaction,

and attempts to elucidate the relationship of the reaction to the consequent

dissociation of the protein.
A. Materials

~ All chemicals used in these experiments were reagent grade obtained

from commercial sources with the exception of the following. The princi-
ple mercury reagent was prepared from p-choloromercuribenzoate,
sodium salt, lot 72032 obtained from Calbiochem. The salyganic acid,
o - [(3-hydroxymercuri-2-methoxypropyl) - carbamoyl] phenoxyacetic
acid, which was used for one set of experiments, was obtained from a
sample provided by Dr. Keresztes-Nagy. Proteins used, other than
hemerythrin, and the commercial sources from which they were obtained
are the following:

Bovine Plasma Albumin, Armour Pharmaceutical Co., lot A69702.

Myoglobin, Nurtitional Biochemical Corp., lot 1930,

Ovalbumin, Nutritional B!iochemical Corp., lot 4790.

Ribonuclease-A, Sigma Chemical Co., lot 49B-8043.

Preparation of crystalline hemerythrin

Yt
.

Crystalline hemerythrin was obtained by the established procedure of
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Klotz et al (4) from live G. gouldii worms supplied by the Marine Biologi-
cal Laboratofies, Woods Hole, Massachusetts. In this procedure, the
coelomic fluid is drained from the worms, whipped with a glass rod, and
strained through glass wool to separate the fibrin. The cells are removed
from thg fluid and was.hed several times in 2.5% -saline after which they
are lysed in cold distilled water. The cell debris was removed by centri-
fugation and the supernatant was dialysed against 20% ethanol. During the
dialysis, red crystals of oxyhemerythrin formm. These crystals are cen-
trifuged out, washed a few times, and stored while still wet in the stop-
pered centrifuge tube. These preparations were stable for at least a year
when kept in a freezer. Details of the procedure are found in other theses

from this laboratory (13, 18, 20) and elsewhere (4, 5).

2. Preparation of reagent sclutions

All buffers used contained 0.01 M Tris-cacodylate at pH 7.0. Equi-
molar amounts of cacodylic acid (dimethylarsinic acid) and Tris base
(2-hydroxymethyl-2-amino-1, 3-propanediol) were dissoived in distilled
water along with the desired amount of ligand and the pH adjusted to 7.0
by the addition of small amounts of the appropriate constituent. The dis-
tilled water, which was used to prepare the buffers, had been further

A

purified by passage through a Continental ion exchange deionizer.

a. Protein solutions. Oxyhemerythrin crystals were dissolved in a

small amount of buffer, then solid sodium fluoride was added to a final



21.

concentration of 1 M. Chloride ion does not dissplace the oxygen from

the iron ligand site rapidly (8), wl;lereas the fluoride ion does so within
thirty minutes. The hemer}thrin solution was centrifuged to remove any
denatured protein and undissolved lipid material and then the solution was
dialysed four times aginst buffers, increasing the amount of ligand in the
buffer to the desired concentration for the last two dialyses., In most
cases, the protein concentration was directly measui‘ed spectrophotome-
. trically, based on the extinction coefficient 2. 77 ml mg"l cm"1 at 280 nm
found by Keresztes-Nagy (5). These solutions were generally quite stable,
although a negligible amount of denaturation occurred with time. After
several weeks, a hemerythrin solution was usually recentrifuged to re-
move denatured protein.

b. Mercurial solutions, Solid p~-chloromercuribenzoate, sodium salt

was added to buffer. The solution was mixed and allowed to stand for at
least two hours; then the undisséalved material was removed by centrifu-
gation. The anion associated with the mercury para to the carboxyl group
depends on the pH and the buffer, therefore Boyer (19) proposed the gen-
eral term p-mercuribenzoate (PMB)* for this mercurial compound in so-
lution. The concentration of PMB had been détermined in earlier work

R
in this laboratory by titration with glutathione (18, 20), but a spectrophoto-

3

In the text, Tables, and Figures, the abbreviation
PMB will be used for p-mercuribenzoate. In che-
mical and kinetic equations, the symbol HgBz will
be used instead.
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metric determination based on the molar extinction coefficient 1. 69 x10"
M'Jcm- ' at 232 nm found by Boyer (19) was more convenient and as ac-
curate. The PMB soclutions were kei)t in the dark but slowly decomposed,
losing about 3% in concentration of PMB during a week, _ Consequently,

they were frequently recentrifuged and restandardized.
B. Spectophotometric Techniques

Boyer (19} devised the technique for the spectrophotometric titration
of protein sﬁlfhydryl groups with PMB on the basis of a shift on the UV
spectrum. He has demonstrated that the increase in absorbance at 250
nm is entirely due to the formation of the mercury-sulfur bond. Benesch
and Benesch (55) have described this technique in detail and several re-
views have discussed various aspects of the determination of sulfhydryl
groupsinproteins (2, 41,56). Egan (18) and Fransioli (20) used Boyer's
technique to investigate the reactivity of the sulfhydryl group of hemeryth-
rin, Théy titrated chloromethemerythrin with PMB, found that one mole
of hemerythrin monomer units reacts with one mole of PMB, The meas-
ured molar extinction coefficient was 7.2 x10 M"1 cm°l , a value which
agreed with those obtained for the formation of the mercury-sulfur bond
with cystein and ovalbumin (1Y) and with phosphorylase i.(49)' Essential-
ly the same results were obtained by Klapper and coworkers (21, 57) for
fluoromethemerythrin. Egan (18), Fransioli (20), and Duke et al (21) have

demonstrated that when PMB reacts with hemerythrin, PMB forms a
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covalent bond only with the lone sulfhydryl group on each subunit and that
the increase in absorbance at 250 nm is solely due to the formation of
that bond. These authors then monitored the absorbance at 250 nm after
addition of PMB and from these data derived kinetic parameters for the
reaction of the protein sulfhydryl group with PMB,

E:ssentia.lly the same technique was used in these experiments. He-
merythrin stock solution, buffer, and PMB soluticn, in amounts varied to
obtain the desired final concentrations, were mixed together in a vial or
spectrometer cell. The pathlength of the cell was chosen with regard to
the protein and PMB concentrations so that the total absorbance was less
than 1.5 and the change in absorl;ance was on the order of 0.1 or greater.
A cell containing a blank consisting of the reactant, hemerythrin or PMB,
whichever contributed the greater amount to the total absorbance, was
used in conjunction with the cell containing the reaction mixture. Before
each absorbance reading, the spectrophotometer was zeroed against the
blank cell, so that the absorbance actually meésured was less than the
absolute absorbance. KEgan (18) found from her titrations that Beer's
Law applied to hemerythrin- PMB solutions up to a total absorbance of
about 3. 0. The molar extinction coefficient'folr the formation of the mer-
cury-sulfur bond remained es'sentially constant and it was unaffected by
such a high total absorbance, most of which had been compensated by the
blank. Because of the small volume of the shorter pathlength celis, for

experiments requiring them, the reaction mixture was prepared in a
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vial and part of it transferred into the cell.

In any event, the various reagent solutions were equilibrated at the
chosen temperature before addition of PMB. A Neslab Instruments prota-
ble bath cooler and circulation system pumped a coolant through the walls
of the Beckman DU spectrophotometer cell chamber and through jacketed
beakers in which the reagents were kept before mixing.

When the PMB was added to the reaction solution, Parafilm was
placed over the top of the container and gentle inversion mixed the re-
agents, At regular, convenient time intervals after the addition of PMB,
the absorbance at 250 nm of the reacting solution was read, the first
measurement usually being made either thirty seconds or one minute af-
ter the addition. The time of measurement was kept by an electric timer
which had been started at the moment the PMB solution was pipetted into
the protein solution,

Experi.mentsy with very low i)rotein concentration required the use of
10 cm pathlength cells and a Cary-15 1"ecording spectrophotometer. To
cool this large size cell, a glass coil was devised to carry the coolant
around the cell. The temperaturg inside the cell was checked with a
thermister type theromometer, as was also ddne for the 1.0 and 0.5 cm

cells used with the Beckman DU,
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C. Light Scattering Techniques

Leonardo da Vinci attributed the blue color of the sky to the inter-
action of light with particles in the air and so is perhaps the first person
to consider scientifically the phenomenon of light scattering (58). Since
that time, light scattering or turbidity measurements have ft;una many
uses and have great potential as a tool for physio-chemical studies of

biclogical macromolecules.

1. Theory of light scattering

Rigorous examination of electroma-gnetic scattering begins with the
observations of Tyndall (58) in 1869 and the theoretical derivations of
Lord Rayleigh (59) in 1871 w-hich related the intensity of scattered light to
particles in the air. The equation Lord Rayleigh derived for a dilute gas,
which relates the intensity of light scattered (i @ ) at an agnle 0 to the in-
tensity of the incident light beam (Io), has the form

81 *Na? , : '
ig= I, {a7r? (1 + cos“0) (5

where N is the number of scattering particles d, their polarizability;
A% the wavelength of the light in the scattering medium; and r, the dis-
tance from the scattering medium to the observer. In 1947, Debye (60)
extended the Rayleigh equatiom to solutions of macromolecules based on
the effect of local spontaneous density fluctuations in the solution on light.

Both the theory of fluctuations by Debye (60) and the exact molecular

theory of scattering developed by Fixman (61) reveal a close connection
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between light scattering and osmotic pressure and, for the excess scat-
tering over that of the solvent for a solution of particles small with res-

pect to the wavelength of incident light ( 3 ), give the equation in the form

(62,63}
© Ry = 2T D8 (dn/dc)’ RTM - kR M (6)
N, A (du/dc)p p  (On/dc)o,p
where

2 .
_ _r?ig _
Rg Ie(l + cos‘B) (M

is the Rayleigh ratio; c, the concentration of solute in gm cm=-?; Navs
Avagadro's number; R, the gas constant; y the chemical potential of the

solute; n, and n, the refractive indexes of the solvent and solution respec-

o
tively. The term dn/dc, known as the increment of refractive index and
also expressed as (n - no)/c, is a constant for a given solute-solvent sys-
tem but must be determined separatély from the light scattering measure-
ments. For small molecules, it is convenient to measure the light scat-
tered at l90° to the incident light where the angular term R is unity.

Light scattering theory also applies te larger molecules which are not
;.srnall compared with the wavelength but this aspect will not be discussed
here since hemerythrin meets the requirements of equation 6. 7A11 details
of light scattering which are pertinent to biological macromolecules have
been discussed in review (62, 63).

The osmotic pressure (j]) is related thermodynamically to the

chemical potential of the solvent by the equation
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m =4 Yo (8)

where pg and Hyare the chemical potentials of the solvent in the pure
state and in the solution respectively and '\'fo is the partial molal volume
of the solvent. The chemical potentials of solvent and solute are related

by the Gibbs-Duhem equation

eJn - - auo) ' (9)
X = 4
(H T,P XO (BX T,P

where x  and x are the mole fractions of solvent and solute respectively.

By differentiating equation 8 with respect to the mole fraction of solute
(x), inserting it into equation 9, and coverting to the concentration units

of gm cm”™ (c), one obtains the equation

(ag =M {ﬂ} (10)
ac T.p c de 2P

3 -
which may be substituted into equation 6 and then rearranged to give

Ke 1
Bgp = RT
which demonstrates the relationship between osmotic pressure and scat-

ol (11)
Bc ,P

tered light intensity. Differentiating the virial-like equation for osmotic

pressure

M= 1 4 Be+ ge?+
cRT M (22)

and substituting into equation 11 gives the familiar light scattering equation

Ke = 1 + 2Be +80c2 + . . . ' (13)
Rgo M

which resembles equation 12 for osmotic pressure. Generally, light
scattering measurements are made on solutions sufficiently dilute that

the third and higher terms on the right hand side of equation 13 are
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negligible. The usual practice is to plot the values of Kc/R,, against
concentration and extrapolate back to ¢ = 0, where the intercept is the
reciprocal of the molecular weight and the slope of the line is twice B,
the second virial 'coefficient..

Although equation 13 for scattered light resembles equation 12 for
osmotic pressure and both phenomena depend in the same way on the
thermodynamic properties of the system, scattered l;ight intensity is
direptly proportional to molecular weight, but osmotic pressure is in-
versely proportional. The import of fhis is that the two methods are
compleméntary. For multicomponent systems, by writing the equation
for the various components and summing, with light scattering, one finds
the weight average molecular weight defined as (64)

o .
whereas by osmotic pressure, one obtains the number average molecular
weight defined as

M. = INiMj

Moo= TNy

(15)
where Nj, Mi' and c; are the number, molecular weight, and concentra-
tion or mass of the ith species. The two molecular weights together giv.e
a measure of the polydispersity of the system. Equation 13, therefore,

is usually written

Ke - 1 + 2Bec (13)
Rgo M.

as the typical light sc:ttering equation.
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With the developement of suitable theory and a suificiently reliable
jinstrument made commercially available by the design of the Brice (65),
the light scattering technique became widespread for the routine charac-

terization of biological macromolecules. Eventually, the technique was

applied to study the association and siscoation of protein molecules.

2. Measurement of protein aggregation by light scattering

Since the intensity of light scattered by the constitutents dissolved
in a solution is directly proportional to the weight average molecular
weight of those constituents, it is possible to dire(.:tly follow the course
of any reaction which involves a change of the molecular weight of the
reactants. Light scattering was one of the techniques first used to de-
monstrate the association of polymer molecules in dilute solution. Dur-
ing these experiments, the relati%re turbidity of a polyvinyl chloride-
acetate copolymer was observed as a function of ;ime after heating and
cooling the solution (66).

a., Aggregating proteins. Early light scattering data for the clotting of

the protein fibrinogen gave both the weight average molecular weight and
the molecular length during the polymerization (67,68). Light scatter-
ing measurements of the interaction of insulin rrhlolecui.es -produced con-
stants for the equilibria betwefen insulin monomer and ité various poly-

mers while also indicating which polymer predominates under differing

conditions (69). Steiner (70) presented a paper on the reversible asso-

-
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ciation processes of globular proteins in which he developed the theory
for applicafions of light scattering as well as other methods of macro-
molecular physics. In a lengthy series of papers, he applied these tech-
niques and particularly light scattering to severallglobular proteins in-
volved in association processes such as insulin (71, 72) and the combina-
tion of trypsin with soybean inhibitor (73). Frorﬁ Iighf scattering data,
he obtained the degree of polymerization ra,nd‘ the consecutive association
constants for the reversible processes of these proteins. The light scat-
tering technique has also been a usefull tool to mee;sure the thermodyna-~
mic parameters of antigen-antibody reactions (74, 75). In their investi-
gation of the molecular interactions of B-lactoglobulin, Townend and
Timasheff (76-79) used nonkinetic light scattering measurements to de-
termine that B-léctoglobulin formed tetramers, and for this tetrameri-
zation, to evaluate equilibrium constants and the thermodynamic functions
( AH®, AG®, and AS?).

b. Mercaptalbumin. An important application of the light scattering

technique evaluated the kinetic parameters for the dimerization of human
serum mercaptalbumin mediated by mercurials which reactions may be

represented by the equations (80)

[

Ab-SH + Hng.‘—_—__-hAb—SHgX + HY + X~ (16)
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k
Ab-SH + Ab-SHgX T8=22 (pp-g) ug + HY + X- (17)
k o
-d
{#b-s) Hg + HgX, == 2Ab-SHgX (18)

where Ab-SH represents the native mercaptalbumin; Ab-SHgX, the al-
bumin monomer with sulfhdryl group reacted with mercury reagent

(HgX 2); and (Ab-S) Hg, the albumin dimer. Observing the molecular
weight c;hanges tha.t-occurred with different mixtures of reactants, Edel-
hoch et al (80) concluded that reaction 17 was the rate determining step
for the formation of dimers. Substituting the weight fraction of protein
which is in the form of a dimer, defined by D = ¢, /c, into the definition
of the weight average molecular weight (equation 14) gives the relation-

ship

D=(Hw)—l (19)
My

where the subscripts 1 and 2 denote the respective quantities for mono-
mer and dimer. For a solution for which B = 0, substituting the light
scattering equation into equation 16 gives

D = (390’5/390,1) -1 | | (20)
where the Rayleight ratios are for solution containing a mixture of dimer
and _ménomer (RQO,S) and for the same solvent medium containing pure
monomers (R90 ’i. For the case in vwhich B is not zero, equation 20

would be more complex but since the investigators found that B remained
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the same for both a solution of pure dimers as well as one of pure mon-

omers, the value of R can be simply extrapolated back to ¢ = 0. For

90

equation 17, when x equals the dimer concentration; a, total albumin con-
centration in monomer units; b, total mercurial concentration; the rate

law
dx

T = Kb x)(a -b - x) - k!, (x) (e1)

can be easily integrated, with the apparent rate constant for dissociation,

k' 4% k_g [H+][X"] = kd/K" and the apparent equilibrium constant,
K' = [(Ab-8)2Hg] D S
[Ab-SH] [Ab-SHgX] (a4 [x-1] (22)

For those experiments which use the stochiometric ratio, a = 2b, the
integration of equation 21 can be put in a form directly related to the

light scattering measurements,

kg = 2-303 igé De log De(l - DeD) - (23)
1000e 1—D§ D - D

since D = 2x/a = x/b and Dy = x./b for the dimer at equilibrium. For

dissociation,
' - 2.303 1 - De log 1l - DD (2k)
-d t 1 + Dg D - Dg

but k'_d can also be calculated from the relationship k'_d = kd/K’, since
K' is directly measureable by light scattering.

¢. Phosporylase. Kinetic li‘ght scattering measurements have been of

greatest value when used in conjunction with other methods. In this man-

ner, Maasen and coworkers (49-51) investigated the interaction of muscle
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phosphorylase with PMB. These authors were interested in the relation-
ship between the »proceéses resulting from the addition of PMB, the for-
mation of the mercury-sulfur bond, the dissociation of phospl.lorylase a
into subunits, and the reversible inhibition of enzymic activity., Madsen
(50) monitored the effect of PMB on the turbidity of solutions of bot'h forms
of éhosphorylase. The light scéttering data confirmed that phosphorylase
b is one half the molecular weight of phosphorylase a and the inhibited
enzyme is one quarter that of phosphorylase a. For the kinetic experi-
ments, Madsen ignored the effect of the second virial coefficient, since
it could not be evaluated for the phosporylasé monomer, This may have
introduced a small systematic error. He treated the turbidity data ob-
tained as a function of time after addition of PMB by a method similar to
that of Edelhoch et al (80) and found that the dissociation of phosphorylase
a tetramer into monomerrfollows first order kinetics and is much slower
than the enzymic inhibition. The dissociation of phosphorylase b dimer
into monomer also follows first order kinetics though the data was more
variable. The measurement of the rate of formation of the mercaptide
bond and the rate of enzymic inhibition were foq.nd by Madsen and Cori
(49) to be second order reactions and both processes had rate constants
éf a:bout the same order of ma‘gnitude.

From the comb-ined data, Madsen and Gurd (51) deduced an all-or-

none hypothesis for the mechanism of the reaction of PMB with the sulf-
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hydryl groups of phosphorylase. The light scattering technique can be a
useful adjunct to other kinetic techniques, for the data obtained from it
can give direct insight into the aggregate structure of the macromolecule

during a reaction.

3. The Sofica Light Scattering Photometer

The typical light scattering apparatus contains a light source, usual-
ly a mercury lamp, an arrangement of lense.s and filters which direct a
beam of monochromatic light through the sample cell, a trap for the
light beam which has passed directly through the cell so that this light is
not reflected back, and a photomultiplier which monitors the light scat-
tered at some angle to the incident 1igh't beam. The photomultiplier as-
sembly is usually on a turn-table which permits that the photomultiplier
be turned to receive the light scattered at various angles. Figure 3 in-
dicates in a block diagram the major components of the Sofica light scat-
tering photometer, Model 42 000, which was used in this work., The ma-
nufacturers (Sociéte” Frangaise d'Instruments de Contrdle et d'Analyses)
have termed this insturment a photo gonio diffusometer. Tomimatsu et
al (81) have described this instrument which is based on a design by Whip-
ple-r a;nd Scheibling (82) and cor'npared it with the Brice type of instrument.
The photo gonio diffusometer is described in detail in the Sofica instru-
ment manual (83). Only the more important features which are relevent

to this work are described here.
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a. The reference photomultiplier. The central distinguishing feature of
the Sofica instrument which involves the electronic circuitry is the‘ re-
ference photomultiplier which receives a small amount of light from the
mercury lamp through.a glass diffusor. The reference photomultiplier
detects, fluctuations in the incident light béam intensity and through a
dynode feedback link, regulates the high voltage supplied to the two photo-
multipliers. This compensates for the fluctuations of light from the mer-
cury lamp and results in a remarkable stability in the output from the
measuring photomultiplier (83). In this laboratory, I observed over a
period greater than four ho(1rs~a ﬁlaximum drift of 3% in the reading of
scattered light intensity from the glass standard provided with the in-
strument.

b. The optical assembly and the immersion vat. The basic optical as-

sembly is shown in schematic form in Figure 4. A water cooled mercury
vapor lamp, type SP-500W, generates the light beam. A No 61 Wratten
type filter for the 546 nm gr