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A study was made of the interactions of two azo-dye pH
indicators (and related molecules) containing the 2, 4-Dinitropheny!
determinant group with Bovine Serum Albumin (BSA) and rabbit anti-
bodies specific for the 2, 4-Dini+ropheny| group. Both dyes were
found to undergo spectral shifts when binding to these proteins under
suitable conditions. The equilibrium constant for the reaction of one
of these dyes, |-Napthol 4-(2, 4-dinitrophenylazo) 2-Sulfonic acid with
BSA was evaluated and the effect of pH and inhibitors on Thé system studied.
The kinetics and equilibrium aspects of the interaction of the above dye
and of I-Napthol 2-(2, 4-dinitrophenylazo) 3, 6-disulfonic acid with
rabbit antibodies was also studied using the temperature jump technique.
The results obtained were discussed in terms of the effects of the

different structures of these ftwo dyes on the reactions observed.
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CHAPTER |

PART A

THE PROPERTIES OF ANTIGENS AND ANTIBODIES

In veriebra+es, recovery from a dlsea e caused by an _F‘a'Vi"'

infectious organism is. ofTen found +o Ieave +he an|mal |n a’sfaie of o

:ncreased resisTance +o relnfecflon. The occurrence of +h|s so—called f};'

’"|mmune" s+a+e usually coincndes wi+h The appearance of profelns, wthh

"°S|ze and complexi+y of +hese ma?eriais. However, eariy th;+ e

'-cen+ury,:Lands+einer found fha+ an+|bodses could__e produce ?vcsm_li

well- defined organic molecuies which he cal!ed hapfens, |f They b d:b;.,
Chem'cal'y coupled *0 3 Profein before injecfion (i)._ Thls discoverv wasi‘“'
'responS|bIe for a breakfhrough |n the” undersfanding.of fhe reacf|ons of

antibodies and an?tgens on a moiecular basus, and iS Therefore con5|dered J-

to mark. the beg'nnlng of The sc:ence of immunochemisfry.‘ f}f”“' :
Antigens -

The ablIiTy of a subsfance To be anfngenlc In a gtven anlmal
depends on Two general properfies, i. e., flrsT fhe maferlal mus+ be
foreign to the anlmal and second |+ must be of suffncuenle high molecular

weigh+ However these facfors are not well enough undersiood a+ The

present time to allow any "a prlorl" predlcfion of a maferlal'

antigenicity.
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Many different types of materials are known to be antigenic;

;+hese range'from naturally occuring serum proteins, red blood cells,

: polvsaccharioes, (2) and lipids, (3) to synthetic motecules such as
'polyvinyl pyrrolidone (4) and polyamino acids (5), (6). In contrast ‘o
avhaplen;“which:ls only anfigenlc'when attached to a large carrier

, holecule;.These latter synthetic maferials can elicit an antibody

' response when |nJec+ed by lhemselves, a property that allows a systematic
approach To +he sfudy of the facfors that are involved in antigenicity.
Studies w:lh synfheflcsanfagens have allowed a determination of the lower

“;llmlfs of molecular welghf of an anflgenlc maferlal. For example an
'”,aLdInlfrophenyl L-Iyslne nonapep+lde has recenfly been found fo be
“c;anfigenlc ln gunnea plgs (7). Slmllarly,experimenls with polypeptides

:'of dlfferenf sfrucfure and charge have shown lhal a maferlal's antigenic

"Lisi+es musf be readlly accessnble and no+ hidden in the molecules

. “lnferior" (8). Moreover The use of uncharged polypeptides (9) and of
polypepfides possessing either a ne+ posifive or negaflve charge (10),

:.has lndlca+ed that (A) +he an+|gen does not have to be charged to cause
a specific an+ibody response and (B) that the net charge of an antibody

’Hmolecule wlll be opposnte to Thaf of ‘the elncnflng antigen. The latter

V—has been in?erprefed as belng an imporlanl factor in the slabilizafion

of the interaction between charged anflgens and their homo logous

antibodies (i1).

Antibodies

Antibody activity has been found to be associated with three

main types of globular proteins whose most important physical properties

are given in Table I.
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Table | (12)
Immunoglobulin type IgG IgA lgM
Electrophoretic mobility -0.6 to +3 +1.2 to +3.6 +2
at pH 8.6
('0-5 sz V-l sec-l)
Sedementation coefficient ‘ 6.6 6.6 and 12 9
(S)
-Molecular weight 150,000 150,000 and 900,000
(approximate) 400,000

It is because of this complexity that the term immunogtlobulin
(13) has been suggested to refer fo all those globulin molecules
possessing antibody activity, as well as to other proteins which may have
no (known) antibody activity, but which are structurally related to
antibodies. The properties of the immune globulins of all mammals are
very similar. However, for reasons of brevity and primarily because of
the widespread use of these globulins in immunochemical investigations,

the followingwdiscussion will be mainly confined to the properties of the
rabbit IgG molecule.

IgG molecules have been shown to contain ftwo classes of
peptide chains, which can be separated by gel chromatography under acid
conditions or in the presence of urea after reduction (and alkylation) of
disulfide bonds (14, 15). Each molecule consists of two heavy (H) chains
(M.Wt+.w 50,000) and two light (L) chains (M.Wt.w 20,000} (16, 17) and has
been represented (18) by the schematic diagram shown in Fig. I.

The number of disulfide bonds between each heavy and light
chain has been well established (15). However, uncertainty exists as to

the number of these bonds between the heavy chains. Thus, it has been

found that about one half of an |gG preparation could be separated into



“Figure |-

Schematic diagram of the IgG immunoglobulin
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equivalent half molecules by reduction of one disulfide bond, while
separation of ?hé remainder of +hé molecules present required the
reduction of 3 disulfide bonds (19). This phenomenoﬁ has been
interpreted in +erms_of a heterogeneity of IgG molecules with respect
to the number of these disulfide bonds per molecule or to the lability
of this disulfide bond in different hblecﬁles (19); however the
possibil ity that the apparently low number of inter-H-chain disulfide
bonds found in half the antibodies may have been dQe to disulfide
interchange during cleavage was not ruled out (12).

- As has been mentioned above, dissociation of the lgG molecule
cannot be effected without recourse to low pH or reagents such as urea.
it is, therefore, obvious that the peptide chains are held together by
non-covalent forces as well. These have been postulated to be mainly
hydrophobic in nature (20,21) and in the case of the forces between H
chains, to be located in the F. portion of the molecule [Fig. 1].

The IgG molecule can also be split into smaller fragments
by the action of proteolytic enzymes (acting in concerflwifh reducing
agents) as indicated in Fig. I. Papain splits the molecute intoc three
fragments, two Fab* and one Fc. The two Fap fragments each possess one

of the antibody's two binding sites and are otherwise identical having

a range of electrophoretic mobility that is related to the parent lgG
molecule from which they are derived (22). The third fragment, F.
(or fragment |1l) obtained from papain digestion has no antibody site.

It is of different character from the F,, fragments and has the uausual
property of being easily crystallized, which would indicate that this

part of the 1gG molecule is relatively homogeneous.

* Two types of F,, fragments can be obtained by ion exchange chromatography

on, for example, carboxy! methyl cellulose (22). Those with higher electro-

phoretic mobility at neutral pH are known as type | and those with lower
mobility as type il.
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The action of pepsin is similar to that of papain; however,
this enzyme reacts in such a manner as to leave the section of the H
chains containing the disulfide bond intact (Fig. 1). A reducing agent
can split the divalent F(ab')2 fragment produced into two univalen?
ones and these can be reoxldlzed to +he divalen+ form of The‘an+ibody (23).
This enzyme also causes more exTenslve degradaflon of fhe inactive
fragment (corresponding +o Fc of papaln), Spl|++lng it into at leasf three
groups of peptides (l2) |

The most surprlsung resul+ of the varlous enzymaflc sfudles

lhaf have been performed is The facT lhaf fhe fragmenfs produced maintain

) Thelr abllify To resus+ furfher degradaflon as well as the |n+egrl+y of.
' +he an+|body binding slfes. Thls has been suggesfed To ‘mean that fhese
;enzymes ac+ a+ limited sifes whlch are confalned in flexlble porflons of

“the H chain, and Thaf fhe fhree molecular fragmenfs (Fab, Fc) are compacf

globular en+l+les +ha+ are no+ suscepllble to enzymaflc aflack (24, 25).

This conclus;on, (regarding The +r|par+!+e globular nafure of the molecule)

-has also been supported by measuremenfs of the depolarization of

fluorescence;of»dyee afleehed»loifhe lgG‘moIecuIe'(ZG,»27) and by electron
micrographs (28). | o |

;The.COnfbrmeTibn of The'infaeT_lgG‘noleculebhas also been studied
by low angle X-ray sca++efingv(29; 30) and by hydrodynamic methods (24).
These studies had suggested that the molecule was cylindrical in shape with
major and minor axes of about 250 and 31 R. These results may have to be
reinterpreted, however, in the light of the discoveries quoted above i.e.
ref's 24-28. Attempts have also been made to obtain details of the
tertiary structure of the molecule by measurements of optical rotatory

dispersion (0.R.D.) spectra, however, the only quantitative results
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avalilable predict that the lgG molecule has less than 10% o helical
content (29, 31, 32). In general, this approach has, as yet, not been
very successful due to an incomplete theoretical basis for the under-
standing of 0.R.D. spectra of molecules that are largely non-helical.
Neverfhe|ess, one important observation, namely that 0.R.D. spectra

of rabbit antibodies (to the 2, 4-dinitrophenyl determinant group) differ
from the other immunoglobulins present in the animal;-has been made (31).

This effect was found to be due to the propeffies of the F,, fragment as

- the 0.R.D. spectra of the antibody F. fragments, were the same as that of
-the other IgG molecules presenf.' AlThough it was not possible af the

time fto correlate the specfra obfasned with the sfrucfure of the fragmenfs,»

+hts result |ndica+es +haf signtficanf differences may be found in the
structures of antibodies of‘dlfferenf-speciflclfy.

.Anofher question rela?ed o molecular con*ermafionfis the -
relative location of the two antibody active si+es_demonsfra+ed to exist.

in the 14G molecule (33, 345. These.have been‘suggesfed +¢ lie at
opposite ends of the molecule (35); however, recent eleefron mierographs
have indicafed that the positions of the sifeé, and thus the conforma*ion
of the antibody, may depend on the number of antibody valencies occupied
(28). Thus, when one site of anfibody to ferritin, had reacted with
ferritin antigen the antibody appeared to exist as a compact structure
about {00 X longs However, when two antigens were bound the molecule
seemed to open up about a hinge point to produce a structure about fwice
as long. This observation has also been supported by other conformational
studies of the IgG molecule (26, 27, 29) which also led to the inter-

pretation of the molecule's behavior in terms of a variable structure.
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The Purification of Antibodies

The procedures used for the isolation of antibodies may be
divided into two groups; A) non-specific methods which fractionate
antisera on the basis of physicochemical properties common to both
antibody and non-antibody globulins, and B) specific methods in which
advantage is taken of the specific combination of antibodies and
homologous or related antigens.

Of the non-specific methods the most crude is probably that
of precipitation, using salts (36), organic solvents (37), or complexing
agents (38). Electrophoretic methods, on supporting materials (39) or
in éoluTion (40), are probably the most gentle of the non-spetific

methods, while ion exchange chromatography on various cellulose

‘derivatives (41) has proven very satisfactory but may subject the

proteins to mild denaturation during adsorption and desorption from the

ion exchanging sites.

In specific purification methods four steps are involved, l.e. 1)

formation of antibody - antigen complexes, 1) isolation of these

‘complexes from other contaminants, I11) dissociation of the complexes,

and V) separation of the antibody and antigen. Of these step | will
obviously be similar in most systems; step Il would be expected to be
re]afively simple, eg. washing of antigen-antibody precipitates would
be an effective way of isolating these complexes in a precipitating
system; and the most difficulties would be expected to arise in
performing steps |ll.and 1V. Variodé approaches have been adopted for
+he specific purification of antibodies (42). In many cases these are

applicable to oniy one antigen-antibody system as the method is failor-
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made to accommodate the unique properties of the antigen or antibody
involved. However, one general approach that deserves mention is the

use of immunosorbents, which éonsisf of insoluble supports to which

the desired antigen (8), or hapten, can be chemically attached. Various
methods are used to elute antibodies from immunosorbents, eg. lbw or

high ;H, high salt concentrations or excess of hapten. The latter appears
+o be the most gentie method; the eluted antibody can then usually be
readily separated from the hapten by dialysis or chromatographic
procedures. The versatility of immunosorbents has been demonstrated

with their application to the purification of antibodies to many

different determinants, (42) and in general it would seem that their

use provides the most efficacious method of obtaining pure antibodies

in high yield.

The Nature of the Antibody Combining Site

Two general theories have been proposed to explain the
structural basis of antibody specificity. One Is that an antibody with
a given amino acid sequence can be folded in different ways and that each
folding pattern corresponds to a different specificity. The second view
is completely different and maintains that it is the amino acid sequence
alone that dictates an antibody's specificity and configuration (43).
Strong support for the latter idea has been obtained from studies that
have shown that renaTured antibodies to ribonuclease (44) and to the 2, 4~
dinitropheny! determinant group (45) could regain their antigen binding
capacity after compiete reduction of disulfide bonds and unfolding to a
random coil configuration. Attempts have also been made to substantiate

+his result by determining +he amino acid content of (specifically
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purified) antibodies of different specificity. To this date antibodies
to nine different antigenic determinants have been studied and smal{ but
significant differences in amino acid content found between them (46).
However, it is poséible that these differences do not occur in the

actual combining site region, as it has been noted that large differences
were found in the peptide maps of antibodies of the same specificity
prepared in different rabbits of the séme atlotype (Disc. ref 46). It
thus appears that an unequivocal answer to this question will only be
obtained by X-ray analysis of pure antibody crystals. As yet this has
not been achieved.

Experiments with antibodies of different specificities have
allowed a number of generalities to be made concerning the relation of
t+he properties of the active site to those of the homologous (antigen or)
hapten. For example, the implication of amino groups in the binding
sites of anti-benzenearsonate antibodies (47), and of carboxylate groups
in the active sites of antibodies directed against a positively charged
hapfen (p-azopheny!| trimethylammonium), (48) indicates that an antibody
site will probably contain an amino acid of opposite charge to that of
t+he antigenic determinant group. The finding of tyrosine in the combining
sites of antibodies directed towards neutral, positively and negatively
charged haptens (49) has been interpreted as meaning that the function
of this amino acid may be widespread. This could be due to the ability
of tyrosine to form hydrogen bonds, or more importantly to interact

with antigenic groups through the formation of hydrophobic bonds (50).



Another problem of a general nature is that of the relative
contributions of the H and L chains to the antibody combining site.
Although isolated L chains have never been found to possess activity
(43) various authors have found that H chain preparations re+éined
substantial binding activity (23, 52). In many cases both chains
were found to be involved in the active site. Thus amino acids of
both H and L chains were found to be contiguous to the combining site
of antibodies directed against p-azobenzene arsonate and p-azotri-
methylammonium fons by the affinjfy labelling technique* (49). Similar
results implicating a joint contribution of both chains were also
obtained with anttbodies directed against the p-azo benzoate group (53)
and against the f| bacteriophage (54). Although the défa available at
+his time do not allow any firm génefalifiés to be drawn, present
opinion favours the view that a joint interaction of H and L chains
sfabliizes +he active site (43). However, 1t is also possible that
there is no general answer to this question, as further work may show
that the importance of either H or L chains in a given system will be
dictated by the special properties of the system itself.

The combination of antibody H or L chains with non-specific
L or H chains, respectively, has beennoted in many cases (eg. ref 53),
to lead 1o the formation of an adduct which is physically indistinguish-
able from either recombinants of specific antibody H and L chains or
from native half IgG molecules. The specificity of the interaction
between these two chains has been shown to exist on two main levels.
Thus, at the first level, recombination of antibody H and L chains in

the presence of an excess of non-specific chains was found to glve a

¥ Tn This fechnique amino acids in or near the antibody combining site
are labelled by reaction of the antibody with a homologous hapten

containing a reactive chemical group eg. p~(arsonic acid) benzene
diazonium fluorcborate.



higher yield of binding sites than was predicted on the basis of

combination being a random process (55). If peptide chains from

"anfibodies'produced fo fhe same antigen in differenf animals, for

example in two rabbi+s, are mixed an even higher level of specificity

- is observed. Thus recomblnafion befween The chains of antibodies

from differenf rabbifs was observed to occur, however, active binding
sites were generafed on|y when The H and L chalns were those of

molecules produced by +he same rabbif (56).

The Heferogenei+y of'An+ibodies

As was shown in'TabIe ) ?he immunoglobulins in the serum of

© o a given anlmal can be divnded |n+o three maJor protein classes, whlch are

: dlfferen*iafed on. The basis of ?he phy5|cal and antigenic proper+|es of

The dlfferen+ molecules.' The antigenic dlfferences of these classes

have all been found fo be due to determinants which are located on the
heavy chalns of the molecules (43). However there are greater antigenic
complexities to |mmunoglobu||ns than ?hose cons:dered by their division
info |gA, \gG, and !gM classes. Thus the g6 molecules of certain species,
for example equine (57) and human, (58) can be divided into further
subclasses on the basis of antigenic differences. Huhan sera have also
been found to contain a fourth and fifth class of immunoglobulins, called
IgD and IgE (59, 60). Another aspect of he+erogenei+y, as demonstrated
by antigenic differences, is the phenomenom of allotypy. This refers Yo
the antigenic determinants of immunoglobul ins which differ among "normal"

individuals of the same species. The location of the allotypic deter-

minants on the various peptide chains and their correlation with genetic
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differences are problems which have only recently been attempted (43);
however, as they have no direct bearing on the work of this thesis
they will not be discussed here.

) Other differences besides those referred to above also exist
between the different immunoglobulin classes. For example the amount of
carbohydrate in IgG immunoglobul ins is usually about 2 or 3 percent,
while lgA and lgM contain about 10 percent(43),Because of the different
carbohydrate content of the different classes as well as the fact that the
carbohydrate has been found to reside exclusively on the heavy chains of
immunoglobulins; it has been suggested that carbohydrate may be an
important antigenic determinant in immunoglobul ins (83). However, it
has been shown that the antigenic determinants of rabbit lgG heavy chains
were in pepsin fragments that did not contain any carbohydrate (51), which
would appear to rule out its having any importance as an antigenic
determinant. On the other hand, as the antibodies to the rabbit IgG
heavy chains were elicited in goats in this study (51), it is possible
+hat carbohydrate functions as an allotypic determinant, since hetero-
immune sera are generally not sensitive enough Yo detect these types of
antigenic differences (43).

Another physical property which has provided a clear
indication of immunoglobulin heterogeneity is that of electrophoretic
mobility; electrophoresis in agar, starch and other gels has been widely
used as an analytical tool to demonstrate this. Correlations have been
found in some cases between the mobility of a parent immunoglobul in and
its subunits e.g. the mobilities of Fyp fragments of rabbit IgG

paralled that of their parent molecules (2, 61). However, the mos¥
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interesting aspect of heterogeneity, as seen by electrophoretic
criteria, is the banding of the light chains of the immunoglobulins of
several species into frem 6 to 10 bands when run in urea starch gels.
For example, light chains of guinea pig anti-hapten antibodies form
discrete bands in these gels under acid conditions, while The norma |
chains form a single diffuse zone (62, 63). Although the basic reasons
for this phenomenon are not understood, it has been suggested to be
related to the existence of populations of antibodies that may differ in
structure and in affinity for the hap*eﬁ (43).

The above discussion has been mainly concerned with the
heterogeneity of the entire immunoglobulin population of an animal.
Although antibodies reflect these types of heterogeneity, it has been found
that in some cases specific antibodies to one determinant are much more
homogeneous than the "normai" immunoglobulins of the animal from which
they are obtained (43). However, studies of the thermodynamics of anti-
body-hapten interactions have indicated that in just about all systems
the affinity of the antibodies for a homologous hapten are distributed
over a wide range (50). For example, antibodies to the 2, 4-dinitrophenyl
determinant group with binding constants differing by as much as o
have been separated from the serum of an individuai rabbit by fractional
precipitation with increasing concentration of antigen (64).

Antibody heterogeneity is also exhibited in another way, as
seen in the variation of the capacities of different segments of an
antibody population to bind haptens of different sizes.

This has been shown, for example,'by elution with haptens of

different structure, of antibodies to The p-azobenzoate group from an
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immunosorbent (65); some of the antibodies obtained could accommodate
haptens with ortho substituents, while others could not. YetT another
manifestation of antibody heterogeneity is the change in affinity of
antibodies for their homologous haptens as a function of time after
immunization of an animal. " Thus a progressive rise in the average
binding constant of anti-dinitrophenyl antibodies from 10° to 108
liters/mole was found in the period from 2 to 8‘we¢ks after immunization
(64, 67). |

The reasons for antibody (and immunoglobulih) heférogenei+y
are not known. Various theories have been advanced to explalhnfhe
phenomenoh, based mainly on the postulates that (1) atl anfigenslare
heterogeneous, for example with respect to the environment 6f é hépfen
on a carrier protein, or (11) that the biological nature 6f the antibody
response leads to the production of antibodies by different cell types.
The idea that heterogeneity can be traced to t+he properties of the antigen
appears to be contradicted by the result that a heterogeneous antibody
response is obtained fo 2, 4-dinitrobenzene coupled to one locus (lysine
41 of ribonuclease) of a homogeneous protein* (68). On the other hand
some correlation between antibody affinity and immunoglobulin class has
been foﬁnd, f.e. lgA and IgG antibodies produced by an animal to the same
hapten had binding constants that differed by IOZ (69, 70). Such a
result supports the thought that +he basis of heterogeneity is a biological
one. However, as the nature of the mechanism of antibody formation has
not been elucidated an unequivocal answer to this problem cannot be given

as yet.

¥ The possibility does arise however that this is due to (1) antibodies
being directed to ditferent portions of the hapten and carrier protein or
(11) the possibility that in solution the hapten-protein conjugate can
exist in antigenically different configurations.
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The Reactions of Antibodies with +heir Homologous Antigens and Haptens:

Polyvalent Antigen - Antibody Reactions

The combination of an antibody with an,anfigén "in vivol"
faciliTaTeS‘removal.of the antigen from‘circulafion and thus is an
important means of defence against harmful infectious organisms. Other
effects of "in vivo"!  antibody-antigen combinations can be bothersome
or harmful to the individual. For example, one can menfion’fhe symp+oms
of hay fever allergy and the sometimes fatal results of anaphylactic |
shock; However, the "biological' aspects of these reactions are Sso many
and varied that they are beyond the scope of Tﬁis introduction and there-
fore will not be dealt with further.

‘ The most common "in vitro" manifestation of antigen-antibody
reactions is the formation of a flocculent antigen-antibody precipi*aTe.v
If The amounfs of precipitate, formed by the combination of a constant
amount of anffbody with constant volumes of antigen solutions of
increasing concentration, are glotted as a function of the amount of
antigen added, the result obtained in most systems is represented by the
typical graph of Fig.‘Z. This curve is Known as a "precipitin curve" and
was explained by Pauling in his framework theory on the basis of the
assumption that both antigens and antibodies were polyvalent (71).
Precipitation was postulated to occur as a result of the formation of a.
highly cross-1inked insoluble network of antigen and antibody molecules.
At the maximum of The precipitin curve all valencies of bofh antigen and
antibody would be occupied and both quantitatively precipitated. An

excess of either component causes the gradual destruction of the cross-



Figure 2

The precipitin curve
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linked structure with the result that smaller and thus more soluble
complexes would be formed, leading to a decrease in the amount of
precipitate observed.

The premises of this theory have been fully confirmed; thus
most antigens have been shown to be polyvalen*, for example ovalbumin
and thyroglobulin have 5 and 80 antigenic sites respectively (72) and
all precipitating antibodies (except those of‘fhe lquEiass, e.g. to
the azobenzene arsonate determinant are hexavalent (73)) have been found
fo be divalent. | | |

Goldberg (74) has developed a ma*hema+ical descripfion of the
course of an antigen-antibody reaction as seen in the prec:pi?in curve,
based on the assumptions +haf a} no cyclical complexes are formed and
b) that all antibody and anTigen slfes are equivalenf.. This fheory centers
about an expression describing the most probably disfrtbu*non of an?lbody
and antigen molecules among aggregates of differenf sizes. Although a
detailed description of the preCipiTin cdrve was not achieved, quite
accurate predictions of the ratios of antigen to antibody at which
precipitation occurs were obtained.

In accordance with the above descripffon ofvThe antigen-antibody
reaction I+ would be expected that t+he combination of either univalent
antigen (or hapten), or univalent antibody with whole antibody or antigen,
respectively, would not result in the formation of a precipitate. Indeeq)
+he addition of sufficient univalent antigen or antibody to a homologous
precipitating system causes the dissolution of any precipitate formed (75).

Moreover,Paulingeﬁ'al(76) have developed a quantitative theory
for hapten inhibition that has been used in conjunction with experiments

employing haptens of varied structure to obtain information of the
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molecular complementariness of antibody combining sites and to obtain

values for the relative affinities of different haptens for the same

anfibody.

Methods of Study

A technique that is widely used to determine the minimum number
of different precipitating antigen-antibody systems in a mixture is that
of gel diffusion (77, 78) |n fhis ?echniqué the ahfibody Snd antigen
are placed in wells ina gel af approprlafe dls#ances from one another

and +hen atlowed fo dlffuse fowards one anoTher. At a region befween +he

Two where the relaflve concenfraTnons of +he reacfanfs are opfimal a

. precnplfa?e results, corresponding +o The max imum in The precipifln curve,

If more Than one anflgen—anfibody sysfem is presenf fhen if this op+imal

“concen+raTlon reg:on occurs at different locations in the gel for the

different systems, more than one band wi|| be seen. The sensitivity of
+he method can be increased by tagging antibody and/or antigen with

radioactive tracers, while the method's abilify'+o discriminate between

 +the different antigenic components of a mixture has been heightened by

first subjecting the antigen to electrophoresis in the gel in which

diffusion will be’performed (79).

Hapten-Antibody Reactions

The most unequivocal method for the determination of binding
parameters of hapTen-anTibody reactions is equilibrium dialysis (80, 81).
In this technique the hapten and antibody solutions are placed separately
into two compariments of a cell, separated by a membrane which is

impermeable to protein but which allows free passage of hapten. After
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equilibrium is reached (the cell is usually rocked overnight) the
amount of hapten bound by the antibody can be ascertained from The
decrease in its concentration in the protein free compartment, after
any corrections for non-specific binding (to normal proteins in The

" mixture or to the ﬁembrane or glass walls) have been made.  If a hapten
undergoes a specTral change on binding to anTibody; then The extent of
its combinafion can be measured uslng a method originally developed for
the s*udy of the !nferac+ions befween proteins and small molecules (82

,83).- féf and ¢b are 1'he exﬂncﬂon coeffimen‘l‘s of The free and bound f_

“forms of fhe hapfen respecfively, and if‘(app is The overall apparenf ex-;ff-5

. finc+|on coefficienf for any hapfen-anfibody soluTlon (all af The same. ,:.»v
| wavelengfh) Then The frac*i°" °f hap+en bound to an+lbodY §3 is inen
by the re!a?non E o S - L

e tney

o
T A

b

The |n+erpre1afton of resulfs ob+ained by such a fechnique may
be affected by The possabllify fhaf (b |s affecfed by anflbody hefero—
geneiTy. This is discussed at length in Chap+er tit, parf A.»i

ln cer+a|n anflbody-hapfen sysfems e. g.}usung anfibodles +o y
the 2, 4-dinitrophenyl. deferminanf group,blnding of the hapfen quenches
the fluorescence of the antibody. Fluorescence quenchlng can occur when
+he absorption spectrum of the bound hapten overlaps sefficienfly with
the emmission spectrum of the protein, provided that the orientation of
+he bound hapten on #he protein allows an efficient transéer of radiation.
A method for the determination of the extent of antibody-hapten binding

has been developed that is based on +his phenomenom (84). However the



results obtained by this Technique.may not be complefely correct
as it has been pointed ou+ +ha+ In some preparafions +he efficnency of
quenchnng varled as a func+ion of +he amount of hapfen bound (85).
1t s worfhwhlle at this point +o menfion briefly Two
me+hods which also may prove of value In s+udy|ng *hese reactions, bofh :

from the point of view of providing binding da'ra and’ of probing the

‘anfibody combtning site. Thus electron spln resonance spec*ral changes :

have been reporfed fo occur in a ni+roxide con+ainlng hapfen upon bindlng

c_3fo its: anfibody and fhese changes have been used in a prellminary fashlon
7h?o defermlne the ex?enf of bindlng in this system (86). Slmllarly, in.
‘ ysfems confalnung fluorescent haptens, the polarization of the hapfen s
ifluorescence Thaf might occur upon binding to antibody could be used To o
-‘.sfudy +hese interactions. This method has been appiied exfensuvely to fhe .

- sfudy of protein small molecule in+erac+:ons((6§) but only one study

involving anfibedies,using anti ovalbumin antibodies and fluorescein ;_f .

~ labelled ovalbumin (87),has been reported to date.

Treatment of Binding Data

A detailed presenfafion of the various ma*hemafical relafnonshipsx

. useful in The analys:s of binding data obtained in “+he sfudy of inter—-

acf;ons between proteins and ‘small molecules has been gnven by Klofz and .

Karush (88, 89). Assuming fhaf a protein has n |ndependen? binding sites

with the same intrinsic affinity for a small molecule, the following
relationship was derived on the basis of the law of Mass Action

| = | + 1

‘-:

£2]

nKc n

where K is the equilibrium constant for the association reaction, N is
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equal to fhe number of moles of small molecules bound per mo|e of
proTeln, c is The concenfraflon of unbound small molecules and n |s.+he
- number of bsndlng sifes per pro+ein molecule. waever, in confrasf,fo
+he snmple Ianear resul+ fhaf would be expecTed from a plot of l vs i,
pracflcally all hap+en anfibody sysfems sfudled have been foundT;o bg
characferlzed by curved plots. This result was posfutafed by Paulnng
7“e? al (90) +o be due to a non-constancy of K values reflecting heTero—r
v;:gene|fy of antibody affinities within a given population of anflbody

“molecules. This interpretation has been put info an easily used form by '

Nisonoff and Pressman (91) with the aid of the expression:

+

V (ke TAB] Y Ab3 [3]
where ¢ is as defined previously, b is +he concentration of bound hapten,
[Ab] is the concentration of antibody binding sites, K, is the average
binding constant of the whole antibody population anddis the index of
heterogeneity.* The value of K, can be obtained from a | vs | plot as

b c

Ko equals | when half the binding sites are occupied. A value for the
c

heterogeneity index can be calculated by plotting experimental values
of l_vs‘l_*for various values of oL, the correct value of L will produce

b ic)
a straight line plot.

For the determination of thermodynamic parameters of anTibodv;.:ﬁ‘

hapTen reactions the following standard relations are used:

pF° = - RT InK®
d InK = 0;52_ '

dT . RT2

pF° = aH= TS

where K is the equillbrlum constant for the reacflon beung observed R T

are +he gas constant and absolute Temperafure, andaH, &5, and AF are The

en*halpy enfropy,and free energy changes occurring.

*This expression was originally derived by Slps (92) to describe the
absorption of a gas on a sol id surface.
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As the equilibrium constants determined. for hapten-antibody
interactions, in all systems studied, are average values, this means,
therefore, that the values derived for the entropy, enthalpy, and free

energy of the reactions occurring are also average parameters.

Studies of Antibody Hapten Interactions

An early example of the difference between the affinity of
structurally isomeric haptens for the same antibody was obtained by
tandsteiner (93) who observed that antibodies in immune sera specific
for the meta-amino benzene sulfonic acid group combined to almost no
extent with the ortho and para isomers of this hapten. This approach
has been used in the study of many other hapten-antibody systems. For
example, the importance of steric complementarity between antibody site
and hapten can be seen in the extensive cross reaction of the sterically
related benzene arsonate and benzene phosphonate haptens with antibodies
formed against the p-azo phenylarsonate group, and in the lack of reaction
between these antibodies and the similarly charged but sterically different
benzoate and sulfanilate ions (94). A more subtle steric effect can be
seen in the reactions of antibodies specific for pyridine. The combinding
site of these antibodies must accommodate the water molecules of hydration
of the nitrogen atom; thus extensive cross reactions with haptens
confaining groups in the carbon - 4 position,such as iodobenzene; is seen
(95) At anofher Ievel of specificify it has been shown that antibodies
can discrimlnafe befween opTica! isomers, as evudenced by The lack of
reaction of anfibody speclflc for fhe D-phenyt~benzoylamino-ace+a?e hapfen

with the corresponding L—isomer (96).
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The Imporfance of steric effects in hapten-antibody

,._reacfions is a reflecfion of The fac+ that the forces involved are weak,
'7fshorr range forces and Therefore require the closest possible approach
;aof |n+eracfing groups for binding +o occur. These forces have been

,pos+ula+ed fo be due +o elecfrosfafic |nTerac+|ons between charged groups,

dipole~dipole inferacfions, Van der Waal's |n+erac+ions and the formation
of hydrogen and hydrophoblc bonds (8I - 84) (50 97 - 99!. The |mpor+ance
of Van der Waal's forces can. be seen in s*udles involvnng hapfens .
containing benzene rings. For example, from a cemparison of +he reacfuvnfyh
of benzene arsonic acid and of me+hyl arsonic acud whlch lacks +he !
polarizable character of +he benzene rlng, wufh anT:bodles Specific for

the benzene arsonate group,,|+ is evidenf fhaf The absence of such London
dispersion forces can lead +o almos+ complefe reducfion of bindlng,

(98, p. 245). The |mpormance of charge in anflbody-hapfen blndlng has
already been implied with. The menfion ofvfhe flndnng-of charges opposlfe\
to that of the defermlnanf in fhe S|+es of an+|bod|es formed against charged

determinants. ther more dlrecf examples of fhls can beuseen, for example,

in (i) The requsremenf of a doubly charged hapfen for reacfuon with anfl—
‘bodles formed againsr a doubly charged anTigenlc group, e g., 0-n|+ro

:benzoic ac:d wh:ch is sferucally simllar but only has one charged group

will. no+ inferacf wufh The an+ibodles direcfed to 4—azo—or+hoph+hallc
acld (|00), and (ii) +he absence of in+eracfion between p-nitroaniline
and anflbodles to +he p-azobenzoafe group,even +hough this hapten is

similar in size and shape fo The Iaf+er molecule (83, p. 245). The

*1t is Iikely That the difference in reac+|v1+y of these systems is
aiso due to the difference in the extent of hydrophobic bonding in
+he two hapten-antibody systems.



difference in free energy of combination between the two haptens in

the latter example is over 5 Kcal/mole. Assuming that these two haptens
have identical shapes and sizes, calculations on the basis of Schwart-
zenbach's (101) evaluation of the effect of distance between charges in
water on free energies of interaction, showed that this difference could
arise from a_charge separation of 4.5 K (98, p. 249). This would be

about the distance of closest approach of a carboxylate and ammonium

group in water.

Thermodynamfc Studies

The resdlfélof'+hérhodynéhi¢'$+udfes of”éome‘+§pical”anfibody—

”‘anfigen and anflbody hapfen sysfems are Iisfed in Table .o As can be

seen the free energy changes :excepf in The case of The d|n|+ropheny|

- sys+em, fall in the range between =5 +o -8 Kcal per mole, indicating Tha+

alfhough the forces |nvo|ved in These reacfions are known To be highly

specuflc They are no+ necessarily very sfrong.

A consideraticon of fhe facfnfhaflassociaTion reactions result

.in losses of rotational and ?rénslafional degrees of freedom would lead

one to expect, af‘firs+ sighf, that ahfigeh-ahfibddy reactions would be
characterized by negative entropy changes. ExperimenTaI resulfs, however,
have shown that this is not so; indeed, most of the systems studied
involved positive entropy changes which represent an important
contribution to the free energy change of the overall reaction. The
reason for this has been postulated to lie in the formation of a
"hydrophobic bond" when antibody and antigen or hapten associate, implying

that the forces involved in the binding process are similar to those



Table 11

Thermodynamic Constants for Antibody-Antigen Reactions

, oF° pH® bS°
System (kcal/mole) (kcal/mole) (e.u.) Reference
Benzoic acid: anti-p-azobenzoate
antibodies . -6.1 (102)
&-N-dinitrophenyllysine: _ i :
anti-DNP-antibodies 6.8 . =1.6 17 (103)
€-N-dinitropheny!lysine: _ R
anti-DNP-antibodies B R RS -8.6 - 9 (84)
p-(p—dimefhylaminobenzeneazo)— _ ' | |
phenyl/1—Iac+oside(Lac-dye): o _ o
anti-Lac-dye antibodies “7.09 -9.7 -8.8 (104)
D-phenyl-(p—(p-dimefhylaminobenzeneazo)— . ' A
benzoy |-amino)-acetate (D-Ip-dye): o =7.25 =Tl 0.3 (96)
anti D-Ip-dye antibodies - ' . C
j p-(tyrosineazo)~-benzene su|phonié'acid: N . . ‘ v
: anti-p-azobenzene sulphonate antibodies - S =897 -8.39 2 (105)
; Terephthalanilide-p,p'-diarsonic acid: . ,
7 anti-benzene arsonate antibodies . ' o =7.4 0.8‘i_26' 22 +9 (106)
| Bovine serun albumin (BSA): anti-BSA antibodies =5.5 #0270 +2 20 + 8 - o
; Ovalbumin: antiovalbumin antibodies _. ' - =5.6 % 0.2 0 +2 ' 20 + 8 . (33)
Multivalent BSA-azobenzene arsonic .
acid: anti-benzene arsonate antibodies -4.8 + 0.2 0 +1 i8 +4 (108)

*9g
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responsible for +he immlsclblllfy of simple hydrocarbons in water (109).

Thus +he dlssolufion of a nonpolar molecule ln waler lS fhoughf to cause

- a perfurbaflon of The bulk wafer s+ruc+ure so that wafer molecules aboul

‘_non-polar residues are arranged in a quasi-crysfalllne "iceberg" slrucfure

' (|®0). | f *wo non-polar resldues (e g. anllbody combining slfe and hapfen)
can lnferacf closely the wafer of solvallon (lceberg water) can be released

~_resul+ang in a posifive enfropy change. This Type of inferacllon has been 3'5

posfulafed to be an :mporlanf facfor in s+ablllznng +he naflve conforma+ion )

'}-of a pro?eln ln wafer (l09 llI). ln ‘the same way the inferacflon of an‘f

'; lnfrtnslcally |nsoluble ‘haptenic group such as the 2, 4-dinitrophenyl resldue L
~or o?her hapfens conlalning aromatic determinants,with an -antibody site
‘could well be exlenslvely stabilized by the release of solvent associaled |

~with the formation of such hydrophobic bonds (99, 109, 112).

A comparison of the results listed in Table 11 for the reactions of
anflbodles nlfhuprolein antigens and haptens, respectively, show that both
+ypes of sysfems are’ generally characterized by very similar free energy |
changes. However, +he enfhalpy changes of the protein antigen sysfems are .
very small whereas, Wtfh the excepflon of the dinitrophenyl and arsonic
acid systems fhe en+halpy changes of. hapfen-an+ibody reacllons are quite
large and make a relaflvely more lpporfanf confrlbuflon to the free energy
change of +he reacflon.. Unfor?unafely, however, in view of the excepfions«
noted and the problems of anflbody heterogeneity, it has not been possible

to correlate these dlfferences in fhermodynamlc behavior with the

- mechanisms involved in fhe'reacfions of these two different types of systems.
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Kinetic Studies

"lﬁ'*ﬁebs+udy of the kinetics of polyvalent antigen-antibody
,,reacTionsvf+ is imperative to limit rate measurements to the region of
antigen excess, i.e. to the formation of soluble complexes, so as To avoid
complications due to the formation of antibody-antigen precipitates. A
few kinetic studies based on this approach have been reported using, for
example, 1ight scattering to distinguish between antigen, antibody and
+heir adducts on the basis of size (113, 114, 115). However, unequivocal
interpretations of the kinetic results of polyvalent antigen-antibody
systems are difficult to make (116). Thus the fact that many different
and complex reactions occur simultaneously may obscure the measurement
of the primary combination of antigen and antibody. Also the complexes
formed may undergo re-equilibration reactions among themselves,while
repulsion between large protein antigens may lead to the binding of
successive antigens to the same antibody occuring at different rates.
These difficulties have been overcome by the use of monovalent
hapten-antibody systems fér kinetic experiments. The association reactions
in the systems studied have been found to be very rapid, with rate
constants approaching those of diffusion controlled processes (117). For
rexample, the forward rate constant for the reaction of antibodies to
insulin and this protein, which has only one antigenic site per molecule,
~has been found fo be about 109 M~! sec™! (118). This reaction could be
studied by a classical klne+|c appreach by employing very low, i.e. |69'M;
:concenfraTions of’ 1‘3' tagged insulin. Values of +he same range, i.e.
2 x |o7 fo0 2 x |o M- secl have been found for the forward rate constants

in systems consisting of antibodies to the 2, 4-dinitrophenyl (119)
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n|+rophenyl (120) and phenylarsonate (121) determinant groups and

'homologous hap+ens whlle the reverse rate denslan+s varied from | to

Eabouf 76O sec P. Specnal techniques, for examp e stopped-f low +echnlques

Cin comh-naflon wn#h fluorescence quenchlng, have proven useful in fhese

sTudles (|l9) Anofher method whtch has- been applled |n Thls Iaborafory

’]fand durlng this |nves+|ga+lon, to. fhe s+udy of. These sysTems |s +he

g_femperafure—Jump Technlque (l22). ThlS melhod |s descrlbed ln defail ln

Bovine'Serum Albumlh”ahdhllS'lnferacfion'Wi+h)gmé]i’M51eéule5’“"vvT-H»vf?:W:'u':

The (serum) albumln molecule ;s one of fhe mos? Thoroughly
sfudled of the animal pro+eins. Al+hough |+ lS nol known To possess any

enzymlc or hormonal acl|vlly it has been shown To have The unusual ab|||+y

" to comblne sfrongly wlTh a variely of smaller molecules ranglng from f

n"hallde lons +o delergenTs. There are aT leasl Three reasons (123) for The f‘L

sTudy of +he in?eracllons of +hls pro+etn W|+h small molecules, i.e. ,'a)

'undersfandlng of phy5|cal proper+|es such as solub|l|+y, +4+ra+|on behaV|or,‘

ete. requlres a knowledge of The degree of blndlng of lons of all Types

in a given snluaflon, b) such sTudles may help in elucnda+|on of pro+e|n
structure, and c¢) fhe blndlng of small molecules may be relaled to the
protein's biological func+ions. I+ has also been suggested +hat anofher
important reason for the attention paid fo this protein is that it is
readily available in large quantities and in reasonable purity.

Physical Properties

Albumin is most easily differentiated from other serum proteins
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by its hlgh eleclrophoreflc moblllfy._ Thus a+ pH 8 6‘}11 0. l albumln

has the hlghes+ nef charge of The plasma prolelns. ’ I+ has a molecular '

.wenghl of 66 000 (|25) and |s generally consndered to- consnsf of a

.Slngle polypepfide chain (l26).

The elucldaflon of 1he shape and size of The plasma albumin

fmolecule has been found To ‘be compllcafed by the varlallon in these
o properfles wifh changes in pH or ionic strength. Observations based
“Af_;on v:scoslly, opllcal rotatory dispersion, and solvent perturbation
'gifvsfudles have lndicaled that in the pH range from 4.2 to 8 the molecule
-*wffex1sfs as a falrly compact and rigid entity (127). However at pH values
'.vsoulslde This range a marked variation has been found. Thus the |
'"expanslon of +he molecule at low pH, originally postulated by Tanford
- on fhe basus ‘of titration data (128), has been confirmed by other
-oglnvestlgators on the basis of viscosity (129, 130) and depolarlzallon
, of‘fluofescence measuremenls (131). Also, recent electron mdcroscopic
sludles (l32) have shown that the bovine serum albumin (BSA) molecule
‘j;undergoes a change from a globular parflcle (ma jor and mlnor axes of ‘ ‘
_ abouf 60 and 45 X) af neulral pH, to a fthreadlike sfrucfure approxlmalely}"

'250 X long and 2? A ln dlamefer al pH 1.9.

BSA also exhlblls unusual eleclrophorelic properties at low pH.
This behavnor has been exlen5|vely sfudled by Foster and coworkers, who
poslulafed that the heferogenelly of BSA preparalions as seen elecfro- :
phoreflcally,ls due +o The exlsfence of a transition (called N—F for

normal to fasl)-ln The molecule = s+ruc+ure associated wl+h The uptake

¥ Pre-albumin, only occasionally found in sera, has a higher net charge
+han albumin (124). '
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of hydrogen ions (133). Two aspects of t+he N-F transition deserve
furTher men+|on. Firstly, alfhough +heorefnca| calcu&aTions predicfed
Thaf +he Tran5|+|on should be I2+h order in hydrogen |on, expernmenfally
.|f seemed +o be only +h|rd order.‘ Secondly, alThough N and F forms -
-'could be separafed elecfrophorefacally it was found fha* The equ:llbrlum
’»be*ween The'fwo‘forms was reachedfin Ttmee_much sherter:fhan fhaf.qf the
,elecfrophoreflc experimenf. ;iffi"fﬁrl“iyaﬁff::f”lvi' |
| These +wo seemlngly paradoxical resulfs were explained by

Fosfer s proposal 1ha? l) +he BSA molecule was COmposed of four snmlian
(connecfed) subunits each undergolng an independenf *ransuf:on whuch wasﬁfii
third order in H+ ion <|34) and 1) that “rhe molecules of a BSA
preparation were not characferlzed by havnng |denT|ca| N-F +rans1+|on
pKs, but rafher Tha? a distribution of +hese pK values existed.

Recently, physical proof for part of this first posfulafe has
been obtained by electron sca*fering ehperimenfs (l35), which were
consistent with a subunit sfruc+ure at pH 3.6 (albeit of three units),
and by enzymic fragmentation studies (136) where an observed rapid and
then slow release of protein fragments was found to be best explained .
by pos+u1a+|ng that the molecule consisTed of 3 or 4 globular segments
‘lxnked ?ogefher by more flexible por+|ons of +he pepflde chain. Suppor+
for the second pos+u|a+e has been obtained by The demonstration that

eubfracfions of an albumin sample undergo N-F transitions af different .

pH's (1373

Binding of Small Cations and Anions

Bovine serum albumin binds both univalent and divalent cations,
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the latter much more strongly due to Increased Coulombic attraction.
Thus sodium is hardly bound at all (138) while calcium is bound to

an appreciable extent (139). In the case of the transition metals,

for example, iron, copper, chromium and zinc, it has been found that

+he ability of these ions to chelate with various electron donor groups
on ‘the protein through their unoccupied orbitals leads to stronger
binding than that expected from Coulombic inTeracTions and, indeed in
some cases, to reactions of cdnsiderable spécificify. For examplie the
reaction of the Hg++ ion with SH gréups of mercaptalbumin (albumin
containing a frée SH group per molecule) is quite strong (the equilibriumr
constant for this reaction being about 107) (140) and is used és a means
of quantitatively separating merceptalbumin from an albumin preparation
(141) through Tﬁe formation of a mercury-albumin dimer. Similarly,

zinc and cadmium ions have also been shown fo be sfrqﬁgly bound (142).
The results of such studies have been interpreted to mean Thaf‘fhese'
ions are bound To_bofh imidazole groups and neighboring peptide nitrogen
or oxygen atoms.

The binding of small anions would be expected to proceed fo a
similar degree as that of cations of equal chahge. However‘in all but
strongly alkaline solutions it is found that anion binding is so great
that the binding of cations can effectively be ignored (123, p. 192).
The relative affinities of BSA for the most common anions fbund in
protein studies are in the following order: bicarbonate facetate thlcride

ébromide é&ifra*e Initrate liodide = thiocyanate (143, 144),
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The effect of bound anions on the properties of BSA is
quite important. For example the difference in the titration curves
“of BSA af lcw pH in the presence of chloride and thiocyanate ions is
dlrecfly attributable to the stronger binding of the fhiocyana*e ion
causing a reduction in elecfrosfafic free energy (a+ a given pH) through
reducfion of the profeins net positive charge. The binding of anions
- has also been found +o lead to shiffs in |soelecfric p0|n+s (I45) to

stabilization against +ryp+|c hydrolysis (! 46) and to a qhange in the
N-F transition (147). | ‘

Binding of Detergents

in contrast 1o albumin'slunique affini?y fgr‘smail ions, the
abllity to bind detergents is a property shared by all pfofeins so far
investigated (123, p. 197). Also, detergent binding has been found to
have many different effects on protein properties, leading, for example,
to precipitation, solubilization and protection against denaturation
(148). Initial observations of profein-defergenf systems led to the
belief that binding was due solely to charge interaction. For example,
in the biﬁding of sodium QOdecyI sulfate to horse serum albumin a I:1
correspondence between anionic detergent molecules bound and cationic
protein sites was found (149)., However, considerations of the hydrophobic
nature of detergents as well as more recent results, e.g. zein (127)
and serum albumin (123, p. 200) have been shown to bind about 20 and 3
moles of detergent per protfein cationic site, have made it clear that

these reactions are most likely highly stabllized through hydrophobic

bond formation.
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One of the most Interesting aspects of albumin-detergent
interactions are their so-called "cooperative" nature. Thus, for
example, in electrophoretic studies of certain detergent-albumin
mixtures, e.g. sodium p-octyl benzene sulfonate and BSA (129), the
first 12 moles of detergent bound per profein molecule were found to react
with independent binding sites. However, as t+he concentration of
detergent was increased complexes were observed that appeared fto be
formed by the binding of a large number of detergent ions in a singie
"cooperaflve";s?ep.

Deqker and Féster (150) have formulated a theoretical
description of albumin-detergent interactions based on the assumption
that the protein could exist in three isomeric forms A, B and C. Form A
would have 12 independent binding sites while 38 and 76 detergent molecules
could be bound, perhaps co-operatively, to a BSA molecule in form B or C,
respectively. On the basis of t+his postulate they proposed two mechanisms
+o describe the behavior of these systems. The first was based on co-
operative bindigg by forms B and C; the detergent-protein comp lexes formed
were postulated to be similar to detergent micelles, stabilized in this
case by the detergent-protein bonds formed. In the second mechanism
cooperative binding was not invoked; the constancy of composition of the
complexes of the B and C forms was explained by postulating that the
intrinsic binding constants of these protein isomers for detergent were so
strong (values of K= 3 x 108 gave good agreement) that the formation of
detergent complexes was complete when significant concentrations of forms

B and C existed in solution.
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As it was found that the experimental data available could
be described by both of these very different mechanisms, the authors
suggested that experiments based on different approaches were needed

before these interactions could be fully understood.*

Binding of Aromatic Molecules and Azo Dyes

Observations of the binding of dyes to proteins date back
approximately 60 years to Sérensen (151) who pointed out that spectral
changes due to these interactions could leéd to large errors in the
determination of the pH of protein containing solutions by colorimetric
indicators. Since this initial observation, studies have been made that
have demonstrated spectral changes in many différenf albumin-dye systems.
These changes have been found useful in obtaining binding data (152), (82,83)
in interpreting binding mechanisms (153), and, in the case of a small
number of dyes, for quantitatively determining the amount of albumin in
human plasma (154, 155). On the whole, however, spectral studies of
dye - BSA interactions have not provided the insight that original
investigators hoped for. A premonition of +his can be seen from Klotz's
early observation that in a comparison of the binding of dyes such as
orange | and |l to BSA, no correlation between the strength of binding
and spectral change was found (156).

A comparison of the reactions of azo dyes with BSA and with
specific antibodies is instructive. For example, antibodies specific for
+he azophenyl-arsonate group bind the hapten p-N, N-dimethylaminophenyl-

azo-p'—benzene arsonic acid strongly (aF° = -7.7 Kcal/mole), while the

¥Another complicating factor in these systems is the possibility that
BSA microheterogeneity (mentioned previously with respect to resolution
of N and F forms) may affect observations of detergent binding.
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benzene sulfonic acid analogue of this hapten is hardly bound at all

“(148). In contrast BSA binds the benzoic, benzene sulfonic and benzene

arsonic acid analogues of this dye with approximately the same affinity
(149). However, although the specificity observed in these systems does

not compare with that seen in hapten-antibody reactions, structural

isomers can exhibit striking differences in behavior. Thus in a study of
the o-, m-, and p-carboxy! isomers of p~[N, N—dime*hyiahinOphenyl—azo]
benzoic acids, Klotz (157) found that the binding of the ortho isomér was
very different from that of the meta and para forms. An exp lanation ”
postulated for This.wasvfhaf binding to +hé pfofeih'fnvolved EimufTaneous-
interaction of the dimethyl amino énd carboxy! éfoups of the dye with
tyrosine and a positively charged side chain of the protein, respectively.
It these side chains were about 12 R apart then, as moleculér médels showed,
only the m- and p- isomers could interact in this way, the disfance between |
groups in the o-form being too small. The fact that the cinnamic acid
derivative of the p-isomer, in which the dimethy! amino to carboxyl group
distance was |4 R and therefore, too great for interaction, behaved the same
way as the o-isomer further substantiated this idea.

{t+ is interesting to note that, in general, the reactions of BSA
with dyes and other small molecules are characterized by free energy
changes which are similar in magnitude to fthose found for antibody-hapten
systems (158, 159). This result seems paradoxical in view of the retative
non-specificity of the BSA reaction. 11 has been suggested (160) that
the explanation for this lies in this protein having greaf configurational

adaptability, such that, when binding occurs, optimal interactions between

it and many different small molecules are possible.
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In recent yeérs, new methods have_béen applied to the study
of albumin (and protein) - ligand infé}acffoﬁs. Thus, the use of
nuclear magnetic resonénce (NMR) fof example, promiées to provide new
insight into such binding reactions, for by this technique the loci of
interaction may be pinpointed on the basis of a change in the NMR
spectrum of aligand (161). This has proVen possible in a few systems
so far; for exampie peak broadening in the penicit!lin-BSA system (162)
was jnferpfefed as meaning that the principal site of interaction was the
pheny!l ring of this molecule and similarly, studies of the binding of
various sulfonamide derivafives (163) showed that the important point of
their attachment to BSA waslfhrough the parent p-amino benzene sul fonamide
residue.

Polarization of fluorescence, developed by Weber and Laurence
(164) is ano+hér important technique. In +his method binding of a (small)
fluorescent molecule can be detected because the decrease in its speed of
rotation when fixed to é protein (relative to that in solution) leads to
a polarization of its fluorescence. Studies based on this phenomenon have
allowed the calculation of binding parameters and the development of
certain generalizations concerning the nature of interactions befween
proteins and small molecules. Thus Laurence (165) was able fo conclude
from parallel studies in cetyltrimethy! ammonium bromide and dioxane
(+he former a micelle-forming detergent and the latter a solvent of low

dielectric constant) that the binding of I-naphthylamine 8-sul fonic acid

+o BSA was at a site of low dielectric constant. It is also worth

mentioning that the importance of hydrophobic bonds in BSA-smal |

molecule interactions has also been demonstrated by Hamsch (171) who
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showed that the binding of a series of derivatives of phenol to BSA

closely paralled the extent of their transfer from water to octanol.
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Scope of this Study

This thesis is concerned with an investigation of the
equilibrium and kinetic aspects of the reactions of two azo dyes, i-Napthol
4-(2, 4-dinitrophenyl azo) 2-sulfonic acid and I-Naéfhol 2-(2, 4-dini-
Trophenylazo) 3, 6-d|su|fon|c acid with bovnne serum albumin and with
f crabbif anflbodies spec:fic for The 2, 4~ dinuTrophenyI determinant group.
.sThe Two dyes were chosen malnly on the basus of their having two properTies,
i e., bofh confalned +he 2 4-din|+rophenyl ‘group and boTh exhibited Iarge
Tfspecfra! changes upon bindlng To fhe above profelns under suitable cond|+ions.
One of These dyes, |- Nap+h0| 2-(2, 4-dinlfrophenyl—azo)
3, 6-eisulfonic_ac1d_had been preV|ouslv found to exhibit a marked spectral
change when it reacfed.wiTh specific an+ibody (166). The second dye used
was syhThesized by The author in the expecfaflon +ha+ it would also behave
in a similar manner on blndtng to proteins.
| The results ofVSTudies’performed have been divided into Three
main sections:
1) The. behaV|or of these azo-dyes in the presence of bovine
serum albumln was investigated and +he effects of pH and
various |nh|b|+ers on the reaction were evaluated.
2) A comparative study Qas made of the binding of 1-Napthol
2-(2, 4-dinitrophenyl azo) 3, 6-disulfonic acid to anti-
dinitrophenyl antibodies as determined by equilibrium dialysis
and a spectrophotometric technique.
2) The kinetics of the reactions of these dye-haptens with anti-
dinitropheny! antibodies were studied, primarily with the temperature-
jump relaxation technique; exploratory experiments were performed

with a Durrum Gibson stopped flow apparatus.
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CHAPTER |1

The Interaction of I-Napthol 4-(2, 4-Dinitrophenylazo) 2-Sulfonic Acid

and Related Compounds with Bovine Serum Albumin

INTRODUCT | ON

Bovine serum albumin (BSA) has been found to interact with a
great variety of small organic molecules. Of these interactions the
most interesting are those that lead to spectral changes of the bound
ligand, for the possibility exists of finding a relation between the
spectral changes and the forces responsible for the binding reaction.
Some azo-dye pH indicators have been found fo exhibit marked visible
spectral changes upon binding to BSA (167, 168, 169). The dye I-Napthol
4-(2, 4-dinitrophenylazo) 2-sulfonic acid has also, as will be described
in this and the following chapter, been observed o undergo a large
spectral shift, both when binding to BSA or to rabbit antibodies specific
for the 2, 4-dinitropheny! residue. The interaction of this dye with
BSA was, therefore, investigated both to obtain a comparison of the
behavior of these two protein-dye systems and a clearer understanding of

+he mechanism of these spectral shift(s).
MATERIALS

Crystalline BSA was obtained from Armour Pharmaceuticals,

Kankakee, |1l. BSA solutions were dialyzed extensively against the
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appropriate solvent before use. The molecular weight of BSA was taken
as 66 x |03 (170) and its extinction coefficient eé% at 279 mibas 6.67
(150).

Sephadex G-50 Fine was obtained from Pharmacia, Upsalla,
Sweden.

Buffers of ionic strength, A, 0.02, and containing no supporting
electrolyte, were used because of the decreased solubility of the dyes at

higher fon concentrations. The following buffers were employed for

different pH ranges:

pH range ggiigg

2-4 Glycine - HCI
4 -6 Acetate

6 -8 Phosphate

8 - 10 Borate

The structural formulae of the various azo-dyes and of some of the other
related molecules used in this study are given in Fig. 3. The methods of

preparation of the azo dyes used are given below.

PREPARATION AND PROPERTIES OF AZO-DYES

A) |-Napthol 4-(2, 4-dinitrophenylazo) 2-Sulfonic acid [IN-2S-4DNP]

This dye was synthesized* according to the method recommended
for the coupling diazonium salts to napthols (172). The diazonium salt
of 2, 4-dinitroaniline was prepared by dissolving 0.366 g (2 x IO-3 mole)

of this substance in 3 ml of concentrated sulfuric acid containing O.l4g

* This dye had been previously synthesized, using a similar method, by
¥kegami and Hujuma (173); this information was discovered after the author
had prepared the dye by the procedure described.
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Figure 3

structural formulae of azo dyes and related molecules
used in this study
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sodium nitrite. The solution was then stirred at room temperature for
about 1/2 an hour. When diazotization was judged fo be complete; i.e.
when no precipitate formed on adding drops of the solution to water (172),
the solution of the diazonium salt was poured onto ice chips. The cold
solution was‘fhen added slowly to a cold solution of a 5 molar excess of
the l-napthol 2-sulfonic acid, maintained at a pH of 8 to 10 during the
coupling;heaéfion by the continual dropwise addition of 3N sodium
hydroxidé. : o

The fésulfing orange colored dye was purified by two precipita-
Tidns from basic solution with hydrochloric acid and finally by
recrystallization from hot water. The identity of this compound was

confirmed by analysis of the dried product by Daessle Organic Micro-

.analysis, Montreal, Quebec, given below:

#C H N
Calculated for CjgH|gOgNgS.H20 44.0g 2.7g 12,85
Found | 43.93 2.75 12.74

B) I-Napthol 4(4-nitrophenylazo) 2-Sulfonic Acid (IN-2S-4pNP)

This dye was prepared in a similar manner to IN-25-4DNP. In
this case 0.222 g p-nitro aniline was diazotized with 0.110 g sodium
nitrite. The cold diazonium salt solution was then added to a cold
solution of a 5 molar excess of the napthol sulfonic acid and the
resultant dye was purified by two recrystallizations from hot acidic

ethanol-water solutions.
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METHODS

A) Binding Measurements

I+ was found that at pH 5 the dye IN-25-4DNP was extensively
bound to dialysis membranes.* This therefore precluded the use of
equilibrium dialysis techniques; however, as this dye underwent a large
bathochromic spectral shift upon binding to BSA at this pH, the method
developed by Klof; (83) for fhe calculafion_of dye binding could be
profitably used{'”As“men+foned‘in Chapter |, the fraction of dye molecules

bound in such a case is given by the expression

A= Eapp - é}r
“€b - €
The extinction coefficient of the bound form of the dye, €b’ was
calculated in a manner similar +o be described in Chapter i1, i.e. by the
addition of dilute dye solutions to solutions containing a constant high
concentration of BSA. As it was anticipated that the affinity of BSA
for this dye would be lower than that of an homologous antibody, the
protein solutions used for these measurements were of sufficiently high
concentration (approximately 5%) to assure that all dye present would be
bound.
in binding experiments the ratio of dye to profein was of course
mich higher than in those solutions used to determine GB. The amount of
dye bound as a function of free dye present in such experiments was
represented in ferms of the equation of Nisonoff and Pressman (91), i.e.
1/, = |/KOCEP] + '/EP] %%

where [P] is the concentration of protein binding sites, and b, c, and K,

¥ Visking dialysis membranes, +reated to remove impurities as described
in Chapter 111, Part A, were used.
¥* This equation is equivalent to equation (3) of Chapter |.
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are as defined previously. Values of K,, The average equilibrium
constant, and [P] were then obtained from this piot as detailed in
Chapter |.

The effect of different compounds on the spectral shift of
IN-25-4DNP produced by BSA was evaluated by adding these materials to
mixtures of IN-2S-4DNP and BSA of known composition. The pH of the
final solution was verified in each case with a Radiometer pH meter.

Sephadex G-50 gel columns (l.i x 10 cm) adjusted so as to give
flow rates of approximately 25 mi/hr were used for gel filtration
experiments; similar techniques have been used for binding studies in
other systems (174, 175). v

In cases where the effect on the spécTral shift of IN-25-4DNP
of an inhibiting compound waé to be evaluated, the gel was equilibrated
with a buffered solution of ?he'inhibifor at the same concentration of
this compound used.in the dye-protein solution.

'Hydrogen ion titrations of BSA-dye comp lexes were done by the
addition of hydrochloric acid (~0.5N) to protein-dye solutions. The ratio
of protein to dye concentrations in these latter experiments was kept
sufficlently high)approximafely 200, to ensure that all dye present was
bound. A Radiometer pH meter, calibrated at pH 2, 4 and 6 with standard
buffers was used, and optical deamsities were corrected for any small
volume change due to addition of acid.

All experimenfs were ¢one at 23-25°C.

All spectra were measured in a Unicam SP 500 spectrophotometer

and corrected for protein or competitor absorption by the use of appro-

priate blanks.
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RESULTS AND DISCUSSION

Properties of the Dyes

Both IN-25-4DNP and IN-2S-4pNP have the ﬁroperfies of pH
indicafors,:changing from yellow in acid to blue’in basic so!uffoh§
[Figs. 4, 51, their spectral shifts most likely being due to ionization
of the naptholic OH group and rearrangement of the molecules to quinonoid
structures. Spectrophotometric titrations of the dyes, at 600 T/Afor, -
IN-2S-4DNP and at 585 mu for IN-2S-4pNP, in buffers of different pH
(and at m= 0.02)* gave the identical value of 7.64 for the pK of the
naptholic OH group [Fig. 6]. Both dyes obeyed Beer's law in the region
of concentrations used in this study i.e. IN-25-4DNP obeyed Beer's law
up to a concentration of approximately 2.2 x 1072 molar at pH 5,~)A= 0.02.
At higher pH, even more concentrated solutions could be used because bf"
the greafer-solubi|i+y of the ionized forms of these molecules. Solutions
of both these dyes were §+able over a period of months at the pH values
used, as indicated by the constancy of the optical density valuesbof_
their solutions. |

For the properties of | Napthol 2-(2, 4-dinitrophenylazo)

3, 6~disulfonic acid, (IN-3, 6S-2DNP) please see Chapter i1, Part A.

Protein Dye !nteractions

The effect of various amounts of BSA on the spectrum of a
1.1 x 1072 M solution of IN-25-4DNP at pH 5 M= 0.02, is shown in CFig. 71.
As can be seen, interaction with the protein markedly shifts the

spectrum of the bound dye to one quite similar to that of the free ionized

% The pK's of these dyes at m= 0.1 were found to be 7.42. The dye
solutions used for experiments of this ionic strength were fairly dilute,
abéut 5 x 10-6 M, because of the lower solubility of the dyes.
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Spectrun of a IN-25-4DNP solufion ( 4.1 x 1075 M) at
pH 3.2 (Curve #1) EAce+a+e,buffer,)L= 0.02] and pH 10 (Curve #2)

[Borate buffer,]u\.= 0.02] .-
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Figure 7

Effect of BSA on the spectrum of a 1.1 x 10> M sotution
of IN-2$-4D§P at pH 5, k= 0.02. Curve #| - buffer only. Curve #2
- 0.9 x 1076 v BSA, Curve #3 - 1.8 x 1076 M BSA, Curve #4 - 3.9 x

106 M BSA, Curve #5 - 40 x 1070 y BsA
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form [c.f. Fig. 4], while the extent of the change produced depends on
+he concentration of BSA used. However, at pH 9.5, where ionization of
the dye is complete, the effect of BSA on the spectrum of the dye [Fig. 8]
is much less dramatic, even at a proTein concentration 2.5 Times‘higher
t+han the most concentrated used at pH 5. At This pH only a small bafho—-
chromic shift of approximately 25 gp.; and a slight decrease in ex+|nc+10n
coefficient, are seen.

The results of the interactions of IN-25-4pNP and IN—S, 6S-2DNP
wi+h BSA under the same conditions which lead to such marked changes in the
spectrum of IN-25-4DNP are quite different. In the case of IN-25-4pNP
»af pH 5,‘/A= 0.02 [Fig. 9] one observes only a decrease in extinction
coefficient, while at pH 9.5, binding of the dye leads to an effect which
is similar to that produced with IN-25-4DNP at this pH (see Fig. 8 for
the latter). The interaction of IN-3, 6S~2DNP with BSA at pH S/Lé=0.02

[Fig. 10] leads to a shift similar to +hat of IN-25-4DNP but of much

smaller magnitude.

Determination of Binding Parameters for the Reaction of IN-2S-4DNP with GS/4

The extinction coefficients at pH 5, m= 0.02 of the bound
dye at 480 and 600 m pa s +he absorption maxima of fhe protonated and ionized
free forms of the dye, respectively, were determined by the addition of
solutions of IN-25-4DNP of different concentrations 1o solutions of BSA
at a final concentration of the latter of 4.2 x j0~4 M [Fig. 11]. As the
protein was present in considerable excess in these solutions (approximately

100 fold molar excess) it was assumed that all the dye present was bound.



Figure 8

Effect of BSA on IN-25-4DNP (L. x 10~® M) at pH 9.5,
)~= 0.02. Curve #!| - buffer only, Curve #2 - | X 10-4 M BSA
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Figure 9

Effect of BSA (3.6 x 107® M) on the spectrum of
IN=25-4pNP (f.1 x 102 M). Curve #| - Buffer, pH 5 w= 0.02,
Curve #2 - Buffer pH 5, containing BSA, Curve #3 - Buffer
pH 9.5, = 0.02, Curve #4 - Buffer pH 9.5 containing BSA
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Figure 10

' Effect of BSA (3.6 x 1C™® M) on the spectrum of
IN-3, 6S-20NP (1.1 x 10> M) at pH 5,/.= 0.02. Curve #l| -
Buffer only, Curve #2 - BSA.
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Figure 1|

Determination of €p at pH 5, &= 0.02 at 480 (-e-e—e-)
and 600 ny‘(-O—O-O-) in the IN-25-4DNP——BSA system
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The values determined for the extinction coefficients of

the bound and free forms of the dye,€ ,, and € respectively, are shown

in Tabte 111.
Table 111
480 mu 600 mp
€ x 1074 1/mole cm 3.59 0
¢, x 107 1/mole cm 0.9 2.33

I+ is obvious from Fig. t1 that the greater optical density

values at 600 ?u,allowed ¢, to be determined with greater precision at
+his wavelength than at 480 mu . The value of €, af 600 @}KWBS therefore
used to calculate the binding data for this system. As will also be
noted from Table 111 the value of & at 600 qpxis zero. This therefore
allows calculation of the concentration of bound dye, b, present wifh a

simplified form of formuia (1), Chapter 1, i.e.

b =

Optical Density (600 ma )
€p 600 mm '

The binding date calculated for this interaction* are listed in
Table 1V and are shown in the form of a 1/ vs /¢ plot in Figsi2. It
is also worth mentioning that the binding data calculated from readings
at 480 mp~ using equation (1) were found to be within a few percent of
those calculated at €00 My~ The values for K, and the number of. binding
sites per molecule of BSA found by this graphical mé+hod were 2.3 £ 0.3 x
102 M=! and 4 ¥ 0.4 respectively. The errors in these values, estimated

on the basis of the best upper and lower lines through the plotted data,

% protein solutions used were 3.63 X 10-6 M



0.D.

600 mM

0.081
0.100
0.120
0.140
0.155
0.164
0.174
0.188
0.190
6.192
0.198
0.199
0.204
0.205
0.208
0.210
0.212
0.214
0.217
0.222

0.226

Table |V
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Binding Data for the Reaction of IN-2S-4DNP with BSA

b /b
« 1076 M1 x 10°m ']
3.47 0.288
4.29 0.233
5.15 0.194
6.0 0.166
6.65 0. 150
7.04 0.142
7.47 0.134
8.07 0.124
8.15 0.123
8.24 0.121
8.50 0.118
8.54 0.117
8.76 0.114
8.80 0.114
8.93 0.112
3.0 0. 111
9.10 0.110
9.18 0.109
9.3 0.107
9.53 0.105
9.70 0.103

Total IN-2S-4DNP c Ve
added -6 6
x 106 [M] x 10~ [M] x 10° [M~!]
4.32 0.85 1.176
5.74 .45 0.690
7.30 2.15 0.465
8.9 2.90 0.345
10.7 4.05 0.247
1.5 4.46 0.224
12.7 5.23 0.19I
14.7 6.63 0.151
15.0 6.85 0.146
i5.2 6.96 0.144
16.0 7.50 0.133
16.8 8.26 0.121
17.0 8.24 0.121
17.5 8.70 0.115
18.1 9.17 0.109
18.6 9.59 0.104
18.6 9.50 0.105
19.0 9.82 0.102
19.7 10.39 0.096
20.7: 11.22 0.089
21.6 11.90 0.084



Binding data
pH 5, p= 0.02

5 &

Figure 12
for the IN-25-4DNP——BSA system at

&
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reflect +he uncertainties inherent in the extrapolation of such a binding
curve. 1t should be noted that values obtained at the lowest values

of l/b and l/c are of‘solufions containing a large excess of dye. In
this range of dye concentrations, any increase in the amount of dye added
leads only to a small change in the amount of dye bound; therefore, These
measurements are done under conditions of lowest sensitivity.

As can also be seen from Fig. 12, the slight curvature exhibited
by this plot indica%es that the binding sites of BSA for IN-2S-4DNP areA
not completely homogeneous. In Chapter 111 of this thesis the possibility
of heterogeneity in antibody binding affinities leading to a variation in
values of € among different binding sites, will be discussed. In view of
this it is possible that the binding data determined here might also
deviate from true values obtainable by éauilibrium dialysis experiments.
However, such a comparison coutd not be made due to the tendency of IN-2S-
ADNP to bind strongly to dialysis membranes under the experimental

conditions of this study.

Effect of pH on the IN=-25-4DNP——B5A Reaction

As the binding data calculated at 480 and 600 ma indicated that
N-2S-4DNP was bound to BSA in two forms, which were in equilibrium with
one another, experiments were performed to determine whether the ratio
of these forms depended on pH as well as whether variations in this para-
meter would affect the extent of dye binding by the protein. The effect
of varying the pH on the optical densities at 480 and 625 gp.of the bound
dye is shown in Fig. 13. The concentration of BSA in the solution
titrated was'kebT sufficiently high (5 x 10~4 M) to ensure that all the

dye present (4x2 x 10" M) was bound to the protein.



Figure 13

Spectrophotometric titration of IN-25-4DNP bound to
BSA. -0-0-0 - 625 mp; HeHet-- 280 mp~
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To determine the apparent pK of the ionization process
occurring in the pH range of from 2 to 6, extinction coefficients for
the two bound forms of the dye were calculated at 480 and 625 m/,.from
this plot. These values‘ were V'I'hen used to determine the degree of
dissociation of the bound d?é;&, from the expression

o = €pH -€2
€6 -¢2

where €pH is the extinction coefficient at the pH at which { is to be
evaluated andEé, €2 are the extinction coefficients at pH 6 and ‘2, all

at the same wavél_eng'i'h. The values obtained for o calculated at both 480

and 625 mu were then plotted ih the form of jog ' ¥ _vs pH [Fig. 14].
The fact that the dafa obtained at both wavelengths fall on the same
straight line indicates that a single ionization process, with an
‘appérenf pk‘of 4.3*, occurs in this pH range.

Another process that leads to an.increase of the extinction
coefficient of the bound dye at 625 9»-also appears To occur in the pH
range of from 6 to 7.5. Although this phenomenon was not considered in
any detail in this study it is obvious that it cannot be relafed 1o a
further ionization of the bound dye. BSA is not known fo undergo any
significant conformational change in this pH range (123). However, it
is still possibie that titration of the protein produces a small
structural alteration that leads to a stabilization of the bound dye
in a form characterized by a greater extinction coefficient.

The spegtra of the BSA-dye solutions (used in the pH

titration experiments) at various pH values are shown in Fig. 15. As

*¥ The value at which log g = 0 corresponds to a value of g equal to
| - oo
/2. By definition the pH at which a compound is half dissociated is

taken as its pK. : |
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Figure |4

" Determination of the pK of IN-25-4DNP bound fo BSA;
®-480 my, @-625 mp. o



0 - 0 o

-15 ¢
2

pH



&3

Figure 15

—25-4DNP bound to BSA at different pH'S, - S
Curve #3 - pH 5, Curve #4 -

Spectrum of IN
‘Curve #| - pH 2.9, Curve #2 - pH 4.1,

pH 6, Curve #5 - pH 7.8




009
!

00S
1

—1 200

¥00

900

800

ol0

210

10

ALISN3A@ VOILdO




‘Figure 16 o
Chromatogram of. a BSA————IN-25-4DNP mixture and.of -
IN~25-4DNP at pH 2, 4= 0.02,

of mixture at 280 and 480 my respectively.

of dye solution at 480 gp'run under identical conditions

“Curve #! and Curve #2 - absorbance e
Curve #3 - absorbance
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Figure 17

Lo S"p'i‘eciropho"rbme'l'r_i_cj“Tifl"ra'rion of BSA
mixtures .in the presence of different ions.

£J"

IN-25-4DNP
G-9 deionized water,

" a-s NaNOz (= 0.02),0-0-0 NaSCN (&= 0.02)
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can be seen, addition of BSA to the dye at pH 2 does not cause a spectral
shift, although a decrease in extinction coefficient does occur. To
ensure that this was not a non-specific effect due, for example, to an
increase in dielectric constant of the medium at high protein concentration,
and to verify the conclusion drawn from the results of the pH titration,
+hat the disappearance of the spectral shift was due to protonation of
the bound dye and not to itfs dissociation from the protein, a solution
that was 3.63 X IO'6 M in BSA and 4.2 x 10-6 M in IN-25-4DNP was examined
by gel filtration at pH 2, M= 0.02. The dye was found to migrate with
the protein [Fig. 16] indicating that i+ was strongly bound to BSA at
this low pH.

The titration curve of bound IN-2S-4DNP in the pH range of
from 2 to 6 [Fig. 13] occurs in a similar range to that of the carboxyl
groups of the native protein (123). As the presence of anions has a
well known effect on the latter, (123) experiments were done +o compare
the effect of thiocyanate and nitrate ions on the titration curve of
IN-25-4DNP bound 1o BSA. . In Fig. |7 are shown the tifration curves of
a BSA-dye solution (3.63 X 106 M in BSA and 4.5 x 10"6 M in 1N-25-4DNP)
in (i) deionized water, in (ii) a 0.02M solution of sodium thiocyanate
and in (iii) a 0.02M solution of sodium nitrate, all at 625 mp .

The presence of these anions is seen to produce a marked shift
of the titration curves to higher pH values, the shift being greater
for the more firmly bound thiocyanate anion.* Thus the effect of these

anions on the titration curve of the protein's carboxylate groups and

% |+ will be noted that a slight difference exists between the t+itration
curves performed in the absence of ions in Figs. 13 and |7. This was
most Iikely due to an insufficient excess of protein and t+herefore a
small amount of free dye being present in the latter.



on that of bound IN-25-4DNP molecules, would appear to be very similar.
In both cases binding of anions leads to an increase in the protein's
negative charge and therefore to a greater affinity of the protein for
protons. In the case of a protein-dye complex increased proton binding
will also lead to "titration" of any ionized bound dye molecules and

+herefore to a smaller spectral shift.

The Effect of Inhihitors on the BSA ——— IN-2S-4DNP Reaction

From considerations of the structural formula of IN-2S-4DNP
+he binding of this dye to BSA would be thought fo involve one or both of
t+he two maln portions of the dye molecule i.e. the napthol sulfonic
residue and the 2, 4-dinitrophenyl group. With this in mind it was decided
to investigate the effect of various related molecules, such as napthol
sulfonic acids and nitro-phenols, on the reaction of #his'dye with BSA,
+o ascertain whether an excess of these reagents could displace the
bound dye from the protein. At the same time the effects of related azo
dyes, i.e. IN-2S~4pNP and IN-3, 6S-2DNP, as well as of reagents such as
urea and dioxane, whose effects on reactions between proteins and small
molecules have been demonstrated in other systems, (176, 177) were
investigated. As the appearance of a spectral shift in the binding of
IN-2S-4DNP to BSA provided a simple means of determining that interaction
had occurred in this system, the relative inhibitory effects of the
various reagents usedware judged on the basis of their effect on the
color change.

All comparisons were made at pH 5, = 0.02 in solutions that

were 3.63 x 106 M and 4.5 x 1078 M in BSA and IN-25-4DNP, respectively.
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Under these conditions (in the absence of any Inhibitor) about 80%
of the dye present was bound fo the protein.

A) Napthol Sulfonic Acids and Napthol

The effect of adding (i) I-napthol 2-sulfonic acid, (ii) I-napthol
4~sulfonic acid, (iii) I-napthol 3, 6-disulfonic acid and (iv) I-napthol,
in different concentrations, to a sélution of BSA and IN-2S-4DNP is shown
ianigs. 18 - 21 respectively. |

A comparison of these figures indicates that both the 1, 2- and
|, 4-napthol sulfonic acids were about ten times as effective as either
the I-Napthol 3, 6-disulfonic acid or |-Naptho! in inhibiting the spectral

shift of IN-25-4DNP.

B) Nitrophenols

The inhibitory effects of 2- and 4-nitrophenol and of 2, 4~
dinitrophenol on the IN~-25-4DNP spectral shift at pH 5 are depicted in
Figs. 22 and 25 respectively. Comparison of t+hese figures with figures
I8 and 19 shows that the dinitrophenol molecule was as effective as either
of the napthol mono-sulfonic acids in reducing the spectral shift. On
the other hand the mono-nitrophenols, whose relatively small solubilities
prevented the use of higher concentrations of these substances, had almost
no effect on the reaction. IT should be noted that the pK of 2, 4-
dinitropheno! is 3.96 while that of both 2- and 4- nitrophenol is 7.16.

At pH 5, therefore, almost all the dinitrophenol present will be ionized,

while the mononoTrophenofs will be in the form of neutral molecules.



Figure 18

Effect of |-Napthol 2-sulfonic acid (IN-2S) on a
BSA IN-25-4DNP solution. Curve #! - Buffer only pH 3,
= 0.02, Curve #2 - Buffer plus 3.6 x 107% M IN-2S, Curve #3 -
3.6 x 107> M |N-2S, Curve #4 - 3.6 x 1072 M IN-2S.
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Figure 19

Effect of I-Naptho! 4-sulfonic acid (IN=-4S) on a

BSA———————1I N-25-4DNP solution. Curve #1 - Buffer only pH 5,
o= 0,02, Curve #2 - Buffer plus 2.4 x 10=4 M IN-4S, Curve #3 -

" Buffer plus 12 x 1072 M IN-4S.



Figure 19

Effect of I-Napthol 4-sulfonic acid (IN-4S) on a

BSA——IN-25-4DNP solution. Curve #| - Buffer only pH 5,
p= 0.02, Curve #2 - Buffer plus 2.4 x 1074 M IN-4S, Curve #3 -

“Buffer plus 12 x 1073 M IN-4S.
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Figure 20

Effect of 1-Napthol 3, 6-disulfonic acid (IN-3, 6S)
on a |N-25-8DNP——BSA solution. Curve #1 - Buffer only
(pH 5= 0.02), Curve #2 - Buffer plus 3.6 x 10-3 M IN-3, 6S,
Curve #3 - Buffer plus 18 x 1073 M IN-3, 6S, Curve #4 - Buffer
plus36.5 x 1072 M IN-3, 6S.
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Flgure 2|

. Effec+ of I-Napfhol on a. |N—25 4DNR—-———BSA soluflon."
Curve #l - Buffer only pH 5,}«— 0.02, Curve #2 - Buffer plus‘ ;
3 x 1072 M I-Napfhoi .
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Figure 22

Effect of ortho and para lerophenol oh'afIN-ZS

- Buffer confaining 3 x-107 =3 M p—lerophenol Curve - #er Buffer
containing 4 x 1072 M o-NiTro pheno|._*jay;:,~-_:;.~. NEIRAART

SADNP.
——-—BSA solution. . Curve #| - _Buffer only. pH 5, M= 0. 02 ‘Curve #2f3f};
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Figure 23

‘ Effect of 2, 4-Dinitrophenol (2, 4-DNP) on a IN-2S-4DNP
.——BSA solution. . Curve #| - Buffer only pH 5, = 0.02, Curve #2
- Buffer plus 0.5 x 10°4 M 2, 4-DNP, Curve #3 - Buffer plus 5.3 x

1004 M 2, 4-DNP, Curve #4 - Buffer plus 56 x 10~% m 2,4-DNP.
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C) Azo-Dyes

The result of adding IN-2S-4pNP and IN-3, 6S-2DNP at final
concentrations within a few percent of IN-25~-4DNP* present in the BSA
solution is shown in Figs. 24 and 25. The effects of the two dyes.differ
considerably; IN-3, 65-2DNP appears to act as a competitive inhibitor as it
causes a decrease in absorption at 600 W}»along with a proportional
increase in the absorption of the dye at 480 ma This effect was not
very great; in fact a reduction of approximately 10% in optical density
at 600 T,\was observed.

Calculations performed on the basis of the assumption that
IN-3, 65-2DNP had the same affinity for The>pro+ein as IN-2S-4DNP predicted
that the addition of the former dye would lead to a decrease in absorption
at 600 TP'Of about the magnitude found. However it should be noted that
the possibility that this is a non-specific effect, due to the increase
in protein charge through the binding of the anionic IN-3, 65-2DNP can-
not be eliminated on the basis of the experiments reported.

In the case of IN-2S-4pNP [Fig. 247, a reduction in absorption
at both 480 and 600 @p.occurred. This effect cannot be attributed to a
simple competition or charge effect and may be due to the binding of this
dye causing a conformational change in the protein, that in turn alters

the spectrum of the bound form of IN=-25-4DNP.

D) Glycine, Dioxane, Urea

0f these three substances only dioxane had any measurable effect

“The concentration of IN-25-4pNP was estimated on the basis of the
assumption that its extinction coefficient was identical to that of
IN-2S-4DNP.



Figure 24

Effect of IN-2S-4pNP (4 X 1076 M) on a IN=25-4DNP——BSA
solution. Curve #l. - Buffer only pH 5,/~= 0.02, Curve #2 - Buffer
plus 1N=-25-4pNP,

gy,
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Figure 25

Effect of IN-3, 65-2DNP on the spectrum of a IN-25-4DNP
BSA solution (at pH 5,M= 0.02). Curve #| - Buffer only,
Curve #2 - Buffer plus 4 x 1076 IN-3, 6S-2DNP .
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on the spectrum of the free dye;'This'effecf is shown in Fig. 26, for
solutions of IN-2S-4DNP in 20% dioxane at pH 5 and 9.5 respectively.

The addition of glycine (to a final concentration of 1.4 M)
to a BSA ——— IN-25-4DNP mixture had little effect on the spectrum
of the bound dye [Fig. 27]. As this reagent causes a large increase in
dielectric constant of the medium, Its small effect may be interpreted
in terms of electrostatic interactions being relatively unimportant in
+he IN-25-4DNP-BSA reaction.

The effect of dioxane at concentrations of 10 and 20%, on the
spectrum of bound IN-2S-4DNP is shown in Fig. 28. The large increase in .
absorption at both 480 and 600 mit-caused by +he reagent cannot be due to
a displacement of the dye from its binding sites on the protein or fo a
change in the state of jonization of the bound dye. The most likely

explanation then, is that the addition of dioxane causes some alteration

in the BSA

IN-2S-=4DNP interaction, perhaps through a conformational

change in the protein induced by dioxane, which in furn leads to the
change in the spectrum of the bound dye.

| The small effect of glycine has implicated the importance of
hydrophobic bonding in this system, and, therefore, the effect of dioxane
seems slightly anomalous. The addition of dioxane to a water solution
lowers the dielectric constant and increases the solution's overall
"organic" character. Thus the binding of an organic molecule to a protein
would be expected to be less in a water-dioxane solution &f the driving
force,for the reaction was the relative insolubility of the organic
molecule in water as compared to the "organic milieu" of a protein binding
site. The reaction of IN-25-4DNP with BSA is evidently due to more

specific and stronger forces than those assumed in such an analogy. Thus
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Figure 26

Effect of dioxane (20%) on the spectrum of [IN-25-4DNP
- Gurve #| - Buffer pH 5, ;= 0.02, Curve #2 - Buffer plus dioxane
pH 5, Curve #3 - Buffer pH 9.5, u= 0.02, Curve #4 - Buffer plus

dioxane pH 9.5,
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Figure 27

Effect of glycine (1.4 M) on the spectrum of a IN-2S-4DNP——BSA
solution (at pH 5, p= 0.02). Curve #! - Buffer only, Curve #2 -
Buffer plus glycine:
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pH 5, %=
dioxane,

&/

Figure 28

Effect of dioxane on a |N-25-4DNP———BSA solution at
0.02. Curve #| - Buffer only, Curve #2 - Buffer plus 10%
Curve #3 - Buffer plus 20% dioxane . '
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'yu fhé”¥ree energy change due to the binding of this dye to BSA cannot be
'Tf{ﬁé¢c6unfed for solely on the basis of the molecule being in a region

- of lower dielectric constant.

In the presence of 7.5 M urea no spectral shift was observed

“in the IN-25-4DNP—BSA system [Fig. 29]. Such an effect is in line with

t+he ability of this molecule to disrupt protein structure (177) and
conseguently to destroy the binding sites of BSA for the dye. However,
it is also possible, albeit unlikely in view of the differences in
charge and structure, that the inhibition of the spectral shift caused

by urea is due to a competitive phenomenon.

E) Acetate and Chloride lon

The result of increasing the ionic strength of a BSA

IN-25—
ADNP solution to 0.04 by addition of acetate ion is shown in Fig. 30.

The change occurring appears to be due +o two effects. Thus the increase

" in absorption at 480 9» would seem to result from a shift in the pK of

" the bound dye as occurred in the presence of other anions, i.e.
‘ﬂ fhipcyana+e. On the other hand the small shift of the absorption
:Lr.r's.'péc"l'r‘um in the region of 600 me to higher wavelengths could be due o

fanfalfera+ion of the proteins structure under these conditions, which in

;fﬂfhfal+ers +he spectrum of the bound dye.

" ‘The effect of a greater increase in ionic strength on the

'in%erééfion”of IN-3, 65-2DNP with BSA at pH 4.7 is much more dramatic,

[Fig. 3!1]. As can be seen very liftle spectral shift occurred at an ionic
sfréng+h 6f'¢hi6ff¢é ion equal fo 0.1, in contrast to that observed at a

lower idnic's+rength.a+ this pH. This would account for the failure of
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Figure 29

Effect of urea on a [N-25-4DNP—BSA solution at ..’ Nf,J"
pH 5, 4= 0.02. Curve #| - Buffer only, Curve #2 - Buffer plus- v .
5 M urea, Curve #3 - Buffer plus 7.5 M urea. L
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_ Effect of acefa'l'e ion on 1'he spec*l'rum of a" |N—2$-4DNP f:-‘_’.',
' ——BSA ‘solution. Curve #l —)“ 0: 02 ace1'a1'e DH 5 -Curve. #2 =
»=0. 04 ace‘l'a'i'e pH 5 DTN R .
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Flgure 3| i‘

Effecf of chlorlde fon’ concen‘l'raﬂon on’ 'rhe spec*l'rum of,--'_.-"’ O

a IN-3, 6S-ZDNP___BSA solution at'pH 4.7.." Curve #|: - Buffer .
" containing dye only. (@ =0.02), Curve #2 - Dye plus’ BSApe= 0.1

o chlorlde ion, Curve #3 - Dye plus BSA)\- o 02 Chlomde lon‘
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§§ other investigators to observe a spectral change in this system (166).

Evaluation of inhibition of Binding by Gel Chromatography

In the above discussions of the effects of various inhibiting

éubsfances'on +he - IN~-25-4DNP

BSA reacfién,fif has been tacitly
assumed that any'reducfion of the IN-25-4DNP spectral shift was due fo ”v
displacement of this dye from its binding sites on-the protein. To fesf"'
this assumption, chromatographic experiments wefe‘pehformed using IN-ZS—“
4DNP-———- BSA solutions containing sufficient amounts of inhibitor to
completely remove the spectral shift of the dye.

The results of experiments of *h:s nature, all at pH 5 Jiro 0z,
in solutions containing urea, dinitropheno!l and I-Napfhol 2-sulfonic acid
are shown in Figs. 32 - 34 respectively.

The chromatographic experiment performed in urea at a cdncenfra&éon '
(6.2 M) that was expected to drastically denature the protein (178) and
therefore destroy dye binding sites of "native" BSA, indicated that all of
the dye present was free in solution, [Fig. 321. On the other hand, in

" solutions containing dinitrophenol (2.6 x 10-3 M, [Fig. 33]) or I-Napthol
2-sulfonic acid (3.7 x 1073 M,[Fig. 34]) it appeared as if most of The
dye present was still bound to the protein; even though no spectral shift
could be seen. However, a comparison of the last two figures reveals that

a marked tailing of the IN-2S-4DNP absorption oécurred in the presence of
dinitrophenol. As determination of the protein absorbance (by the Folin-
Ciocalteu method) indicated that its elution pattern was in the form of
a symmetrical peak, it would seem +hat this tailing was due to a reduction

in the affinity of IN-25-4DNP for BSA in the presence of dinitrophenol.



&7

Figure 32

Chromatogram of a IN-25-4DNP-———BSA solution in 6.2 M
urea. Curve #| - Absorption at 280 myu , Curve #2 - Absorption at

480 m g e
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Figure 33

Chromatogram of a IN-25-4DNP—=BSA solution containing
2.5 x 1073 M 2,4-Dinitrophenol at pH 5. Curve #| - Absorbance
(at 600 mp) of aliquots of chromatographed Dye-BSA, dinitrophenol
solution’containing Folin Ciocalteu reagent, Curve #2 - Absorbance
(at 600 my) [after addition of IN-NaOH] of the IN-2S-4DNP——BSA -
2, 4-dinitrophencl solution. Curve #3 - Absorbance (at 480 mm)
of a IN-25-4DNP—=BSA solution, Curve #4 - Absorbance (at 600 m
after addition of IN-NaOH) of a IN-25-4DNP - 2, 4~dinitrophenol
solution
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Figure 34

ChromaTo%ram of a IN-25-4DNP—————BSA solution
containing 3 x 1074 M |-Napthol - 2-sulfonic acid. Curve #l -
Absorbance in the presence of BSA. Curve #2 - Absorbance of
IN-25-4DNP plus |-Napthol, - 2-sulfonic acid only.
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The results of these chromatographic experiments therefore
indicate that different effects are involved in the inhibition of the
spectral shift by urea and by the napthol and nitrophenol derivatives.
The effecT of the latter set of compounds can be interpreted in either of
two ways: 1) they cause an apparent increase in the pK of the bound dye in
a simifar fashion fo that caused by thiocyanate or nitrate ions, or (I11)
they have some effect, either through competition or by causing a
conformational change on a group of the protein which interacts with the
bound dye fo cause the spectral shift. A clear cut choice between these
alternatives cannot be made on the basis of the data presented here,
although a combination of both of these mechanisms might be needed to
describe the observed phenomena (for further discussion of this please
see the next section).

An analysis of the comparative effects of the mononitrophenols
and dinitrophenoi on the spectral shift of IN-2S5-4DNP would seem to
indicate that by analogy the much greater inihibitory efficiency of
dinitrophenol might be traced to its pK of 3.96 (compared to 7.16 for the
mononitropheno!s) as a result of which it is almost completely ionized
at pH 5. Even if Tﬁe mononitrophenols were as strongly bound as
dinitropheno! to the protein, the fact that they are unchanged at this
pH would seem to prevent them from affecting the spectral shift.

The differences between the effects of the three napthol
sulfonic acids and l-napthol were not as clear-cut as the results obtained
with the various nitrophenols tested. As in the case of the latter,

however, it is probable that the reduction of the spectral shift caused
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by these reagents was not due to a displacement of IN-2S-4DNP from the
protein, but rather to a non-specific effect on the titration curve of
t+he bound dye. As both the |, 2- and |, 4-napthol sulfonic acids were
equally effective, their mode of action would not seem to involve a
specific, sterically controlled interaction of the naptholic hydroxyl
and sulfonic acid groups with the protein. With this in mind, the
relative effects of I-napthol and of the three napthol sulfonic acids
appear anomalous.

Thus on the basis of the assumption that hydrophobic bonds are
the principle stabilizers of protein-organic molecule interactions (166,
171) the order of their affinity for the protein would be expected to be
{-napthot, l-~napthol 2~ or 4-sulfonic acid, l-napthol, 3, 6-disulfonic acid.
On the other hand, any increase in proton binding by the protein produced
by these substances (if they had equal affinities for the protein) would
be expected to be in the reverse order, because of their increasing
negative charge. 1f fhese assumptions are correct it would appear that
the effect on the spectral shift depends on a combination of two para-
meters i.e. "hydrophobic affinity" and charge, such that the charged
napthol monosulfonic acids are more effective than |-napthol because of
their greater charge and also more effective than the napthol disulfonic

acid because of the reduced affinity of the latter for the protein.

GENERAL DISCUSSION

The interaction of IN-25-4DNP with BSA has been shown to result
in an unusually striking spectral shift, similar to that previously observed
in the reactions of (a few) other azo-dye pH indicators both with this

protein, and with specific antibodies (121, 166-169). These molecules thus
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appear to have certain common characteristics which enable them to

easily undergo large apparent pK shifts when bound to proteins. It is
difficult, however, to make direct comparisons of the reactions of the
systems studied to date, not only because of the different structures,

and determinant groups of the dyes used, but also because so little is
known of the actual mechanisms involved in the interactions between a
bound (dye) molecule and the appropriate groups of the protein binding
site(s). The interaction of IN-25-4DNP with BSA has been investigated

in some detail in the hope that a greater understanding of these reactions
could be obtained.

A general consideration of the effect of the various inhibitors
tested on the dye=protein interaction leads to the conclusion that the
binding of IN-25-4DNP results from the formation of unique dye-protein
bonds. This is supported by the observation that the dye was not displaced
from its binding site by related molecules such as IN-2S-4pNP(or IN-3,
6S-2DNP) or even by a 10,000-fold excess of lenapthol 2-sulfonic acid.

The fact that IN-25-4pNP, which has the same pK as IN-2S-4DNP and differs
from it only in its lack of a nitro group, exhibited completely different
behavior from the latter, also is indicative of the importance of the
contribution of all parts of the molecule, in this case of the 2-nifro
group, to the final, overall dye protein bond formed. As was also noted,
+he dye IN-25-4DNP was firmly bound to the protein under conditions where
no spectral shift was observed, (i.e. at pH 2). Thus, it is obvious that,
as has been found in other systems (156), no direct correlation can be
made between the spectral shift of a given dye-protein system and the

nature and strength of the dye-protein bond formed.



The pH dependence of the IN-25-4DNP ——— BSA spectral shift

&

is similar in some respects to the pH dependence observed in the binding
of other compounds, e.g. skatole and acetyl-L-tryptophan (179) by normal
BSA and crystal violet (180) by the denatured protein.* Four plausible
explanations, considered below, may account for the titration behavior
at low pH of IN~25-4DNP bound to BSA:

1) The possibility that the N-F transition of BSA has some effect
on the spectral shift is not likely as the former occurs in
the pH range of 3.5 to 4.5 (123). This does not correspond to
+hat observed in the titration of bound IN-2S-4DNP.

2) Klotz et al (181) have found that the pK of an azo mercurial
dye i.e. 4-(p-dimeThyIamlnobenzeneazo)-phenyl mercuric acetate,
shifted from 3.3 in water, when it was in the form of a
cysteine complex, to about 1.8 when this dye was coupled fo
t+he SH group of mercaptalbumin. This phenomenon was interpreted
by postulating that an envelope of structured water molecules
("icebergs") surrounded hydrophobic regions of the protein,
as a result of which the titration behavior of the coupled dye
differed from that of the cysteine complex free in solution.

As a similar effect on the pK has been noted in the BSA—

IN-25-4DNP system (even though this dye was not chemically
coupled to the protein), a comparison with the foregoing
system might lead to the conclusion that a similar explanation

wouid also hold in this case. However, onée important

* |n these last two cases the dependence of binding on pH was respectively
identified with the occurrence of the N-F transition (179) and with
protonation of carboxylate groups resulting in a decrease in binding sites
(180).
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difference in the properties of the fwo systems should be
noted. Klotz et al (18l) observed that the addition of
sodium dodecyl sulfate, (S5.D.S5.) sufficient to increase the
negative charge of the protein by approximately 30 charge
units, caused an even further decrease in the pK of the

bound azo mercurial dye. Also, the pK of the coupled dye,
calculated at different points of its titration curve,did

not decrease with a decrease in pH, while the tTitration curve

itself could not be fitted to the standard equation pK = pH -

log E%a%— where [A] and [AH] are the concentrations of the

neutral and protonated forms of the dye respectively. These
results were interpreted as indicating that the coupled dye did
not behave in accordance with general electrostatic theory and
were, therefore, taken as supporting evidence for the "iceberg"
hypothesis. As has been shown in the case of IN-2S-4DNP, however,
the effect of anions on the titration curve of the bound dye was
as expected from a prediction of the electrostatic effects of
bound anions on the titration properties of a protein. On the
basis of this difference in properties of the two systems it
would appear, therefore, that the "iceberg" hypothesis would not
provide a suitable explanation for the pK shift of 1N-25-4DNP.
I+ should also be pointed out that the interpretation of the
reasons for the pK shift of the mercurial dye does involve
certain difficulties. Thus, it has been pointed out that,

under the conditions of the titration of the coupled mercuriatl,

BSA is wholly or partiy unfoided (123}. Furthermore,
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no attempt was made to distinguish between the effects of
bound S.D.S. molecules on the protein's charge and any
possible effect on the protein's structure or conformation,
due to the considerable alyphatic character of S.D.S. Indeed
at higher S.D.S. concentrations the pK of the coupled
mercurial dye was found to shift fo a higher pH than that of
the free form. This effect was ascribed to the formation

of 5.D.S. micelles on the protein's surface, since a similar
pK shift was noted when the free dye (in the form of a
cysteine complex) was titrated in solutions containing
micelles of this detergent. In view of This complication

it would appear that conclusions drawn on t+he basis of the
effects of simpler anions would be more unequivocal.

i+ is possible that the binding of IN-2S-4DNP to BSA allows
an interplay of forces that alfers the electronic structure
of the dye. For example hydrogen bonding between groups on
t+he protein and nitro groups of the dye could induce a
reduction in the electronic density at the oxygen of the
naptholic OH group with a concomitant decrease.in the pK of
t+he dye. In this case the titration curve observed would

be that of +he naptholic OH group itself.

As an alternate to the last explanation (#3), binding of the
dye (IN-25-4DNP) to the protein could be considered Té
allow the formation of a strong hydrogen bond (or actual
profon transfer) between t+he naptholic OH group and

carboxylate groups of the protein. In this case titration
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of the pfoTein at fow pH would reduce the concentration
of carboxylate ions available for the formation of this
bond and thus lead fo a reduction of the spectral shift.

- The fact that the tifration of the bound dye occurred in

| +he same pH region as that of carboxylate gréups of BSA¥*
and that the effect of thiocyanate (and of the other amonic
compounds tested) on the titration of the bound dye was
similar to the effect of anions on the protein's titration
823) can be faken as supporting evidence for this postulate.
However it is also possible that the correspondence of these
two titrations with respect to pH is purely fortuitous and
that the effect of anions is nonspecific, reflecting the

general increase in profon binding by the protein at a given

pH.

The purpose of these experiments was to obtain a greater
understanding of the reactions of dyes with proteins that lead fo spectral
shifts. This was achieved to a certain extent, however, no exact,
unequivocal description could be made of the interactions leading to the
observed spectral changes. 1In retrospect, it appears that the approaches
used in this study may have been inherently incapable of providing answers
+o these problems, since it is difficutt, if not possible, to differentiate
between the effects of added reagents on the behavior of the bound dye
and on the properties of the protein itself. Such complexities are fo

be expected in systems consisting of complex biopolymers such as BSA,

* Exact correspondence of these titrations should not be expected as

there are approximately 90 carboxylate groups per BSA molecule (182)

while +he number of IN-25-4DNP protein binding sites per molecule was
calculated as 4 to 5.
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and might be overcome by the use of other techniques such as nuclear
magnetic and electron spin resonance or infrared microscopy with which

one might be able to "probe" the ligand-protein complex without inter-

fering with the reaction itself.
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CHAPTER 1V |

The Interaction of Anti-Dinitrophenyl Rabbit Antibodies with
Two Azo-Dye Haptens Containing the 2, 4-Dinitrophenyl Determinant

Group
PART A
A Comparison of Spectrophotemetric and Equilibrium

Dialysis Techniques for the Evaluation of Antibody-Hapten Interactions

INTRODUCT | ON

Many compounds of low molecular weight have been found to
exhibit spectral changes in the presence of proteins. For example, the
study reported in Chapter || of this thesis can be taken as representative
of one of the more striking spectral changes encountered in an albumin
azo-dye system. Similarly, changes have been observed in antibody-dye
systems (96, 104) and in some non azo-dye hapten-antibody systems (64).
As has been stated, the underiying causes of these spectral changes are
not well understood. |In general, however, they can be considered to
reflect on alteration in the environment of a small molecule on binding
to a protein and more specifically, to be due, in certain cases, To
factors such as electronic interactions (64, 153) and/or conformational

changes (163) in the small molecule itself.
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The extent of binding in protein-dye systems can be
calculated from measurements of the extent of a spectral change using
a method developed by Klotz (82, 83). This procedure has been used in
Chapter || of this thesis and a similar method has been employed in
order to determine the extent of combination of antibodies with haptens
(120, 121, 166), According to this method the fraction of dye molecules

present in the bound form,/%, can be calculated by use of equation

Ci. Ch. 1]

ﬂ - €app -€f 01
€b -€f

where Gf, Gb are extinction coefficients for the free and bound forms of
the dye molecule and eapp is the overall extinction coefficient for the
dye-protein solution, all at the same wavelength.

A basic assumption inherent in the use of the above equation is
that €, is the same for every bound dye molecule. However, in view of the
known heterogeneity of antibodies with respect t+o their binding constants,
it is conceivable that &€, will vary and depend on The nature of the
interactions with the particular antibody with which the dye combines. As
+he spectrophotometric method was fo be used in the present study it was
felt that it was necessary to test this assumption by comparing the
results of spectrophotometric binding measurements in a dye-hapten
(1-napthol 2-(2, 4-dinifrophenylazo) 3, 6-disabfonic acid [IN=3, 6S-
ZDNP]) antibody system with the absolute results of an unequivocal
technique, equilibrium dialysis. The interaction of this dye-hapten
with antidinitrophenyl antibodies has been previously described by

Metzger et al (166).
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MATERIALS

Hapten
The dye IN-3, 6S-2DNP ~ was obtained from Eastman Chemical Co.,
Rochester, New York. The elemental analysis supplied by Eastman for

this compound and its theorétical composition are |isted below:

C H N S

% % £ z
Calculated for C|6 H8 0|‘ N4 S2 Na2 .3H20 35.4 i.5 10.3 11.8
Found 35.6 1.3 10.4 12.0

Antibodies

The production of antibodies to the 2, 4-dinitropheny! (DNP)
group was elicited in rabbits by the injection of a DNP-bovine gamma
globulin conjugate. The bovine protein was obtained as Fraction |1 from
Armour Pharmaceutical Co., Kankakee, I1linois, and the antigen was
prepared according to The coupling procedure of Eisen ef al (184, 66).

An approximately 1000 molar excess of 2, 4~dinitrobenze sul fonic acid was
used in the coupling procedure so that in the resultant protein conjugate
all lysine €-amino groups could be considered to have reacted with this
reagent. Each rabbit was given injections of 0.4 mg of protein

conjugate in 0.4 mi. of Freunds adjuvant into each of its footpads
simultaneously. The animals were bled about 6 weeks after the initial
injection and at monthly intervals thereafter. Intramuscular booster
injections were also administered after each bleeding to improve the
antibody titer.

The globulin fractions of pools of sera obtained from single

rabbits were isolated by sodium sulfate precipitation (36); "normal"
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rabbit gamma globulin (NRG) preparations were obtained in the same

way from non-immunized rabbits.

Binding Measurements

" Al experiments were carried out in borate buffer, pH 8.0,

/hw= 0.15, Antibody and NRG solutions used for spectral and equilibrium

dialysis experiments were 2.5 x 1073 M in total protein.

Spectra were méasured ;T 24-26°C in a Unicam SP 500 spectro-
photometer using hicrocells Qf l em path length and 0.5 ml capacity. Where
necessary, protein solutions of.appropria+e concentration were used as
blanks. } NS

The extinction coefficiéﬁ+ of the bound hapten, €, was determined
by addition of the dye hapfen-in Increasing concentrations to a constant
amount of anTiBOdy; the rafio 6f antibody to hapten concentrations was
maintained at a relatively high value so that the contribution of free
hapten could be neglected. fn experiments designed for the determination
of binding constants, hapten solutions of higher concentration were added
to solutions of the same antibody preparafion. The values Cﬁ'eapp obtained
from the latter experimenTs_wére used to calculate the amount of hapten
bound as a function of free hapten by means of equation Cil.

. Equilibrium dialysfélwas carried out at 25°C in glass cells
containing | ml of protein solution separated from | mi of hap%en solution
by a Visking dialysis membrane, treated to remove soluble impurities
according to the procedure of Hughes and Klotz (185). The dialysis cells
were constructed of two half cells, each of two m! total capacity, flanged
at one end and closed at the other by a plastic screw cap lined with

parafilm. The dialysis membrane was clamped between the flanges of the



two half cells and the joint formed covered with séél{ng wax to prevent
leakage. Equilibration was achieved by rotation of ;hé cells for 24 hours.
To measure the degree of non-specific binding, confroi experiments were
performed with appropriate NRG soltuions,

The average equilibrium constant Ky and the concentration of anti-
body sites [Ab], were evaluated from the spectrophotometric and equilibrium
dialysis binding data by the use of equation [3],*

| = | + |

b TS [Ab] L3

where b and ¢ are the concentrations of bound and free hapten, respectively

on.

RESULTS

Properties of the Free Dye

The dye IN-3, 6S-2DNP is a pH indicator changing from yellow in
acid to blue in basic solution [Fig. 351, with an apparent pK, evaluated
spectrophometrically at 590 mpr of 6.52 (166). The dye was found to obey
Beer's law at all concentrations used at pH 8, i.e. up o 5 x 0= M, and its
solutions were stable at room temperature for as long as 3 months. The
extinction coefficient at 590 T}gaf pH 8, the absorption maximum of the

free dye at this pH, was calculated as 4.1l x 104 M-' em= |

Hapten-Antibody Interactions

The effects of an anti-DNP-antibody preparation (8 x 10"2 M) and

of an NRG preparation of the same tota! protein concentration (8.5 x IO"4 M)

* This equation is equivalent to equation [3] of Ch. I.



Figure 35
Spectrum of a 6.8 x 10-6 M IN-3
different conditions.

Buffer alone or buffer containing 8.5 x 1
Curve #3 - Buffer plus anti-DNP antibody

Curve #1 - Buffer p}f
o=

, 6S-2DNP solution under

4.5, p = 0.15, Curve #2 -
M NRG, pH 8, p = 0.15,

(8 x 1072 M) pH 8, p = 0.15.
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on the spectrum of IN-3, 65-2DNP at pH 8, /A= 0.15 are shown in [Fig. 351.
As can be seen tThe NRG preparation had no'effecf on fhe dyefs spectrum;
on the other hand binding to antibody caused a shift of its spectrum to
shorter wavelengths, to the range corresponding to the absorbance of the
free dye at low pH.

in spite of the fact that no spectral change was observed in
the presence of the NRG preparation, equilibrium dialysis experiments

revealed that 9% of Thé dye, in the concentration range of | x 1076 - 12 x

1076 M, was bound non-specifically by the NRG solution, fFig. 361. Control
experiments, using protein free buffer solutions, indicated that in the
same concentration range 12.5% of the free dye was absorbed to the dialysis
membrane [Fig. 36]. Appropriate corrections for both these effects were
made in calculating results of spectrophotometric and equilibrium dialysis
experiments.

The evaluation of the bound extinction coefficient, Eb, at 590 m
is shown in Fig. 37. The value obtained for Gb: 0.98 x 104 M-! om~!, was
used to calculate the amount of hapten bound in antibody solutions of
relatively higher fotal hapten concentration. The results of such
spectrophotometric and equilibrium dialysis experiments, performed with
solutions of. the same antibody and protein concentration, are given in
Tables V and VI respectively. The concenfration of hapten bound, b, for
both these experiments, is plotfed as a function of the sum of bound and
free, b and c, hapten concentrations in Fig. 38. The data are also
represented in the form of a l/bvs l/c plot, in accordance with equation
[3] in Fig. 39; the curvafure of the plots being an obvious indication of
the heterogeneity of the system. The values of kg and [Ab], calculated

from this figure, for equilibrium dialysis and spectrophotometric
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Figure 36

Concentration of IN-3, 6S-2DNP bound by NRG preparation
and dialysis membrane (0-0-0) or by dialysis membrang alone e¢-é-e
as a function of free dye concentration,
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Figure 37

Evaluation of €, for IN-3, 6S-20NP bound fo anti-DNP
antibody at pH 8'}~= 0.15.
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IN-3, 6S-2DNP  0.,D. Gapp
added 590 m

x 100 M 7 x 10~4 [M-lcm'|]
4.99 0.051 .02}
5.97 0,063 1.055
7.06 0.079 1.13
7.40 0.088 1.19
7.91 0.092 I.16
7.93 0.095 1.20
8.70 0.101 .16
8.94 0.118 1.32
9.93 0.136 1.37
10.2 0.141 .38
i, 0.160 .44
12.4 0.194 1.57
13.45 0.224° |.67

Table V

0.987
0.975
0,955
0.932
0.942
0.930
0.942
0 .89l
0.875
0 .872
0 .853
0.812

0 .779

Spectrophotemetric Results

Binding of IN-3, 65-2DNP by Anti-DNP Antibodies

W S

RS -
x 106 [M] x 106 [M] x 108 [M] x 1078 w17 x 10750M-1]
4.92 0.07  0.064  4.98 0.203 1516
5.8| 0.16  0.15 5.96 0.172 6.66.25
6.74 0.32 0.29  7.03  0.145 5.45
6.90 0.50 .45 7.35 0.145 z;zoff~
7.45 0.46 0.42  7.87 0.134 2.38
7.37 0.56 0.5l 7.88 0.136 1.96
8.20 0.50 0.45  8.65 0.122 2.22
7.94 0.97 0.8  8.85 0.126 1.14
8.69 .24 1.13 9,82 0.115 0,886
8.89 1.31 .19  10.08 0.113 0.840
9.47 1.63 1.48  10.95 0.106 0.676
10.08 2.32 2.1 12,19 0 .0995 0.475
10.48 2.97 2.68  13.16 0 .0955 0.z,

*LOT



Table V (Continued)

IN-3, 65-2DNP  0.D. Capp b c c cor. btc 1/, ”c,

~ added 590 m total  (x 90.9%) i

x 106 [u] 7« 1074 [ tem ] k x_ 106 [M] x 108 [M] x 108 [M] « 1078 [M17 x 1078 1]
14.0 0.257 1.76 0.750 10.95 3,05 2.77  13.72 0.915 0.362
15.0 0.285 1.90 0.706 10.59 4.4 4.0l  14.60 0.945 0.250
15.3 0.282 .84 0.725 11.09 4,29 3.90 14.99 0.904 0.256
15.83 0.301 .90 0.705 11.19 4.66 4.24 15,43 0.895 0.236
17.6 0.369 2. 10 0.642 11.30 6.30 5,71 17.0! 0.885 0.175
18.2 0.383 2.12 0.635 11.56 6.64 6.20 17.76 0.865 0.16l

*80tT-



Table VI
Binding of IN-3, 65-2DNP by Anti-DNP Antibodies

Equilibrium Dialysis Results

IN-3, 65-2DNP c b b V/ 1/
agdded butfer side non-specific 6 -6b ) _Gc 1

x 10° [M] x 10° [M] x 10° [M] x 109 - x 10 vy x 10 ° M ']
3.94 0.18 0.07 3.50 0.286 5.55
5.98 0.33 0.13 5.19 0.193 3.15
6.04 0.39 0.15 5.11 0.196 2.56
6.18 0.46 0.17 5.10 0.196 2.18
8.20 0.78 0.28 6.36 0.157 1.28
8.22 0.83 0.30 6.26 0.160 1.21
8.30 0.6l 0,23 6.85 0.146 .64
10.12 1.22 0,43 7.28 0.137 0.820
10.18 .24 0,44 7.26 0.138 0.806
10.68 1.3l 0,46 7.60 0.132 0.765
12.30 1.70 0.59 - 8.3l 0.120 0.589
12.56 1.87 0.65 8.17 0.123 0.535
14.56 2.53 0.88 8.62 0.116 0 .396

*60T:



IN-3, 65-2DNP

added

x 100 [M]

Table VI (Continued)
Binding of IN-3, 6S-2DNP by Anti-DNP Antibodles

Equilibrium Dialysis Results

16.24
16.60
18.44
18.88

21.20

c b b I/b 1/
buffeg side non-specific ¢
x 10° [M] % 106 [M] x 106 [M] x 1076 [M~1] x 10~6 [M~1]
3.16 1.09 8.83 0.113 0.317
3.31 1.49 8,83 0.113 0.302
3.77 1.30 9,60 0.104 0.266
4.14 1.43 9.17 0.109 0,242
4,86 .67 9.81 0.102 0,206

01T’
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Figure 38

Concentration of IN-3, 6S-2DNP bound by antibody at pH 8,
A= 0.15 as a function of bound and free dye present; -0-0- spectro-
photometry, -0-a- equilibrium dialysis,
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Figure 39

Binding data for the IN-3, 65-2DNP anti-DNP system at

pH 8,)~= 0.15: =-0-0- spectrophotometry, =-9-8- equilibrium dialysis.
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experiments are listed below;

Equilibrium Dialysis Spectrophotometry

Ky x 1070[M] 2.3 3.6
[Ab] x 10%° ]: .1 1.3
DISCUSS I ON

This study has been concerned wifh a test of the assumption that
the extinction coefficient of a hapten bound to (its homologous) antibody
is independent of the strength of the antibody-hapten bond formed. i.e. of
the éffiniTy of the antibody for the hapten. It was felt that any conclusions
regarding this assumption would have to be based on a comparison of spectral
binding measurements with those of an absolute method, and for this reason
parallel experiments were performed using the equilibrium dialysis technique.
In the antibody preparation used approximately 60% of the antibody sites
present,(on the basis of the total number of sites determined by equilibrium
dialysis) appeared to bind the hapten IN-3, 65-2DNP with a constant
extinction coeffic}enT [Fig. 37]* This would tend to support the assumption
that Eb was a consdant, however, in spite of this differences were noted
in the amount of bound hapten, at a given total hapten concentration,
calculated by spectrophotometry and by equilibrium dialysis. [Fig. 381
The difference in the results obtained by these two experimental methods is

much more obvious in Fig. 39; however the effect is exaggerated by the
yb Vs '/c plot. As can be seen from the results obtained for Ky and Ab,
+he fairly large difference in the two binding curves only leads to a 50

percent difference in average binding constants, and a 206 difference in

the concentration of binding sites.

* The curvature of this plot above hapten concentrations of 6 x 1070 M
is of course due to the presence of free hapten in the solution.



It is difficult fo assess the contribution of experimental
errors fo the differences shown in the binding curves of Figs. 38 and 39.
The final values for b and c are based on calculations involving a
maximum of five experimentally determined parameters i.e. three extinction
coefficients, Eappr €p andé?, and two correction factors for non-specific
binding to the dialysis membrane and the NRG present. On this basis the
deviation of the b vs b + ¢ curves in Fig. 38 from a hypothetical mean would
be about 5%, which would certainly fall well within experimental error for
these experiments.

To explain any discrepancies that might arise in this or other
systems between spectrophotometric results and those obtained by equilibrium
dialysis, it is necessary to consider, at a molecular level, the nature of
the interactions being observed. |+ would be expected that the effect on
the spectrum of a dye hapten, due to its combination with (a homologous)
antibody, would be the net result of many different and complex interactions
which, because of the heterogeneous nature of the antibodies present, might '
well vary in their nature and extent throughout the antibody population.
Thus, the extinction coefficient of the bound hapten might vary depending
on the particular orientation of the hapten in the antibody site and on the
nature of the forces (ionic, hydrophobic, van der Waals, hydrogen bonding,
etc.) involved in each of the different types of possible associations.

In $ystems such as the one studied here, where the haptenic
determinant group is attached to a relatively bulky substituent, The
heterogeneity of the hapten-antibody reaction may not only be due to
differences in the primary interaction between the haptenic determinant
group and the antibody combining sites, but also fto secondary interactions,

which may occur because of conformational changes in the antibody molecule,
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between the rest of the hapten molecule and groups on the antibody
adjacent to t¥s binding site. The extinction coefficient of the bound
dye-hapten would be expected to be sensitive To these interactions, as
well as to the different orientations of +the haptenic molety with respect
to the rest of the dye molecule, which could be imposed by interactions
with the antibody molecule. It is therefore conceivable that a hetero-
geneity of antibodies in regions about the actual combining site could
lead to different spectral properties of the bound haptens. In the
particular case studied, a variability in these interactions might affect,
for example, the extent of ionization of the naptholic OH group of bound
IN-3, 65-2DNP molecules as well as the relative positions of the 2,
4-dinitrophenyl and napthol disulfonic acid residues.

I+ would, therefore, seem reasonable to consider The extinction
coefficient of a bound hapten as an average value'Eb, defined by equation
2, - zieb,i C; |

=6

where eb . is the extinction coefficient of a hapten at a concentration c;
)

bound to an antibody molecule of a particular -type (i). Practically,
however; in spectrophotometric measurements, one is forced to assume a
singulari*y‘of +he aéxtinction coefficient of the bound form of the hapten,
while in reality, because of the heterogeneous nature of antibodies, the
value of&t>derived from measurements at relatively low hapten-antibody
ratios will reflect primarily the contributions of antibodies with greatest
atfinity for the hapten. On the other hand, at higher hapten concentration,
antibodies with lower binding constants and perhaps leading fo different
cffects on the extinction coefficient of the bound form of the hapten,

will also exert an effect and, therefore, the value used fCW‘eb may no
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longer apply. [If this interpretation were correct, it would follow that
there might exist no direct relation between the overali strength of the
antibody-hapten interaction and the magnitude of the spectral change
induced in the dye-hapten on binding.*

Another indirect technique which has been used fo evaluate anti-
body-hapten combination, is fluorescence quenching. Eisen et al (64) have
reported good agreement between equilibrium dialysis and fluorescence
quenching measurements using haptens ¢ontaining the 2, 4-dinitrophenyl
determinant and homologous antibodies. HoweQer +he same authors also noted
a variation in the efficiency of fluorescence quenching as a function of the
amount of hapten bound in certain antibody preparations (:85). Similarly,
Saha et al (186), studying a different antibody hapten system than the
above authors found variations in binding data calculated by these two
techniques and suggested that this might have been due to a lack of
validity of the assumption that the extent of quenching was independent of
antibody affinity.

In summary it would appear that all indirect methods available
for the study of antibody hapten interactions suffer from a common drawback
i.e. that they arejsensifive +o errors produced by the inherent hetero-
geneity of antibody preparations. However, it is also possibie that in any
given system the effect of antibody heterogeneity may be so small as to be
negligible or not detectable by the method used. Therefore, each antibody-
hapten system and technique should be considered separately and binding
data compared fo the results of an unequivocal technique, such as equilibrium
dialysis, before final conclusions are drawn. The spectrophotometric

technique has been profitably applied to kinetic studies of antibody-hapten

% A similar conclusion has been drawn by Klotz (156) from studies of the
binding of dyes to bovine serum albumin.
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systems (120, 121) and is par*icularly useful when strong absorption

to dialysis membranes prevents the use of equilibrium dialysis techniques.
The présenf study has shown that differences may exist in the extent of
hapten binding calcuiated from spectrophotometric and equilibrium dialysis
experiments. However it is felt that in view of the small magnitudes of
these differences meaningful results can be obtained with this method

in the 2, 4-dinitrophenyl system.
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PART 8

Kinetic and Equilibrium Studies of the Reaction between

Antibodies Specific to the 2, 4-Dinitrophenyl Determinant Group

and Two Dye-Haptens

INTRODUCT ION

When the present investigation was initiated, only four studies
of the kinetics of antibody-hapten reactions had been reported (119 - 121,
I183). Of the various haptenic determinant groups that, along with their
homologous antibodies, were considered to provide systems amenable fo
kinetic studies, the 2, 4-dinitropheny!l (DNP) group was thought to be the
most suitable for kurfher study for two reasons, i.e. (i) it had been
shown that this determinant elicited a high titer antibody response in
rabbits (184), and (ii) the reaction between such antibodies and homo-
logous haptens had previously been studied by a combination of stopped
flow and fluorescence quenching techniques (119).

I+ was pointed out in Part A of this Chapter that in certfain
hapten-antibody systems the occurrence of a spectral change in the hapten
on binding can provide a useful method for following the extent of
hapten-antibody combination. Unfortunately, however, the nature of the
interactions that lead to these spectral changes are poorly understood.
I+ was therefore decided to study, using the temperature-jump relaxation
technique, the reaction between a single anti-DNP antibody preparation

and two hap+ens’lN—25-4DNP and IN-3,6S-2DNP)bo+h possessing the same
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(DNP) determinant group but differing in overal!l structure. 1T was
hoped that the different orientations of the DNP group relative tfo
other functional groups in these two haptens would have some effect
on the hapten-antibody reaction which could then be related to the

mechanisms of their combination and the spectral effects involved.

MATERIALS

HaETens

Three haptens |N-2S-4DNP, IN-25-4pNP and IN-3, 65-2DNP
were used. Both IN-25-8DNP and IN-3, 6S-2DNP contained the 2, 4-
dinitrophenyl determinant group but differed in the relative positions
of this residue with respect to the hydroxy! and sulfonic acid groups
of the napthalene core. In addition IN-3, 65-2DNP has a greater charge,
due to its two sulfonic acid groups, t+han IN-25-4DNP.

All of these dye haptens obeyed Beer's law up to concentrations
of about 4 x 10-2 M, under the conditions used in this study.

The spectral properties of IN-25-4DNP, IN-2S-4pNP and of
IN-3, 6S-2DNP have been described in Chapters il and in Part A of this
Chapter.

Borate buffers,)& = 0.1, were used for all experiments at

pH 8, and 9.5.

Proteins

A single anti-DNP rabbit globulin preparation was used in the
equilibrium and kinetic experiments. This preparation was obtained by

the procedure described in the first part of this chapter.
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Flow Techniques and Relaxation Methods

As mentioned in the introduction to this thesis, two methods
have been found fo be especially suitable for measurements of the rates
of reactions of antibodies with homologous haptens. In the stopped flow
technique, solutions of the reactants are mixed by their rapid injection
intfo a chamber which is constructed so as to allow efficient mixing of
+he reactants in a minimum length of time, of the order of a few milli-
seconds. The mixed reactants then exit into an observation tube where
+he rate at which the reaction proceeds can be measured by suitable
techniques, such as spectrophotometry. One of the drawbacks of this
method is that it is not possible to construct an apparatus that will
al low observations of the mixed solutions in times less than about 3
mitliseconds. This time lag, called the instrument dead time,* is due
+o the inherent slowness of the mixing process. Secondiy, analytical
observations are difficult to perform on flowing solutions due to
complications introduced by deviations from mass-flow, cavitation etc.
(187). The latter difficulties, can be overcome by the use of a "stopped
flow" instrument which makes observations. of +he mixed reactants after
their solution has ceased to flow, Thus overcoming difficulties involved
in making observations of a flowing solution. Moreover, as fluorescence
quenching has been shown to be a very sensitive method for determining
concentrations of bound and free hapten in the presence of antibody, when

quenching of the antibody's fluorescence by a bound hapten occurs, (84),

* Dead times due to time lags in the electronic insfrumenfafion of such
an apparatus are usually much shorter than those due fo mixing.
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employing this technique with a "stopped flow" instrument allows very
low concentrations, of the order of l0'7 M, of reactants to be used
(119); at these low concentrations the half life time of an antibody-
hapten reaction is significantly longer than the flow instrument's
dead-time. This approach has been profitably used by Day et al (119)
in kinetic studies of (DNP) hapten-antibody systems.

Relaxation methods differ fundamentally from flow techniques
in that in the former the system under study is first allowed fo reach
equilibrium under controlled conditions of temperature, pressure, etc..
The equilibrium state is then very rapidly disturbed by an "instantaneous"
perturbation i.e. within 1076 - 10 "8 sec,of one of the external
parameters that affect it. If the perturbation occurs in a time which is
much shorter than that required for re-equilibration of the system,
observation of the rate at which the system adjusts itself to the new
equilibrium allows determination of the rate constants for the elementary
reaction steps involved in the re-equilibration process. Depending on
whether the system to be studied undergoes/during reactions,a change in
enthalpy, volume or partial molar polarizability a "sudden" perturbation
of the temperature (188, 189) pressure (190}, or of the electric field
strength (191}, can be used.

For the calculation of rate constants from relaxation measure-
ments it is essential that the perturbation of the system produce only
small deviations from the original equilibrium state. f this is frue,
+hen the rate equations describing the rate of attainment of the new
equilibrium position can be linearized with respect fo the +ime-dependent
concentration differences involved (122). In other words the rate of

disappearance of a small difference between the concentration of a
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9 component and its equilibrium concentration is proportional to the

magnitude of this difference.

For a single step reaction (of arbitrary order) the linearized
rate can be expressed as
d Xi

axi 1/ (i = Xi) (43
d+ T

where Xi = Ci - Ci® and Xi = Ci - Ci®

Ci is defined as the concentration of the i'th component at any time T,
éi is an equilibrium concentration which may be time-dependent and Ci°
is a time-dependent reference concentration. The constant, { , has the
dimensions of time and is called the relaxation time. As stated above,
relation (1) is only valid for the case Ciy >-Ei - Xi, i.e. for small
deviations from equilibrium.

|f a system such as

k
A+ B iz C
—

—

k2|

is considered, then using the definitions given for Xi and Xi one may
write the concentrations of the components of the system in terms of

the following relations, i.e.

= -] = o 1- 3

Ca CA + XA’ CB cg + Xg etc
C, = C°+X C = C° + X etc.
CA CA + XA’ CB CB 5

and similarly XA = XB = -Xc» XA = XB = XC

Substitution of these values in the rate equation i.e.

A - o K Gl - K% [5]
dt dt dt

results in an equation of the form of (1) above with

Vg = Ckoy + kyp (Cy + cp)] Cel
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If equation [ 5 ] is rewritten in terms of the definitions
for X, in terms of C, and CX etc. and in terms of the value for 7
given in equation [ 6 J then, if the value for iA (or iB or ?C) is set
equal to zero, integration of the resulting relation gives

X =Xo exp (-t/9) C7]

The relaxation time is thusethe time required for the concentration
difference to be reduced to l/e of its value at zero time. The values
of the rate constants describing this reaction can t+hen be calculated,
as indicated in equation [ & ], from the dependence of the relaxation
+ime on the equilibrium concentrations of the reactants.

¥ absorption spectrophotometry is used to follow the rate
of attainment of equilibrium affér perturbation, and sl is defined as
+he change in the absorbance of the system due to the perturbation,
then p| is proportional to X. In terms of equation L7 7 therefore

Iy = lo exp (-1/7) Cs ]
|f +he reaction under consideration is a unimolecular

conversion i.e. A _512; B, then the relaxation time is given by the
K21
relation’ /¢ = ka1 * K2 L 97

on the other hand for a bimolecular reaction in which one component is

buffered i.e.
A+ B _12.c¢
—

k21
where B is the "buffered" component, /7 is given by

= B 0
|/—l kZl + KIZ (B) [0 7]
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It should also be noted that in the above examples, as is
true for all»sysTems, the expression for the relaxation time will
include contributions from both the forward and reverse reaction steps.
This is a reflection of the fact that no matter what the effect of
the perturbation, in terms of whether it causes incréased or decreased

association, both forward and reverse reaction steps occur in the re-

equilibration process.*

The Temperature-Jump Technique

As most chemical equilibria are femperature dependent, or
can be coupled to temperature dependent reactions, the temperature jump
technique is probably the most widely used of the various modern
relaxation methods. The variation of the equilibrium constant of a

reaction with respect to temperature is given by the van't Hoff

relationship, i.e.

d In K + aH Cre 1
dT RTZ

where K is the equilibrium constant for the reaction, oH is the enthalpy
of reaction and R and T are the gas cons#ant and absolufe temperature,
respectively. Any temperature change, +herefore, imposed on an
equilibrated reaction system possessing 2 finite aH, will force new
equilibrium conditions and Thus concentration changes upon the system.
The behavior of a given system (with a finite &H of reaction)
aftter a temperature perturbation will depend on the relative rate of
the temperature change itself and the rate of adjustment of the system
+o the new equilibrium at the higher temperature. Thus, if both these

processes occur at similar rates no useful information can be obtained.

* These equations have all been derived from a mathematical analysis
of relaxation phenomena by M. Eigen (122).
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On the other hand, if the temperature rise occurs in a time which is
much shorter than that required by the system to equilibrate at the
new higher temperature, then any concentration differences produced
will disappear in accordance with equation [€.g.4]. In other words if
t+he temperature jump is sufficiently rapid it dces not enter intfo the

rate equations describing the re-equilibration reactions.

The Apparatus

A general outline of the temperature jump apparatus¥* is given
in Figs. 40 and 41. A more detailed description may be obtained in
reference (122).

The most important component of the instrument was a O.bphF
capacitor (Plastic Capacitors lInc. Chicago) which was connected fo
the reaction cell through a (variable) spark gap and to a high voltage
(5-30 Kv Neutronic) power supply. Discharge of this condenser produces
the desired Tempera+ure perturbation (jump) in less than 10 microseconds.
The cell, (Fig. 42) was constructed of sturdy plexiglass with a metal
+op and contained Two rhodium plated electrodes separated by about 1l mm.
The total (reaction) volume between +he faces of the electrodes was
about | cm, while about 15 mi of solution were necessary to fillt the
cell for an experiment. Two quartz rods, separated by about | cm, were
cemented into the cell at right angles to the electrodes and midway
between them. Observation of the reaction could thus be made spectro-
photometrical ly by shining light of an appropriate wavelength through

the quartz rods. The cell itself sits in a light-tight housing and Is

¥ This apparatus was built in the workshop of the Max-Planck. Inst.
for Physical Chemistry, Gottingen.



-Figure 40

Schematic diagram of the temperature-jump apparatus.
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Figure 4|

PhoTograph of the temperature-jump apparatus
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Figure 42

Photograph and schematic of the temperature-jump cell
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maintained at a constant temperature by an insulated jacket which is
connected to a constant temperature bath.

The light source was a 6.6A/T2 1/2Q/Ci 45 watt Sylvania
quartz ifodine airport marker lamp, powered by 12 voit auto batteries,
which was used in conjunction with an interference filter. After
passing through the filter the light beam was split by a half silvered
mirror, one part going through air and producing a reference signal,
and the second beam passing through the cell. The two beams impinged
on two photomuitipliers (RCA 1P28) powered by a stabilized power supply.
The signal from the photomultipliers was fed into a Tektronix Type D
high gain differential preamplifier connected to a Tektronix 531A
oscil loscope.

The sequence of operations during an experiment was as follows:
The cell containing the solution under study was placed in the thermo-
stated cell holder and allowed to reach the temperature of the thermostat.
The dark currents of the two photomultipliers were balanced against each
other by means of a slide wire resistance connected to the two cathode
followers. The light source was then turned on and the differential
signal from the photomultipliers minimized by adjustment of the iris
diaphragms control ling the size of apertures A and B. At this point
+he high voltage power supply could be brought into the circuit and the
condenser charged to the desired voltage through the 400 mega-ohm
resistor "R". The Spark gap was set so that the condenser would discharge
at a voltage of about 30 Kv, simultaneously raising the temperature of

+he solution between the electrodes and triggering the oscilloscope.
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Flow Measurements

A Durrum~Gibson stopped flow apparatus (Durrum Corp., .
Palo Alto, California) became available towards the end of this sTud;
and was used to perform exploratory experiments with the hapten
IN=-3, 65-2DNP and anti~-DNP antibodies.

Briefly’fhis ppparatus consists of two 5 ml syringes which
are filled with the two reactants and which are connected to a mixing
chamber. This chamber in turn empties dieectly into a cuvette which is
connected to the "stop-syringe". The two syringes containing the reactants
are driven by a hydraulic ram by which a rapid impulse is applied to
both syringe plungers simultaneously; each impulse results in the
displacement of about 0.2 ml of solution from each syringe through the
mixing chamber and into the cuvette. Visible or ultraviolet light from
a monochromator (Baush and Lomb) passes through the cuvette and the rate
of reaction is followed by monitoring the absorbance (or fluorescence)
of the solution with a photomultiplier tube whose signal is fed info a
Tektronix storage oscilloscope. The time sweep of the oscilloscope is
begun by forcing fresh reactants into the cuvette. This in turn expels
t+he "old" solution into the stop syringe and trips a switch that triggers
t+he sweep. The dead time of the instrument (about 3 milliseconds) thus
represents the time necessary to refil the cuvette with a fresh solution
of completely mixed reactants. The mixing chamber, cuvette and reactant
syringes are maintained at a constant temperature by circulating water

from a constant temperature beth through the housing of the instrument.



Binding Measurements

Equi librium binding measurements were performed at 25°C using

t+he spectrophotometric technique described in Part A of this Chapter.

RESULTS

A) Equilibrium Measurements

The effects of rabbit anti-DNP antibodies (at a concentration
of 3.5 x IO_5 M) on (i) a 3.1 x 10~ M solution of IN-25-4DNP at pH 8
and pH 4.6, (ii) on a solution of IN-25-4pNP (w3 x (076 M) at pH 8,

- -6 .
(iii) and on a 6.8 x 10 =~ M solution of IN-3, 6S-2DNP also at pH 8,

-6
(antibody 1.7 x 107~ M) are shown in Figures 43, 44 and 35 respectively.

I+ will be noted from these figures that the results at pH 8 for these three
haptens are qufTe similar, i.e. binding to antibody causes a shiff of

+he spectrum of the dye fo lower wavelengths, to one similar to that of
the free hapten in its protonated form.

The results of the addition of varying concentrations of anti-
body *o a 3.1 x 1076 M solution of IN-25-4DNP at pH 9.5 is shown in Fig.
45. On the other hand, addition of an NRG preparation did not lead to
any effect on the spectrum of these dyes under these conditions. It will
be noted that two isosbestic points can be observed in Fig. 45. This is
indicative of the presence of three forms of the hapten in these solutions
(vide infra) and was also taken to indicate that the spectrophotometric
method for determining binding data should provide meaningful results in
this sYsTem. Unfortunately, the extensive binding of IN-2S-4DNP fo a
dialysis membrane, even at this high pH, precluded verification of this

assumption.



Figure 43

Effect of anti-DNP antibodies (3.5 x 1072 M) on the
spectrum of a 3.1 x 10°6 M solution of IN-2S-4DNP. Curve #l -
Buffer pH 4.6 aa= 0.1, Curve #2 - Buffer pH 4.6 plus antibody,
Curve #3 - Buffer pH 8, )= 0.1, Curve #4 - Buffer pH 8 plus
&ntibody.
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Figure 4%

Effect of anti-DNP antibodies on the spectrum of
IN~2S-4pNP at pH 84=0.1. Curve #! - Buffer only, Curve #2 -
Buffer plus 5 x 10-6 M antibody .
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Figure 45

Effect of varying concenfrations of anti-DNP antibodies
on the spectrum of a 3.1 x 1070 M solution of IN-25-4DNP pH 9.5
M= 0.1. Curve #| - Buffer only, Curve #2 - | x 1077 M antibody,
Curve #3 - 2 x 1077 M antibody, Curve #4 - | x 1076 M antibody
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The result of adding this antibody preparation (4 x 1078 M)

to a solution of IN-25-4DNP (4.6 X IO-6 M) at pH SJk.= 0.02 is shown in

"Fig. 46. In the same figure is also shown the effect of BSA (3.6 x IO_6 M)

on the dye under the same conditions. A comparison of the different effects
of antibody and BSA on IN-2S-4DNP at pH and 9.5 (for the effect of BSA
on the dye at pH 9.5 please see Ch. I, Fig. 8) indicaTeé that the
interactions of Thege proTeihs with this dye are completely different.

The large spectral shift of IN-25-4DNP and IN-3, 6S-2DNP in
the presence‘of anfibodies‘was used, as described in Part A of this
Chapter, to obtain a measure of The concentrations of bound and free forms
of the hapten in antibody-hapten solutions. Values for the extinction
coefficients of the bound forms of IN-3, 65-2DNP at pH 8 and of IN-2S-
4DNP at pH 9.5 were obtained in a similar manner to that described
previously (Figs. 47, 48). The values so ébfained for'éb, as well as

+he corresponding values for Ef, are given in Table VI1.

Table V1|
€p €t
x 10~4 y=1 cm~! x 1074 M= cm~!
IN-3, 6S-2DNP
pH 8, 486 my 2.84 4.1
| N-25—-4DNP -
pH 9.5, 615 m 2.32 4.24

Binding experiments were performed at pH 8 with IN-3, 65-2DNP,
and at pH 9.5 with IN-25-4DNP, using anti-DNP § -globulin solutions which
were 0.63 x 10" M and .69 x 10~2 M in total protein, respectively. The

results of these measurements are given in Tables VII1T (IN-3, 6S-2DNP)
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Figure 46

Effect of anti-DNP antibody and of BSA on the spectrum
of IN-25-4DNP at pH 5 m= 0.02. Curve #1 - Buffer pH 5, Curve #2 -
Buffer plus anti-DNP (4 x 10-6 M), Curve #3 - Buffer plus BSA

(3.6 x 1076 M)
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Figure 4%

Evaluation of €, for IN-3, 6S-2DNP bound fo anti-DNP
antibody at pH 8)(" 0.1.
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Figure 48

Evaluation of €,_ for IN-25-4DNP bound to anti-DNP
antibody at pH 9.5,/M: 0.1.
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and 1X (IN-25-4DNP) and are represented in terms of a I/b Vs '/c plots
(Eg. [31, Ch. 111, Part A) in Figs. 49 (IN-3, 6S-2DNP) and 50
(IN-2S-4DNP). The values of b and ¢ calculated for the IN-3, 65~2DNP
experiments were adjusted for non-specifié binding by normal{ -globulins
present in the antibody preparation. This was not done in the case of
IN-25-4DNP because of the previously mentioned difficulty in performing
equilibrium dialysis experiments with this hapten.

The values calculated for K, and [Ab] from Figs. 49 and 50

are listed in Table X.

Table X
Total Glob. Ko - CAb]
Conc x 10° M x 10-6 M-I x 106 M
IN=-3, 65-2DNP 0.63 3.2 3.6
{N-2S5-4DNP .69 10 9.1

Adjustment of the value for [Ab] found from experiments with
the IN-3, 65-2DNP system using solutions 0.63 x 10= M in protein to a
total protein concentration of .69 x j0~> M, identical to that used for
IN-2S-4DNP measurements, ieads to a value of 9.7 X 10® M. The difference
between this value and that determined from experiments with |N-25-4DNP
is considered a reflection of the uncertainties involved in the extra-

polation of the ‘/b vs 1/ plot to the llb axis.

Kinetic Studies

A) Determination of the Temperature Rise in the Temperature Jump Apparatus

The magnitude of the temperature jump was determined by

measurement of the voltage change, as seen on the oscilloscope, produced
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Table Vit

Binding of IN-3,65-2DNP by Anti-DNP Antibodies

pH 8

|N-3égs;§DNP é;pp(486mu,) A b c A 1/

x 10%EM]  x 10740 epm 1] x 1051 x 109TM] x 107CM~ 1] x 10°6M 1]
1.39 2.8| 0.977 1.36 0.03 0.735 33.0
1.68 2.74 0.922 1.55 0.13 0.645 7.69
1.95 2.72 0.907 1.77 0.18 0.565 5.55
2.02 2.72 0.907 1.83 0.19 0.546 5.26
2.14 2.61 0.822 1.76 0.38 0.568 2.63
2.70 2,52 0.752 2.03 0.67 0.493 1.49
2.88 2.43 0.682 1.96 0.92 0.510 1.09
3.16 2.45 0.698 2.21 0.95 0.452 1.05
3.31 2.39 0.681 2.15 .16 0.465 0.86
4,23 | 2.25 0.543 2.30 1.93 0.435 - 0.518
5.35 2.13 0.45¢ 2.41 2.94 0.415 0.340
6.20 2.08 0.41¢ 2.54 3.66 0.393 0.273
7.06 2.04 0.380 2.68 4.38 0.373 0.228
8.35 1.93 0.295 2.46 5.89 0.407 0.170
9.10 1.92 0.287 2.61 6.49 0.383 0.150
10.27 1.88 0.256 2.63 - 7.64 0.380 0.131
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Table IX

Binding of IN-25-4DNP by Anti~DNP Antibodies

pH 9.5

|N-§§523NP ,gspp (615 me) g b e 1/, 1/,

x 106 [M1 x 107%0MVem™!] x 1M1 x 105 x 10781 « 10-Spy1d
4.79 2.36 0.98 4.69 0.10 0.215 10.0
5.18 2.38 0.97 5.0l 0.17 0.200 6.0
5.80 2.40 0.96 5.55 0.25 0.180 4.0
6.39 2.47 0.92 5.88 0.51 0.170 1.95
7.16 2.55 0.88 6.25 0.91 0.160 1.10
7.96 2.69 0.81  6.45 1.51 0.155 0.663
9.39 2.80 0.70 6.56 2.83 0.153 0.354
10.7 2.88 0.64 6.85 3.75 0.146 0.267
1.2 3.06 0.62 6.9l 4.29 0.144 0.234
1.8 3.13 0.58 6.85 4.95 0.146 0.202
12,7 3.23 0.53 6.73 5.97 0.149 0.176
14.3 3,29 0.50 7.15 7.15 0.140 0.140

16.8 3.41 0.43 7.22 9.58 0.139 0.i104



/L

Figure 49

Binding data for the IN-3, 65-2DNP - anti-DNP system
at pH 8,}A= 0.1,
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Figure 80

Binding data for the IN-25-4DNP
at pH 9.5,/A= o0.1.
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by discharging the condenser through a buffdred solution (pH 7.5) of
the azo dye |-Napthol 4-(p-azoarsanilic acid), 2-sulfonic acid. The
optical density of this same solution at various temperatures was then
determined in a Beckman DU spectrophotometer fitted with a thermostated
cell holder. Similarly, a relation between voltage on the oscilloscope
and optical density of a solution in the temperature jump cell was
obtained by filling the cell with solutions of known optical densities.
These measurements showed that under the conditions used in this study,
i.e. fonic strength of 0.1 and a fixed spark gap setting of about 9 mm,
discharge of the condenser caused a temperature jump of 6°C in 6 to 10
microséconds. |

All binding studies were performéd at 25°C; for this reason the
temperature of the thermostat was set at 19°C, so that the final temperature
in the reaction cell after the temperature jump would be 25°C. In this
way the results of the equi!ibrium studies could be used to obtain values

of the equilibrium concentrations of antibody and hapten present after

+he re-equilibration process.

B) Reaction of IN-3, 65-2DNP with Anti-DNP Antibody

Temperature jump experiments were done with this hapten in
Borate buffer, pH 8, }x= 0.1, at which the free dye is mainly in the
deprotonated form. No relaxation effects were observed in solutions of
this hapten in buffer alone or in normal ¥ -globulin solutions of the same
total protein concentrations as those containing anti-DNP antibody.

The concentrations of antibody and hapten in the solutions used
for these experiments and the average relaxations times calculated from
experiments with these solutions are given in Table Xi; Example of a

relaxation effect in this system is shown in Fig. 51. Relaxation effects



145,

Table Xi

Relaxation Experiments with the IN-3, 6S-2DNP——Anti-DNP
System at pH 8

[Ab] total [HI] total [H] bound CAbJ CH] CAb+H] T ‘/7

6
< 10°m] %1% x 108 M x 10° M1 x 10° [M] x 10°[M] [sec] [sec-lj

3.40 2.77 1.75 .65 1.02 2.67 0,285 3.5l
3.40 4.86 2.48 | 0,92 2.38 3.36 0.185 5.4l
3.54 8.59 2.77 0.77 5.82 6.59 0.180 5.55
3.40 8.60 2.7l 0.69 5.89 6.58 0.195 5.13
3.40 10.9 2.82 0,58 8.08 8.66 0.150 6.66
1.75 15.4 1.47 0,28 13.9 14.2 0,152 6.58
3.16 18.9 2.78 0.38 16.1 16.5 0,119 8.40



Figure 5¢

Example of a relaxation curve in the IN-3, 65-2DNP -
anti-DNP system at pH 8,/~= 0.1. Sweep ~ 0.1 sec/cm.
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g@ were monitored at 590 mp 3 observations at 485 M gave identical values
for relaxation times, although as was expected, the curvature of the
relaxation curve was reversed with respect to the time axis.

The values obtained for |/?-are plotted as function of the
sum of the concentrations of free antibody sites and free hapten present
in Fig. 52. As can be seen the data fall on a straight line, indicating

+hat the reaction can be represented by an expression of the form

k
Ab + Hp 12 AbHp

Yo

The corresponding values for k|2 and k2|’ calculated on the basis of

‘equation [6] are

2 = 3.7 x 100 M sec! and k,, = 2.7 sec”!

I+ will be noted from Table X1 that the relaxation Times and,
also, the rate constants, obtained in this system, differ considerably
from those previously obtained in other similar antibody-hapten systems
(120, 121). For example, relaxation times of a few milliseconds and
forward rate constants of the order of IO7 M~! sec™! have been obtained
in the phenylarsonate system using antibody-hapten solutions of similar
concentration to those used here (121 ). In order to obtain further
information about the reaction in the IN-3, 6S-2DNP system, therefore,
+he effects buffer salt concentration, hapten structure and nature of
§-globulin preparation upon the reaction rate were investigated. The
results obtained are described below.

1 Temperature jump experiments were carried out with IN-3, 6S-

4DNP- antibody solutions of varying concentrations at pH 4.5 where all

free and bound dye present is in the protonated form (166). No

relaxation effect was observed under these conditions, a result which
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Figure.52

Concentration dependence of 'ﬁt for the IN-3, 6S-2DNP
———anti-DNP system at pH 8,/~= o.l1.
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could be due either to lack of sensitivity of the measureménfs or to
the enthalpy of reaction being very small.

(1) Two different borate buffers of pH 8‘)L= 0.1, were prepared.
These differed in that in one the ionic strength due to the buffering
salts was 0.025, while In the other it was 0.075. Identical amounts of
antibody and apten (IN-3, 65-2DNP) were mixed in these two buffers

- -6 -
([AB] = 3.3 x 107° M, Hapten = 12 x 1070 M), The visible spectra of

the solutions under these two different conditions were identical
indicating that the concentration of buffering salts had no obvious
effect on the combination of hapten with antibody. Similarly,
temperature jump experiments wi+6 these two solutions gave identical
values for the relaxation time, i.e. ¢ = 1.06 sec.

GRED An attempt was made to synthesize the methylated naptholic
derivative of IN-3, 65-2DNP on the basis of the rationale that any color
change observed upon combination of such a hapten with anttbody could
not be due to a protonation reaction. The hapten was therefore reacted
wifhvkefene, diazomethane and dimethyl sulfate; all these reagenis are
known as naptholic group methylating agents (192). Unfortunately, the
products of these reactions were all found to have no visible absorption
and it was concluded, therefore, that these reagents had destroyed the
azo group of the original compound.

av) In order to investigate the possibility that the slow
relaxation time observed was due to some property of the 'ﬁ—globulin
preparation used, experiments were also performed on another antibody
preparation isolated from the serum of a different rabbit. The antibody

concentration of this preparation was found by precipitin analysis to be
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approximately 10% less than that of the preparation used above.
Relaxation times obtained in exploratory experiments with this:
preparation were of the same order of magnitude as those given above.

The slow reaction in this system was also investigated using
+he Durrum-Gibson flow machine. Two sets of experiments were performed
at pH 8 }L= 0.} using antibody solutions that were 5 x 1076 M in anti-
body sites and hapten solutions containing 5 x 106 [Fig. 53] or 12 x
|0-§ M IN-3, 65-2DNP. A slow reaction was observed in both cases with
half |ife times of approximately 0.4 and 0.3 seconds, respectively.
Calculations of ki from Fig. 53 using the simplified expression +hat
applies in the case of equal reactant concentrations

t |/2 = 1 f12]
k|a
where '/2 and a are the half life time and initial reactant concentrations,

respectively, gave a value of k, =5 x 10° M~! sec™!, in good agreement

with that previously determined from relaxation measurements.

C) Reaction of IN-25-4DNP with Anti-DNP Antibody

Temperature jump experiments were carried out with this hapten
at pH 9.5,.}A= 0.1. This high pH was used to ensure that all free dye
present would be in the ionized form. No relaxation effects were observed
in solutions of this hapten in buffer alone or in normal {-globulin
solutions of the same total protein concentrations as those containing
anti~DNP antibody.

The concentrations of antibody and hapten in the solutions used
for these experiments and the refaxation t+imes calculated from the

corresponding experiments are given in Table X11, while a representative
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Figure 53

Example of a flow experiment at pH 8,4 = 0.1 in the
IN-3, 65~2DNP———anti~DNP system. Upper curve 480 mpu lower curve
600 my.. Sweep 0.5 sec/cm. Horizonta! lines are sweeps triggered
after the system had reached equilibrium.
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Table X11!
Relaxation Experiments with the IN-2S-4DNP——Anti-DNP
' System pH 9.5
- - - - 1Y
[ab] total [H] tota! [H] bound CAb] [(H]  C(ADY+(H)Y] T /z

x 106 [M] x 106 M x 10° [M] x 10° [MJ x 105 [M] x 105 [M] x 10°Tsec] x 10 secI]

13.2 24. 1 13.2 - 10.83 10.8 0.95 1.05
13.7 21.3 13.7 - 155 7.55 1.47 0.68
12,7 17.8 127 - s 5.0 .60 0.63
9.95 7.05 7.05 2.90 - 2.90 1.75 - 0.57

6.31 6.42 5.97 0.34 0.45 0.79 2.50 0.40
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relaxation curve is shown in Fig. 54. The concentration dependence
of |[1 for these experiments is plotted in Fig. 55 and the values for the

forward and reverse rate constants, calculated on the assumption that the

reaction is of the form

K

Ab + Hp _Ki2, AbH
. . VE—-‘-"
21
were k;z = 6.4x 10/ M) sec—! and k2| = 320 sec”!

Preliminary experiments were also performed at pH 8‘}&= O.l'wjfh this
system. Althugh no relaxation times were calculated, inspection of these

results indicated that these were of the same magnitude as those found at

pH 9.5.

DISCUSSION

Equilibrium Studies

In Their study of the equilibrium aspects of the interaction of
IN-3, 65-2DNP with anti-DNP antibodies Metzger et al. (166) pointed out that
the reaction of a hapten that can undergo an apparent change in pK upon

binding to antibody can be represented in terms of the following reactions

Ab + DH = AbDH

Ab  + D = AbD
- +

AbD + H = AbDH

where Ab represents an antibody site and D™ and DH are the ionized and
protonated formns of the free hapten, respectively.

In any given sysfem and at given concentrations of hapten and
antibody the relative concentrations of the various sbecies D™, DH, AbD™
and AbDH will depend on the equilibrium constants for these reactions as

well as on the pH of the solution. This was demonstrated spectrophoto-
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Figure 5%

Example of a relaxation curve in the IN-25-4DNP—
anti-DNP system at pH 9.5/w= 0.1. Sweep - | milli, sec/cm






Figure 55

Concentration dependence of 'Az for the |N-25-4DNP.
anti-DNP system at pH 9.5}\= 0.1,
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metrically in the IN-3, 65-2DNP system (166) and has also been shown
+o be true in the case of IN-2S-4DNP in this study. Thus, at pH 4.6
binding of IN-25-4DNP to antibody produced only a slight change in the
spectrum of the dye [Fig. 43]. At higher pH's, however, the effect of
binding on the dye's spectrum was more obvious, as was seen in Figs. 43
and 45 for experiments done at pH 8 and 9.5 respectively.

The effects produced by antibody on the spectrum of IN-25-4DNP
at pH 8 and 9.5 differed considerably, i.e. at the higher pH the
absorbance of the bound form of the hapten in the 480 @p.region decreased
and a new peak at about 635 ﬁp.appeared. The spectrum of the free dye also
undergoes a change at this pH due fo titration of the naptholic OH group
which leads to an increase in absorption atw615 mpa o However, by analogy
t+o the IN-3, 65-2DNP system and in view of the different positions of the
absorption maxima,if seems logical to Interpret the different spectra
of antibody-hapten solutions at these two pH'S in ferms of ionization of
the bound hapten. This conclﬁsion is also confirmed by the presence of
two isosbestic points in Fig. 45, indicating that at pH 9.5 three
forms of the hapten IN-2S-4DNP are present. As all free dye at this pH
must be in the ionized form, the remaining species are considered to be
+wo forms of the bound hapten - in which fthe naptholic OH group is
neutral or ionized.

Spectral binding measurements showed that both IN-25-4DNP
and IN-3, 65-2DNP exhibited a high affinity for anti-DNP antibodies.

The high value of Ko (10 x 105 My in the IN-25-4DNP system at pH 9.5%

does appear interesting in view of the finding that the affinity of

* |+ should be noted that values obtained for K, rgfer +o0 the overall
binding of both forms of the bound hapten i.e. AbD and AbDH.
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IN=3, 6S-2DNP for anti-DNP an+ibody‘bégan to exhibit a marked decrease

in this pH region (166). This could be due to charge repulsion between
the negatively charged hapten and the protein, which becomes increasingly
more negative in this pK region (193). The absence of such an effect in
the case of IN-25-4DNP might be due to its possessing one less sulfonic
acid group than IN=3, 6S-2DNP or to the different positions of the charged
groups and haptenic determinant group in these two haptens.

In summing up the various observations made in the equilibrium
studies of these systems, it appears that in spite of the differences in
the structures of the three azo dyes used, 1.e. IN-25-4DNP, 1N-2S5-4pNP
and IN-3, 65-2DNP, all of these molecules exhibited similar spectral
changes in the presence of rabbit anti-dinitrophenyl antibody. Thus,
binding of each dye to antibody at pH 8 caused a shift in the spectrum
of the (ionized, free) hapten to that corresponding to the free, protonated
form of the dye. Moreover,the behavior of the IN-2S5-4pNP system indicated
+hat although this hapten lacked a nitro group in the 2 position, it
interacted sufficiently with anti-dinitrophenyl antibody to exhibit a
spectral change.

The tatter result is to be expected in view of the extensive
cross reactions of nitro- and dinitro- phenyl haptens (194). However, a
consideration of the similar spectral effects caused by binding o anti-
body binding on IN-2S-4DNP and IN-3, 65-2DNP would seem 1o indicate that
+he spectral behavior of these dye-hapten antibody systems is relatively
insensitive to the overall structure of the hapten. Thus, these results
might support the premise (166) that these specteal changes are due fo a

non-specific, secondary interaction which does not involve the haptenic
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determinant group, such as a stabilization of the bound hapten in a

protonated form because of the hydrophobic nature of the binding site.

Kinetic Studies

In accordance with the reaction schemes mentioned at the beginning
of this discussion it is possible to represent the overall kinetic behavior

of the hapten-antibody systems studied in terms of the following mechanism:

| H
K
- 12 s -
Ab + D T AbD
21
{1t sy I
+ \ 2 N -
It ’ v

where Ab, D, and DH are as previously described. One can assume that the
equilibration steps between states | and 111 and 11 and IV are very fast
relative to the other reactions in the system since under the experimental
conditions of this study both these steps involve protolytic reactions in
a buffered system. Moreover, If these reactions were slow then two
relaxation times should have been observed, whereas no evidence of this

was found. Keeping the above in mind and noting that.

Ab + AbD + AbDH = Constant = +total antibody [137]

D + DH + AbD™ + AbDH = Constant = fotal bapten [14 1]
and defining 6+_ = D~ +DH as total FREE hapten Ci57]
K H+1[D™
- o Cis ]
‘and K CH+JCAbD ]

= [AbDH] Li7 ]
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one can showr. that

Vg = ‘fZI( k! )+ ‘%143( [H*] )

K! + [H*] [HH] + K

+ %12 _K + kg [Ht] (_ _
K+ [H] [t o+ ¢ J\VP O F Df) [18]

or |/T = kY"app + k¢ app (Ab  + D¢) * Lol

I+ is therefore obvious from equation [19] that the relaxation
Time,ﬁz, for an overal| reaction scheme such as the one mentioned, would
show an apparently identical concentration dependen;e at a given pH to
that expected for the simple process of
Ab + Hp == AbHp
In fact, however, the magnitude of the relaxation time will depend both on
+he concentrations of Ab and D as well as on the pH of the solution and
on the pK‘§ of the bound and free forms of the hapten.
Two limiting forms of equation [18] may be considered:
(i) 1f CHYI » k> K! j.e. both free and bound forms of the dye
are protonated
then 1/v = ka3 + ks (Ab + D) £20]
(i) M DH 3wk « k! j.e. both free and bound forms éf the dye
are in the deprotonated forms then

12 (Ab + Dy) [21]
In view of t+he above it should in principte, be possible to determine all
four rate constants by determining the concentration dependence of { at

various pH values.

* A similar mechanism and behavior have been postulated by Dunford et al
for the binding of fluoride ion by horse radish peroxidase (195). This
equation has been derived in detail in Appendix A.
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in the present study the rate constant for the association
of anti-DNP antibody with IN-3, 6S-2DNP at pH 8 was found to be

. ]
3.7 x 107 M1 gec '. This value was smaller by ftwo orders of magnitude

t+hen those calculated for the association step in other antibody-hapten
systems (119-121). Moreover, there was a significant discrepancy between
the values calculated for Ky from equilibrium binding experiments and
+he ratio of Ki2 to K2), One reason for this may be that the value of
ko calculated from the plot of 'LT vs (Ab + D) in Fig. 52 was in fact
a complex rate constant, K¢ app, @s defined in equation 18] and [19].
In view of this it is worthwhile to consider the possibility
+hat at pH 8 the antibody reacts preferentially wi+ﬁ the small amount of
hapten that is present in the protonated form and therefore that the
reaction involves only states |, |11, IV of the reaction scheme
mentioned. Such a process might be favored if, as mentioned previously,
+he fonized form of the hapten could not interact with the antibody site

due fo charge repulsion of a negative group on the protein or if water of

hydration associated with the fonized naptholic OH group led to unfavourable

steric interactions.* |f this were true then the concentration
dependence of |/7 in this system would be given by the relation
1/ = k + k +: - -
T 43 34 (__Ei_']__> (Ab + Dj) ** [23]

HM + «
The slope of Fig. 52, i.e. 3.7 x 10° M=) sec™!, would then equal

kgl _[HY]
CHH] + K

which after substitution of the appropriate values of [(H*] and K, i.e.

* The steric effect of water of hydration has been noted in the extensive
cross reaction of substituted benzene haptens e.g. pheny!| iodide, with
antibodies directed against pyridine (95).

¥* Please see Appendix B
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10™ and 3.2 x 10" (166) respectively, leads to a value of 1.2 x 10’
l - -

M= sec™! for k34, and a calculated K, value of 4.2 x 10%° M",* This

value for k34 is in agreement with those obtained for association rate
constants in other antibody-hapten systems and also agrees quite well

with that found by Day et al, i.e. 8 x 107 u~I sec™!, in fluorescence

quenching, s+o§ped flow experiments with this system at pH 5 (166),

at which pH almost all of the bound and free forms of the hapten are
present in their protonated forms. Moreover, this mechanism leads to
sa#isfac?ory.agreemenf between values of K, calculated from kinetic and
equilibrium data.

I+ should be stressed that the above interpretation is not
unequivocal and obviously can only be verified by a complete study of
the pH dependence of the reaction. This was attempted to a certain
extent in this study. However, as has been men+ioneq?experimen+s at -
pH 4.5 proved unsuccessful, while lack of sufficient antibody prevented
further experimentation at hlghApH. In any case the latter might have
proven difficult to perform in view of.fhe dissociation of antibody-
hapten complexes in this system at pH's greater than 9.5 (166). This
latter complication would of course invalidate the simple mechanism
proposed as it does not take into account any variation in rate constants
with pH due to charge repulsion effects.

In the case of IN-25-4DNP the value found for'ﬁ=was calculated

as 6.4 x 107 M~ sec™!., The agreement of this result with that found by

*1t+ should be noted that the alternate assumption that the reaction involves
states [, |1 and IV, leads to values of K|, andk 5| of 3.7 x 102 M-t goc-|
(unchanged from that mentioned previously) and 30 sec-|, respectively.
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other aufhoré would indicate that in this system the reaction involves
states |, Il and IV of the proposed mechanism.* The different behavior
of this hapten from IN-3, 6S-2DNP could be explained in terms of the
different orien+a+ions of the naptholic OH and DNP groups in these fwo
dyes. In the case of IN-25-4DNP any steric hindrance of water molecules
about the naptholic O  group would not interfere with interaction of the
DNP determinant with the antibody binding site; moreover, as previously
mentioned the lower (negative) charge of this hapten would reduce the

effect of repulsion by the (negatively) charged protein.

* No satisfactory explanation can be offered at present for the
discrepancy between the equilibrium constant calculated for this system
by static and kinetic experiments.



GENERAL DISCUSSI10ON

As has been stated throughout this thesis the nature of the
Interactions that lead o the spectral shifts or apparent pK changes of
pH indicators upon binding to proteins are poorly understood. Moreover,
as these phenomena have been employed as an analytical toot for the study
of dye-protein interactions in both this and other studies, it was felt
that an intensive investigation of these reactions would prove worthwhile.

As relevant to one aspect of these phenomena, a comparison of binding data
for antibody-dye hapten interactions, as obtained by spectral and
equilibrium dialysis techniques, was carried out. |t was pointed out that
"a priéri" reasoning might lead one to expect that a dye-hapten would not
possess a unique, single~valued, bound extinction coefficient in the
presence of an antibody population that exhibited a disfribution of affinities
for it. On the other hand it could also be possible that the dependence

of the extinction coefficient of the bound form of the hapten on the
variations In antibody-hapten interactions that lead to heterogeneity would
be undetectable experimentally. In such a case the bound extinction
coefficient could be considered, for all practical purposes, to be single
valued.

In the experiments reported in this study with anti-dinitrophenyl
antibodies and IN-3, 65-2DNP, a small difference was noted between the binding
curves calculated from spectrophotometric and equilibrium dialysis
measurements. Because of the small magnitude of this difference,~10%, it
was felt that, in this particular system, valid results could be obtained with

the spectrophotometric method. However, this conclusion cannot be applied
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%@ indiscriminately to all antibody-hapten systems. For example it was
found (196) that antibodies produced in different rabbits against the
same determinant group, p-ars®nilate, caused different spectral changes
in the same p-arsanilate azo-dye. This result could only be dﬁe to a
variation in extinction coefficient of the dye on binding to the
different molecules in an antibody population. 1t is felt, therefore,
t+hat in view of these results and of the above reasoning, that spectro-
photometric data should be compared to those obtained by an absolute
method, such as equilibrium dialysis, whenever possible.

The behavior of a dye exhibiting a spectral shift upon binding
"non-specifical ly"* to a protein was explored in some detail in the s$tudy
of the reaction of IN-25-4DNP with BSA. Unfortunately, however, no
unequivocal description of the mechanism of this spectral shift could be
presented. Thus, although evidence was obtained supporting the idea that
the spectral change was due to an interaction of the bound dye with
carboxylate groups of the protein, it was noted that this interpretation
might have been based on a fortuituous correspondence of the titration
curve of the bound dye to that of the protein's carboxylate groups. In
the same way it was not possible to distinguish between specific and non-
specific effects due to the addition of anions which acted as inhibitors
of the dye's spectral shift. Such difficulties often arise in the
“interpretation of reactions between proteins and small ligand molecules.
In a molecule such as BSA, the complexities introduced because of its

having a high molecular weight and large number of titrable groups often

* Specific interactions usually refer fo the reactions of enzymes with
their substates, or of antibodies with their homologous haptens or antigens.
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make it impossible to distinguish between or delineate the different
effects produced by the alteration of a single external parameter. For
example titration of the protein not only changes its charge, but can
also lead to alterations in its structure, and atl such effects must be
considered in a detailed description of the mechanisms of reactions
involving a protein. In view of such complications it was felt that a
clearer and more complete understanding of the phenomena observed in

this study could be obtained through recourse to indirect methods, rather
than relying on observations based on the results of alterations in the
molecule itself or in its environment.

An attempt was made to study the kinetics of the reaction of
IN-2S-4DNP with BSA at pH 5 with the temperature-jump technique.
Unfortunately, no relaxation effect was observed in these experiments; this
may be interpreted as being due to The enthalpy of reaction being zero
or very small in this system. Since the apparatus became available just
prior to the termination of this study only one (trial) experiment was
performed with this system using the Durrum-Gibson stopped flow instrument.
At reactant concentrations of about 5 x 1070 (dye and protein) the
system exhibited a large signal change with a half life of about 10 milli-
seconds, indicating that the reaction could be studied by this technique.

A comparison of the results of fthe equilibrium studies performed
with BSA and antibodies, with IN-2S~4DNP, points to the diffefences between
specific and non-specific protein-ligand reactions. These two systems
differed most obviously in their equilibrium constants, that for the

combination of antibody with IN-25~4DNP being 100 times greater than that



of the BSA system. It should be noted that a sfricf comparison of

these two systems cannot be made as experiments were performed at pH 5
with BSA and at pH 9.5 with antibodies. However this comparison is still
felt to be valid as it would be expected that the affinity of BSA for the
dye would be less at the higher pH due to increased change repulsion.

In view of the fact that no study was made of the relative
affinities of the DNP determinant group itself for +he two proteins, it
should be noted that the results obtained are indicative only of the
strengths of the overall protein-dye bonds formed. Metzger et al (166)
have pointed out that the contribution of a large molecular group, such as
the I-napthol, 2-sulfonic acid group, to the free energy of a hapten-

antibody reaction can be quite considerable. As no inhibition experiments

were performed with the IN-25-4DNP

antibody system, no comments can
be made about the relevance of this argument to the results reported.
However; it was seen that a 10,000 fold excess of the l-napthol, 2-sulfonic
acid did fail to displace the dye from its binding sites on the BSA
molecule. In this system, therefore, it is obvious that the main contri-
bution to the free energy §f interaction is made by the 2, 4-dinitropheny!
greup.

One apparently anomalous result was obtained in these equilibrium
studies. Thus, although both IN-25-4DNP and IN-2S-4pNP underwent similar
bathochromic shifts in the presence of anttbody at pH 8, only IN-25-4DNP
exhibited a spectral shift in the presence of albumin at pH 5. This result
indicates that in +his case, the BSA molecule, in contrast to anti-DNP
antibodies, can differentiate between two dye-haptens of similar structure.

Although this conclusion might be interpreted in terms of a greater
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specificity of the reactions in the dye-BSA system it is of course

only relevant to those protein-dye interactions which lead to a spectral
shift and does not necessarily reflect the relative affinities of the

two profeins for the two dyes. The latter is obvious from the observation
that no spectral shift was exhibited by IN-2S-4DNP at pH 2 in the

presence of BSA even though all of the dye present was bound to the
protein.

Further comparisons of the different effects of BSA énd anti-
bodies on the spectra of the dyes used, also point to obvious differences
in the binding sites of the two proteins. Thus, for example, at pH 5
and at the same conditions of ionic strength [Fig. 46], albumin produced
a large spectral shift in lN-ZS;4DNP, while the antibody had almésf no
effect. The reverse was found to be true at pH 9.5 [Figs. 8, 451, as under
these conditions no large spectral shift was observed In the presence of
albumin., Although these differences-do exist between the two proteins,
it is possible by analogy to the hypothesis advanced in Chapter ||, t+hat
the spectral changes of these dye haptens in the presence of antibody are
due to similar types of interactions i.e. between +he bound hapten and
a positive group e.g. the € -amino group of lysine. The formation of a
strong hydrogen bond, or actual hydrogen ion transfer, by such a proton
donating group would then allow the bound hapten to exist in a "protonated"
form on the protein with the result that a spectral shift would be
observed. Moreover, the pK of the lysine group is about 10 (193), which
is in the region of that of the bound form of IN-3, 6S-2DNP (166); the
spectral results obtained here also indicate that the titration of bound

IN-25-4DNP occurs in this pH region.



168.

As an alternative to this hypothesis, Metzger et al (166)
suggested that the spectral shift of IN-3, 65-2DNP was due to the binding
of this hapten in a hydrophobic region of the antibody molecule. 1In such
an area the protonated OH form of the hapten would be more stable and in
addition could be stabilized, intramolecularly, through hydrogen bonding
to either the azo or 2-nitro groups of the hapten. Obviously, the same
type of process could occur with IN-2S-4DNP or IN-2S-4pNP, as in both
these hapfen; stabilization of the protonated, bound form of the hapTeh
could be accomplished through hydrogen bonding to the oxygen atoms of
the 2-sulfonic acid group.

The comparative study of the kinetics of the reaction of
IN-2S-4DNP and IN-3, 65-2DNP with antidinitropheny! antibodies was aiso
performed to gain further information about antibody dye feacfions, leading
to spectral shifts. |1+ was found that in spite of Their having different
charge properties and structures both dyes exhibited similar spectral
shifts in the presence of antibodies. A difference was noted in the
affinity of the ftwo molecules for the antibody and the higher binding of
IN-25-4DNP was suggested to be due to its lower negative charge and to
the greater distance between the naptholic OH group and the DNP determinant
group in this dye.

Much larger differences were noted between these two haptens in
kinetic studies. The rate constants calculated from experiments with
IN=-25-4DNP were found to be of the same order of magnitude as those
calculated for other hapten-antibody systems. The behavior of IN-3,
65-2DNP, however, was found to be unusual in that relatively low values

for the forward rate constant were obtained. The different results led
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to an interpretation of the reaction mechanism of IN=3, 6S-2DNP with
antibody at pH 8 in terms of a preferred reaction of the protein with

+he smal! amount of protonated free dye in solution. On the other hand,

. +he reaction of IN-25-4DNP appeared to involve the more obvious step of

reaction of the ionized form of the free dye with the antibody site.
These differences were explained In terms of the different structures of
+he two haptens and a possible inkibitory steric effect of bound water
molecules associated with the ionized form of the naptholic OH group in
IN-3, 65-2DNP. These differences could also be related fo the inter-
actions that lead to the dye's spectral shift on binding to antibody.
Thus in the case of IN-3, 6S-2DNP it appears,és Metzger et al have
suggested (166), that the hapten acquires a proton from solution and is
stabilized on the antibody in a protonated form because of the hydrophobic
milieu of the antibody site. In the case of IN-25-4DNP, the antibody
appears to react with the jonized form of the hapten. In t+his case then,
+he proton acquired by +he bound dye could be donated from the solution,
or as postulated earlier in this discussion, from a donor group on the
protein.

Theoretical considerations of the kinetics of protein-ligand

interactions have led to the calculation of a value of 1.5 x |09 m! sec”!
for the forward rate constant of a diffusion controlled reaction between
uncharged reactants having spherical symmetry (147). The value obtained
for +his rate constant in the IN-2S-4DNP system, 6.8 x 107 M) sec!, is
substantially less than the above. The difference between these fwo

values could be due, as has been suggested by other authors (119, 120),

+o the necessity of overcoming repulsive forces between the similarly
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.charged hapten ;nd antibody molecﬁles. I+ is also possible that a
conformational change is involved in the primary antibody-hapten
combination step, as well as in the processes leading to a spectral
shif+. Both these factors would lead to an increase in the activation
energy of the reaction and, therefore, to smal ler forward rate constants
than the theoretical maximum mentioned aboyé.

i+ should be noted that although the antibody preparation
appeared to be markedly heterogeneous with respect to its equilibrium
constant, as seen from the curvature of |/b vs '/c plots, this was not
obvious from +he kinetic behavior of these systems; antibody heterogeneity
has also not been observed directly in the kinetic experiments in other
temperature-jump relaxation s+udies‘of these reactions (120, 121). By
contrast anfiquy heterogeneity has been detected directly in fluorescence
stopped flow measurements of these systems performed by other authors
(119). The above points to one disadvantage of the temperature-jump
technique, i.e. that the sensitivity of this method is quite low, due to
the fact that the effects measured are usually small. By comparison, the
signals measured in flow experiments are relatively mich larger, as they may
represent the difference in absorption of solutions in which The'hapfen
is all in the free state or all bound.

Another difficulty encountered in this work was due to a
limitation of the temperature-jump apparatus employed. Thus, in order
+o al low observation of the extent of a hapten-antibody reaction, the
hapten employed had fo undergo a change in its visible spectrum upon
reaction with antibody. Six dye haptens, of different structure,

containing the phenyl arsonic acid, or p-phenyl azo phenyl arsonic acid
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determinant group* were synthesized, but unfortunately were not found

to undergo any detectable visible spectral shift in the presence of
homologous antibodies. In fact to this date only eight dye haptens
(known fo the author) have been found to exhibit this property. In view
of this, it is obvious that a modification of the apparatus to allow
measurements of systems exhibiting fluorescence changes would greatly
increase the versatility of this technique. |In particular such a
modification would allow verification of the proposed mechanism for the
reaction of IN-3, 65~2DNP with antibody. Moreover, as the energy fransfer
processes involved in fluorescence quenching are over within IO-|2 to
10713 of a second (197), observations of the extent of reaction using
this technique would be independent of the rates of any profdna+ion
reactions or conformational changes occurring in these systems, assuming

of course that the latter had no effect on the quenching step.

% The different haptens were prepared by the coupling of the diazonium
salts of 4-amino benzene arsonic acid and 4-(4-amino phenylazo) - benzene
arsonic acid to |-napthol 4-sulfonic acid, l-napthol 3, 6-disulfonic acid
and 2-napthol 3, 6é-disulfonic acid respectively.



Summary

)

2)

3)

4)

5)

The interaction of the dyes IN-25-4DNP, IN-2S5-4pNP and

iN-3, 6S-2DNP with BSA wés shown to lead to large spectral
shifts under appropriate conditions.

The equilibrium constant for the reaction of IN-2S~-4DNP

with BSA was found to be about 2 x 10° at pH 5, m*0.02. The
pK of the bound form of this dye was determined and the

effect of anions on the titration curve of the dye evaluated.
The effect of pH, of structurally related inhibitors and of
the dielecttic constant and ifonic strength of the medium on
the reaction was evaluated. Two types of inhibition i.e.

A) displacement of the dye from the protein and B) reduction
of the size or extent of the spectral shift without
displacement of the dye, were found fo exist and were explained
on the basis of protein denaturation and electrostatic effects,
respec?ively.-

The spectral shift of the dye on binding was postulated to
involve the formation of ydrogenr' bonds with carboxylate
groups of the protein. This conclusion was based on the results
of added anions on the dye's titration curve and on the
correspondence of the titration curve to that of the protein's
carboxylate groups.

A comparison of the values of equjlibrium constants determined
by spectrophotometric and equilibrium dialysis measurements

in the IN-3, 6S-2DNP ________ antibody system showed that the

former technique was valid in this case.
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‘ 6) Difficulties in interpreting the results of spectrophotometric
binding measurements due to the heterogeneity of antibodies
with respect to their binding affinities were discussed.

7} The effect of anti-DNP antibodies on the spectra of IN-25-4DNP,
IN-2S-4pNP and IN-3, 6S-2DNP was determined. It was found That
these three dye-haptens exhibited similar spectral changes on
binding to antibody,which at pH 8 could be inferpreted in terms
of a stabilization of the bound molecule in a protonated form.

8) The kinetics of the reactions of IN-25-4DNP and IN-3, 6S-2DNP
with anti-DNP antibodies was investigated. The IN-25-4DNP
system exhibited similar behavior to that of previous systems
studied and the rate constant for the combination of antibody
with hapten was evaluated as 6.4 x 107 M=t sec!.

9) The apparent forward rate constant in the IN-3, 6S-2DNP system
was found to be lower by two orders of magnitude than the above.
This difference in behavior was pos+§|a+ed to be due to
structural dissimitarities in the fwo haptens which led to a
preferred reaction of the anti-DNP antibody, at this pH, with

the protonated form of IN-3, 65-ZDNP.
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@ Claims fto Originality

t)

2)

3)

4)

5)

6)

7)

The interaction of IN-25~4DNP and IN-3, 6S-2DNP with BSA was
sbserved spectrophotometrically and the equilibrium constant
for the reaction of the former dye with the protein determined.
The effects of pH, dielectric constani etc., and various
inhibitors on the reaction of IN-2S-4DNP with BSA were
evaluated. The pK of the bound form of the dye was determined
and the effects of anions on the bound dyé's titration curve
studied.

A possible explanation for the mechanism of the spectral shift
was advanced in terms of interaction between bound dye molecules
and carboxylate groups of the protein.

A comparison was made of spectrophotometric and equilibrium
dialysis techniques for the evaluation of equilibrium constants
in antibody-hapten systems. |

The possible effects of antibody heterogeneity on results of
such spectrophotometric experiments were discussed and it .was
suggested that reference be made to absolute methdds when
interpreting these results.

The interaction of IN-25-4DNP with anti~DNP antibodies was
investigated and the large spectral shift of this hapten in
+he presence of antibody used for evaluation of the

equi librium constant for this reaction.

The equilibrium constant for the reaction of IN=-2S-4DNP with
antibody was found to be | x 107 in spite of the high pH, 9.5,

at which experiments were performed.



8)

9)

10)

i

A comparison of the kinetics of the reactions of IN-25-4DNP
and IN-3, 65-2DNP with anti-DNP antibodies was made using

the temperature-jump technique.

A slow reaction was observed in the IN-3, 6S-2DNP system at
pH 8. The suggestion was advanced that this was due to a
preferred reaction of the antibody with tThe protonated form
of the free dye-hapten.

The rate constants for the association and dissociation steps,
for the reaction of IN-25-4DNP with antibody, were found

to be 6.4 x 107 M= sec™! and 320 sec™! respectively.

The difference in kinetic behavior of IN-3, 6S-2DNP and
IN-2S-4DNP was attributed to structural and charge differences
between the two dye-haptens. |t was also suggested that the
type of interactions that lead to spectral shifts in these
systems might depend on the structure of the particular dye-

hapten involved.



APPENDIX A
For the system
I I
- k -
Ab + D 12 AbD
F—
I 2! I
k
Ab + DH 4. AbDH
k
i 43 v
420) o L kjp (ADY(DT) - ks (ADY(DH) + kpy (ABD™)
+ k43 (AbDH)
Now Ab + AbD™ + AbDH = const.
DH + D~ + AbD™ + AbDH = const.
Defining . K = (BT)(HY
DH
K' = (AbD™) (H*)
(AbDH)
and Ab = Ab + & Ab
D™ = 5‘ + p D
AbD™ = AbBD™ + pADD™
DH = DH + »DH
AbDH = AbDH + p AbDH
and substituting (6) to (10) into (1) (and neglecting small terms)
gives
d aAb = - o
—F = - ky2 (D7)(6Ab) - Kyp (AD)(&D7) - k34 (DH) (aAb)

- kzg (Ab) (aDH)

Now from (2) and (5)

+ ko| (8ABD™) + kg3 (pABDH)

Ab + (AbD=) ( k! +

K!
K 8Ab + (®ABD™) ( K|

L

(Hh )

const.

+ (HH )

Kl

N
(2)

(3)

(4)

(5
(6)
(7

(8)
(9)
(t0)

()

(12)

(13)



- and from (3), (4) and (5)

D~ ((Hﬂ. + K) + (AbD™) (K' + (H"'))
K

= const.
Kl
. o ﬂiﬁ) + oABDTY [ k! 4 (1t
.- K [ e, = 0
Kl

Combining (13) and (16)

s Ab = aD™ ((H+) + K)
Also since K
ADH = aAb [ (Hh )
K + (de
and also a Ab = -pAbDH ( (HH) + K')
(HhH

Substitution of (13), (16), (17) and (18) into (il) and collecting

terms leads +to

r_xl77.

(14)

(15)

(16)

(7

(18)

¢ RE L _amb | K, B + ksq OR Y
at A 12 34 DH + k5 Ab(L )+ ksq AB[ (HY)
K + (H+) ) K + (H+)
| .
& AB koy { K ' K (H+)
- 4 ———————eeren.
From Appendix B. and as preyiouSly defined
Dy = p- + DH (20)
and o o= _K Dt (21)
K+ (HF)
(H*) + K
Therefore (19) yields
doaAb T . ‘ 1 o
dt | P2 l=——=\ tkgq (HH \la Ab 1Ab + D)
+ 34 T
K+ (HT) K+ (H+)
i kg3 (MY
KKI + (H*A <1+ A Ab (23)
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From this
| - Kl [ +2
/-z k2| ( l ) + k43 H )
Kl +H) Kl +(HF)
+Yk|2 K + K (H") - - :
' 34 _—
(K N (H+)) T K) (Ab + Dy) (24)
. |/.( = kr app + K app (Kb + 61-)



APPENDIX B
Considering a reaction involving states |, 11l and IV
(state |1 may be neglected because of the relative values of the pH 8,

and the pK of the conversion step from states lI to 1V, 9.5 (166),

we can write the system as

ab + DH K2 AbDH

P
1 %
HY + B @ ¢
then d Ab = -k, (AD)(DH) + M2y (AbDH) (n
at
Defining -
Ab = Ab + sAb (2)
DH = DH + & DH (3)
AbDH = AbDH + 8AbDH (4)

(where all terms are as previously defined and represent appropriate
reactant concentrations).

and substituting 2-4 into | while neglecting small term products leads to

dad{i\_b = = Ky (Ab)(aDH) = ky2(DH)(8Ab) ~ Ko (5AbBH)
= = Ky2(Ab) (aDH) = k|,(DH)(aAb) - kpj(aAb)  (5)
Defining Dy = D™ + DH (6)
_  [oamHtd N
and K - DH
+hen D, = DH
t Ty K + DH (8)
= DH (I +K )
[H+7
= DH (K + [H'D (9)
(HF]
Also since
8Dt - sD" +aDH = aAb €10
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then 5Ab = sDH (K + [H¥])
CH*J
or »nDH = pAb CH] | an
K-+ [H+]
Substituting into (8) above.
d A Ab -
5 = - kg C_DHT] Y. A Ab (Ab + D) - ky)AAb  (12)
K +[H]
and therefore l/,( = Ky * Ky CHH] (Ab + Dg)  (13)

K + [HY]
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