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FOOK HAI LEE

EQU:ILIBRTIM AND KTNETIC STUDTES ON TIÍE REAC]SON OF
ANTfBODY i¡IfTH A I]NIVAIENT ANTTGEN

A univalent antigen, DNPI, r¡ras prepared. by coupling a 
,i,.rl

Zr4-Ai-nitrophenyl (nilp) group onto the sole lysyf residue at position

29 of the B chain of bovine insul-in. Spectrophotometrie analysis

revealed. that only one DNP 8roup had. been introduced per insulin 
,:.,:

d.iner.Co1r¡mnand.thin-1ayerge1fi1trationchromatographyexperiments

in O.OIM PBS, pH 7.4 established that the DNPT existed. as dimers ),!,,,1'

(¡¿.w. : l-2rooo) at a concentration of t x to-4u.

TLre affinity eonsta"t (if ) for the reaction of anti-DNP'o'
antibod.ies and. their unival-ent Fab' fragments with DNPI, as d.eternined.

by fluorescence quenching, was found to be about one half of that

for the eoruesponding reaction involving the hapten e -DM-lysine.
:

Tkre bind.íng of DM-Insulin by both intaet antibody and Fab' fragments

appeared to be more homogeneous than the bind.ing of e-DNP-lysine by

the sane antibod.y preparation. 
:.:::.1

Kinetic ex¡reriments perfozned with the stopped-flow teehnique ,:.':'.

revealed that both bivalent antibody and. Fab' flagrnents reacted. with .,;,, 
:

_, ,-

DNP-Insulin in a "biphasic" manner: an initial rapid. drop-off in

fluorescenee 'was fol-lowed. by a slower approach to equilíbrii:m. Tlrerefore,

the following mechanism was proposed.: 
1,,,.,,

Ab + Ag AbAgx

where the second step represents a reamangement of the complex. Rate

constants of association for the initial reaetion of DIVPI with intact

antibody and. their univalent trbb' fragnents were found to be 4.7 x tO6l¿-1r""-f
â -t -land.5,3xro"M*sec-,respecti.ve1y.Bothrateconstantswere1owerthan

those observed. by others for reacti-ons involving DM-Iysine.
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t.

Ctrapter I

TIIE PROPERTTES OF ANTTGENS A]TD AIITIBODTES

fNTRODUCTÏON

frnmirnity is the principal defensive system of higþer organisms

against d.isease, leaving the host in a higher state of resistance af'ter

the initial attaek. This inmune phenomenon has been observed by man-

kind. since the time of Thucydíd.es. Tkre Chinese have, since the fifbeenth

century, practised. prophylactic induction of srnallpox infection by

inhalation of dried powd.ers of smallpox erusts througþ the nose rin the

saJne manner as we take snuff I (Hi:mphrey and. White, L97O).

Beginning in the 15th eentury, this at^Iareness led to

deliberate attenpts to study the nature of innunity. Ttre pieture be-

cane somewhat clearer, when in 1BBB Roluc and. Yersin first d.emonstrated.

that antibod.y was formed. during the proeess of inmrrnization(Hunptrrey and-

ir,lhite, L97O). Subsequently, a large,m:mber,.of irnrestigatorsi,turned. their

attentio:n to the fundarnental aspects of the nature ín whichLantibod.y interacted..



with its homologous antigen. Paul Ehrlich was the fi-rst to believe

that the antigen-antibody interaetion is fund.a¡rentally a chemical

reaction. Ttris realization served dra,matÍcaIIy to open the way for

chemists and. physists, as well as irnmunologists to stud.y inmunity.

PROPERTTES OF 4¡ITIGEIVq

An antigen is a substance whieh, when introd.ueed. into an

animal or hunan bod.y, is eapable of el-iciting the production of

speeifie antibod.ies. To be immunogenic, an antigen must be a) foreign

to the host into whieh it is injeeted., and. b) of a minimr¡m size,

usually greater than M.W. 1OrO00; hol'rever, it has been d.emonstrated

recently that substances wíth as low a molecular weÍgþt as 450 are

immunogenic (norek et aI., 1965, L967), furthermore, the unconjugated

glueagon 13485 mol. wt. ) (worobec et aI. , 1972) and arrgiotensin r

(r4:e mol. wt. ) and II (1158 moI. wt. ) (worobee et al. , I)f?a) have also been

shown ,b; , to elicit specifie antibod.ies. Jinmunogenicity Ís a property

not of the whole maeromolecule, or microorganísm, but of eertain moleeufar

segnrents of unique configuration lmown as antígenic d.eterminants. Ttrus,

it was shown by Land.steiner (lgl+>) ttrat antibodíes could be elicited by

sorne smaflrchemically well defined. molecules, called haptens, if

these r¡rere eoupled. to macromolecular earriers. Haptens are not

i:nmunogenic as such, but wiJ-l react with antibodies fozmed to hapten-

protein eonjugates.

PROPERTTES OF A1\ruTBODÏES

Antibodies are i-mmunoglobulins which have the property of

reacting specifically with and bind.ing to the antigenic d.etemdnants



of the antigen whieh has been used. for the inmunizati-on.

Currently, five cfasses of human i-rununoglobulins are knoi,tn.

designated as Igf4, IgG, IgA, IgD and le! (Tab1e I). Tlrese are

d.ifferentiated on the basis of their antigenic properties andfor

struetural differenees in their heavy chains. Ttre fact that innuno-

globulin (feG) consists of four polypeptide ehains (two heavy and

two ligþt) was first demonstrated by Edelman et al. (l-.96]-, 1963) an¿

Fleischman et aI. (tg6Z). They were able to show this by reduction

of the protein wj-th mercaptoethanol, foJ-lowed. by separation of the

chains by starch gel electrophoresis in B M urea, or gel chrornato-

gaphy in propionj.c aeid. TLre molecular weigþt of a'single light

chain is about 22r5OO, and. that of a heavy chain is about 50'000

(nigure r).

Porter (tg¡g) subjected rabbÍt TgG antibodies to papain

digestion Ín the presence of cysteine. Ttre antibod.ies were degrad.ed

into three large fragments of approximately equal moJ-ecular weigþt.

One of these fuagments ealted Fc had. no affinity for the antigen and.

was shown to be erystallizable. Ihe other two f?agments were very

siníIar to one another, each possessing a single combining site.

Ttrese were called FÞ,b f?agments (eigure f ). Tt was later demonstrated.

(Nisonoff et aI. , J960) tfrat pepsin would split IgG to produce divalent

F(ab')2 flagments, whieh, when treated. with thiol reagents, would. yield.

two univalent lb,b' subunits. ,, ,,'i 
,

..:,-1 :-..:.''

.Antibody Conbining Site

One of the fundarnental probfems in immunochemistry is to
$

und.erstand. the struetr.iral basis of antibod.y speeifieity and. variability.

ltre antÍbody combining sites are located. in the N-tezrninal half of the 
:,,:,.::; :,
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TABLE T

CLASSES OF HUMAN TMMUNOGLOBULTNS

Class

Characteristics
-Þ" ïeM rgD rgE

Molecufar weight

lTaqrn¡ nhqins.

Class

Subcl-asses

Mol-ecul-ar weight

^a 
f ^+-*^^fì-L-LU UJ}jËù

Light chains:

Cfass

Mol-ecul-ar weight

4.1-1oty¡res

Mo]-ecu]-ar formufa

Antigen bind.ing sites

szo, *

Carbohydrates (/r)
l' 1.r-¡1.:,;r-¡11',1t1), : t..ì1., itil
Serun l-evel-s (te/l')
.: :, : .1,.: l' :t ':.!:i'!

Complement fixing

Skin sensitizing

Y0u
Tlr2r3 14 

dL12 u1r 2

55r oo0 651 000 75r o0o

Gm Atr

77,OOO 75r 000

rcÀ

22r5OO

I:rv

(e26 2)

or
(À2ô2)

rÀ

22,5OO

ï:rv

(x2e2)

or
(^ze2)

¿Z

6.2-6.8 l_0.7

14.8 ]-0.7

0. r_-40 0.01-0. 9

0

:+

15010oo t_70r000 9001000 2001000 2001000
to
500r 000

rcl

22r5OO

Inv

(rzyz)

or
(\zyz)

tr 'l^

t_B -206.5-7.0 7rIOrl.s,
t_5

t q '7 E, l-ì a

600-t_600 20-500 60-200

-l-' O +

heterolog- : -
ous species

r], rcÀ

22,5O0 'Z2r;5OO

ïnv fnv

(r2a2)r, (rczuz)s

or or
'(12c2)r, '(Lzuz) s

n: I¡2t3
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Fb,b f?agnents, whieh are eomposed. of the light chain and. Fd. region of

the heawy chain.

The m.mber of unique antibody eombining sites has been

estimated to be not J-ess than 106 (Eisen, 11968; Haurowitz, l97o).

T\,'lo general hypotheses have been proposed. to explain the struetural

basis of this large m;mber of antibody specifieities. The first i,¡as

advanced. by Breinl and- Hauror,¡'itz (t93O), Haurowitz (W¡f) and Fauling

(t9\O), and postulated. that al-l antibody molecules consist of identieal-

polypeptide chains wtrieh can be fold.ed. into ùifferent eonformations.

Recent evid.ence has shown that this :ís not the case. Instead.r Fab I

f?agnents have been show'n to regain their speeificity when unfold.ing

by d.enaturing reagents is follor,rred. by renaturation (Haber, L96\;

lühitney and Tb,nfovd,, 1965). lhis evidence, as well as the diseovery

that heavy (aess and Piggot, L967t Gottlieb et a1-., L968i Wane

et aI. , L97I) and. IÍgþt (uilscnnann and Craig, 1965t Milstein, 1966;

litani et aI. , 1966) ehains have regions of variable a.rni no acid

sequenee at the N-terninal end, gave much support to the seeond.

hy¡rothesis wh:ich states that different antibody specifíeities are a

reflection of, dífferenti pnimary . structl*res.

.Llthougþ it has been established that both heavy and Iigþt

chains have variable regions, more difficulty has been erçerienced.

in establishing whether one or both chains eontribute contact arnino

acids to the cornbining sites. Most d.irect method.s such as hapten

binding implicated heavy chain contribution (Metzger and. Singer, L963t

Givol and Sela, l)6\; Haber and. Riehards, 1966; Kelly, L97O), althougþ

some weak binding by light chains has al.so been observed (RohoJ-t et aI.,

I963t Yoo et aI., L967; Farker and Osterland, l97O; Fainter et a1.,



7.

1972; L972a), Sinilarly, when heavy chains of one speeifieity were

mixed with ligþt chains of another specificity to form a reeonstituted

antibod.y molecule, this reconstituted. antibod.y usually possessed.

the speeifieity of the heavy ehain, althougþ light chains of the

sa.me antibody preparation more effectively restored this specificity

than ligþt chains of other antibodies (Haber and R:ichards, L)66;

Jaton et aJ-., L)68; Fainter et aI. , 1972; I972a).

Affinity labelling ex¡reríments have always inplieated. both

ehains as partners in the antibody eombin:ing site: Singer et aI.

(1g66) studying anti-DNP antibodies observed. J-abelling in both chains

with a-,he,afj./1ight' chain.Íatiorof r Z:I. " Fteet: et. ar¡ (rooo), urr¿

kess et a3-. (WfJ-) usi-ng the nitro-phenyl azo (UAe) group and

correspond.ing antibod.ies observed. a ratio of 3.5:1.0, Conelusions

that both chains contributed. to the conbining site were al-so mad.e

by l,Ieinstein et al, (1969) in a study of an antÍ-DNp myeloma protein

with two affinity labels of ùifferent size.

Published. d.ata reporting upon the size of an antigen:ie site

have been largely obtained. w'ith a series of linear antigens, including

the dextrans (I(afat, L96O) and polyatanyl - as well q,s polytysyl -
poly¡reptides (Sage et al., l)6\; Schechter and Se1a, f965). present

indications are that an antibody site can enconpass at least as many

as six to seven i-somaltose residues, or four to five annj-no aeid. residues.

TLre ðimensions of the ccmbinÍng site for anti-carbohydrate antibod.ies

havebeen estimated. to be 3l+ x 12 x 7 I (fabat, f97O). Using electron

spín resonance (nSn), Hsia and Littte (ryft) arrived. at the

conclusion that the combining site of rabbit antí-TNP antibody has

a longitud.inal dimension of 10 8.



B.

Heterogeneity of Conbining Sites

The heterogeneity of antÍbody eombining sítes in a given

antíbod.y population is reflected. in many Ïüays. Ttrus, Nisonoff and.

kessman (:9¡B), Eisen and Siskin¿ (f964), li-ttte and Eisen (tg66)

and. Pressman and. Grossberg (fg68) were abJ-e to show heteroçneous

bind.ing of hapten by its homologous antibody. Moreover,

heterogeneity of electrophoretic mobility was observed when J-ight

chains f?om specifÍcally purified. antibod.y preparations l¡rere analyzed.

by d.isc eleetrophoresis (Ctroules and Sing!-es, 1966). Other evidence

for Ab heterogeneity was observed in the variety of amino acid

sequences on the N-terminal end. of light chain flom rabbit anti-

DNP antibody (Doolittle, t966); in the öifferent tr¡rptophan content

at the proximity of the site (tUcGuígan and Eisen, 1968); and. finally

in the diversity of the antigenic speeificities of idioty¡ric antibodies

(Ou¿:.n and M:ichel, L969; McDonald and Nisonoff, L97O; Nisonoff et a1.,

L9T2).

It has been speculated. that the ,souiàce for.., thi'.s.. combí-ning site

heterogeneity arisasin two d.ifferent lrays: the first may be due to

the imnirnological heterogeneity of antigens. Ttre multipJ-e antigenic

d.eter:uinants on the cornmonly used. protein antigens would. obviously

elicit many antobodies with d;ifferent specifieities.

Antibodies elicited. by a wide va::iety of sirnple haptenic

groups conjugated. with protein carriers also d.isplay mol-ecular

heterogeneity (Karush, I)62). Tkre cause of this heterogeneity has

been d.emonstrated. to arise mainly flon the earrier effect in the

inmune response. Tkre hapten itself may be only a part of the

irnnunogenic detezrn:inant group, which in addition may contain the ad.jacent



areas of the surface of the protein carrier. Hence, the speeific

antibod.ies thus formed. i,¡-ill also recognize part of the am:ino acid.

residues f?om the protein carrier (parter et aI., L)66; Benacerraf

et aI. , 1966, L97O; lüind.elhake and Voss, L97o), rn addition, the

hapten molecules nay be bound. througþ d.ifferent anino acid. residues

in the protein, or, as Singer (f96:l+) and his assoeiates (neia et a1.,

L}TL) have shoir¡n that even though a hapten rnolecule is attached. to a fixed

arnino acid residue on a carrier, the hapten molecufe may non-

covalently fix to other arnj-no acid. resj-dues d.epend.ing on t^ihether it

resides,,, in a hydrophylie or hydrophobic environment whichrpotentially

affectsthe antigenic properties of this hapten-protein eonjugates.

Ferhaps, the foregoing can be applied. to e4pJ-ain the heterogeneity of

anti-DNP antibodies in i-mmunizati-on of animals with mono-DNFRNase

(nisen et al-., L)6\a), or with mono-DNPrnsu1in (fi-ttfe and Countsrlg6g).

Seeond.ly, the conbining site heterogeneity of antibod.ies

could. be elicited. even by relatively hcnogeneous inmtrnogenic

d.eterrninants, capable of stimulating elones of ceIls, which in

turn produce sj:nil-ar, but not id.entlcal- antibod-íes.

It is generall-y believed now that the heterogeneity of

antibod.ies to haptens is not best d.escribed by a continuous Gaussian

distribution, but consists of a limited. number of antibod.y populations

each having unifozm bind.ing eonstants, and. each being the prod.uet

of a síng1e elone of cells (kessnan et aI., I97O).

Tt follows f?om the precç.d.ing-discussion that äntibod.y

d.erived flcm a síngle conraitted. ce1l should. structurally and. flrnetion-

aIly extribit the properties of homogeneous antibody. Ind.eed., it has
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recently been d.iscovered. that several myeloma proteins, eaeh of whidt

is produced. by an ind.ivid.ual plasma ceJ-l tumorrhave irnifo:rn primary

structure (eotter et aI. , 196+) and homogeneous ligand binding

activity (Uisen et al. , L97O). Tn vivo, a single anti-DNP antibody-

prod.ueing cell- clone can be propagated. in s¡mgeneie mice (Askonas

et al. , l97O), and. íts anti-DNP antibod.y shows honogeneous properties

(Montgomery et aI., 1972).

Anti-haptenr:ê,,ntibod.ies of restricted. heterogeneity have been

eJ-icited. with DNFprotein antigersin adult rabbits (nofrott et aI.,

l97o) and in higher yield in neonatal rabbíts (Montgcmery and

lililliarnson, I97O). Anti-DNP antibody w'ith restricted. isoelectrÍc

spectnim and. a homogeneous binð1ng eonstant (o :1.0) has been

produeed. in rabbits by kry¡rerirnmunization with (ome)2-Gra,m:icidin-S

as antigen (Montgomery et aL., l.9T2). Using the isoelectrie focusing

technique, I?eednan et al. (WfZ) were abJ-e to j-soJ-ate a f?action of

homogeneous anti-DM antibod.y that was elicited. by irununizing

with a eonventional DNFprotein antigen. Antibod.ies with a homogeneous

bind.ing constant have also been elicited. by the pol¡reptid.e hormones

angiotens j:n f and II (Ïilorobee et aL, , l)f4a, L972b). In add.ition,

bradykinin (Haber et aJ-., L967), vasopressin (Wu and Rockey, A969)

and some bacterial polysaecharides (Haber, I97Ot Eichmarur et aI. , L97O)

have afso been used. to induce strueturally honogeneous antibod.ies.

MAM FTSTAT]ON OF A]\TITBODY-ANTTGEN REAC TTONS

ÏN VITRO

T?re keeipitin Reaetion

When inereasing a¡nounts of an antigen are ad.d-ed. to a eonstant

anount of antísenrm a precipitate is fozmed.; the arnount increases at
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first, reaches a ma)dmum at the equivalence zone, and. then decreases

again in antigen excess. The precipitin eurve so obtained. was

originally e4plained. qualitatively by the flame-work theory of

FauJ-íng (fg4O). Ttre assr:nption made at that time was that antibod.y

and. antigen were at least d.ivalent. More'recent stud:ies have born

this out fulty.

Trnmirnod.iff\rsion

Tkris teehnique, which in its most refined. fozm was d.eveloped.

by Ouchterlony (tgbg)ris based. on the sane prineiple as the precipitin

crl-?ve. Antigen and. antibody are allowed. to d.:iffuse tornrard.s one

another in a med.ir:m of agar. When optimu¡n relative concentrations

of antibody and. antigen are present, a precipitin line forrm.s. This

technique is partieularly useful for more complex antigen-antibod.y

systems. The nr:mber of lines of precipítate formed. correspond. to the

min:imr.¡m nr.imber of antigens present in a eomplex niXbure of antigens.

Quantities.of antibody as low as 5-10ug, ean be deteeted.

Tmm;noe f e ctr ophore s i s

In principle, thís methodrdeveloped by Grabar and Willia.ns

(3g>S)ris an exbension of double d:iffusion in geJ-. Ikre various

antígens of a cornp]-ex mixtr¡re are separated. aceord.ing to charge by

electrophoresj.s in a med.ium of agar. Subsequent diff\rsion agaínst an

appropriate antiserum reveals a number of precipitin ares, which is

usually greater than that observed by analysis according to Ouchterlony.

Fassive Henagglutination

This technique also makes use of the aggregation between

antigen a¿d. antibod.y, the antigen is either ad.sorbed. to red. cells

treated with tannic acid. (Boyden, 195l-) or i-t is coupled. to these
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cells by stable eor¡alent bond.s using a bifunctional reagent such

as bis-diazotized- benzid.i-ne (eoe) (Stavitslry and. ArquilLa, 1955; Gord.on

et al. , l95B). An add:ition of antibody results in an agglutination

or ch:rnping of the 'sensitized.' red. cel-ls. Minute amounts (about

O.O3 u e/^f) of antibody can be detected by this method.



Chapter Iï

EQI]:ILTBRTTM Æ[D KINETTC STTID]ES OF HAT{IEN.A]üTTBODY

A]TD Ai\]]Tf GEN-ANTIBODY REACTf ONS

HAHTEI\T. A}TIIBODY REACTIONS

EquilibTiuro Sluùies

If antibody conbining sites on a single IgG mol.eeule are

consid.ered. equal and. ind.epend.ent rof eachr ôther, the hapten-antibody

reaetion ean be repre,sented. by the equation:

Ab +H AbH li )

where k12 and. þ, are the rate constants of the forward. and. reverse

reacti ons ¡ re spectively.

Fbom the law of mass aetion and the relation in (f), tfre

equilibriur¡. constant K for this one-step reactj-on can be written as

k'tp

--
r-EI

(eru) ktz
=(Ab ) (H) tV1

(p\
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Stud.ies on the bimolecular reaction between a hapten and.

its specific antibody have contributed. greatly to the irnd.erstand.ing

of more complex antígen-antibody reactions. Tkre complexity of the

latter is due nainly to the fact that most antigens are multi-valent

and. nulti-determinant and. thus ccmbine with antibody to form aggregates,

some large enougþ to precípitate. Such inhornogeneous equilibria are

ùifficult to treat so that hapten-antibody reaetions have served. as

mod.el systems instead..

Several relatively sirnpJ.e techniques are avail-abJ-e for

the study of hapten-antibody reactions.
/\(a) Equilibrium Dialysis

lkris nethod. has been extensively used. for estimating the

equilibrir:rn constantsof hapten-antibod.y reaetions since it is both

therrodynamieally sound. and easy to perform. The hapten and. antibod.y

solutions are placed. in two separate eharrbers, separated. by a ce11ulose

membrane which is fleeJ.y pe:sneable to the hapten molecule but

irnpenneable to the large antibody moJ-ecuJ-e. At equilibrir¡m the

concentrati.on of flee hapten is identical in both antibody and hapten

comparfunents and. is dete:mined. by speetrophotometric measurements

(nisen and Karush, L9\9) or by measuïements of rad.ioactiv:ity (tfisonoff

and. kessman, 1958). Equilibrir.rm d.ialysis is the most rel-iable method.

of measuring hapten bind.ing and. is f?equently used. as a reference

method..

(n) Spectrgphotometric Method

Certain azo-dyes that ineorporate a hapten molecule undergo

spectral shif.ts when eo¡nbining with specific antibody. TLris property

has proven particularly usefhl for kinetic stud.ies since the rate
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of hapten-antibody reactíons could be followed. d.irectly (F?oese, i968;

Ke1ly et al. , l97]-). Ttre hapten molecule is usually coupled. througþ

an azo g'oup to a naphthol sulfonate. Bind.ing to antibod.y normally

results in a pK shift of the naphtholic -Ofi,,gro¡rp. Tkrus, the reaction

ís pH dependent.

Bind.ing is usually d.etermined. by optical d.ensity measurement

at one or two wavelengths (Metzger et aI. , I963a). Ihe latter method.

is generally more precise sinee it d.oes not require an accr:rate

lcrowled.ge of the anount of hapten add.ed.. Ttre concentration of bound.

and f?ee dye-hapten ean be ealeulated. with the aid of the equations:

e^,O.D.^ - e-0.D
tfr tb2 - tfz tbl

%e0.D.t - e.rO.D.,
trr %e - tra %r

where b = coll.cêntration of bound. hapten

c = concentration of f?ee hapten

ef 
= extinction eoeffieient of fbee hapten

% = erbinction coeffieient of bouhd heipten

1 and. 2 d.enote the two d.ifferent wavelengths used.

Tlris method. has a d:isad.vantage over equilibrirm d.ialysis since

the special dye-haptens required are f?equently not ai¡ailable

conmercially. It is, hor,rrever, J-ess ted.ious to perfo:rn as the antibod.y

can be titrated. d.irectly with the hapten.
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(") Eluoreseence Quenehing

First applied to hapten-antibod.y reaction studies by

Velick et aI. (196O), ttris method. makes use of the fact that the

try¡rtophan fluorescence of the antíbody, produced. by excitation at

ZB0 nu , i-s quenched by haptens which absorb near 350 m u. Tttis

method is thus ideally suited for the Zr4-ainitrophenyl (OiVp) hapten-

antibody system. It is extremely sensitive, allowing the titration

of very dilute antibody solutj-ons. Results obtained. by this method.

f?equently have to be checked. by a less una,mbiguous method, such as

equilibrirm d.ialysis (Eisen and. McGuigzn, I9ft).

Other methods for studying hapten-antibody binding are

based. on the fluorescence properties of the hapten, sueh as fluorescenee

enh.ancement (Yoo et aI. , 1967) and. fluorescence polarization

(Levison et aJ-., l97t).

Tbeatrnent of Binùing Data

T?ris is based. on the J-aw of mass action as e4pressed. by

equation (2), Mod:ification and rea,rrangement of ttris equation leads to

T
T{n - I{r

c
(3)

where c is the fbee hapten concentration; r, the ratio of hapten

bound. to total antibody concentration; and. n is the antibod.y valence.

Aplot of rfc versus r should yield a straigþt line with the slope

equal to K, the equiJ-ibrir;m eonstant. Hor^iever, in practice a linear

relationship is seld.om observed, since, as pointed. out in the preceding

chapter, most antibody populations are heterogeneous. Nisonoff and.

kessman (t958, ry5þ) modified equation (3) accord.ing to an equation

originally d.eríved. by Sips (fgh8);
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T
't

n

^r'o -Rrr'l rr K^

d.ln Ke

a(r/r)

1

Gep

AHo

/Ll

0)

(B)

where cr (values from O to 1) is the heterogeneity index, and. Ko is

the average intrinsic association constant. It is obvious that

when cx: l, equation (\) is i-aentical to equation (3), and thus the

antibody population is homogeneous, since equation (S) it based. on

the assr:mption that all bind:ing sites with respeet to K are id.entical.

TLre smaller the o value, the g¡eater the d.egree of heterogeneity'

In many instanees another equation, which ean be d.erived. fron (4)

is used.:

b (ro")o (er) (a¡)

where b is the coneentration of bound. hapten and Ab is the total

concentration of antibod.y combining sites. However, if both Ko and

cI are to be d.etermined., it is best to use the equation

rog(1ft): o¿ loge *alogKo rc)

whieh is a logarithnic forn of (4).

once the equilibrir:m eonstant Ko ís known, other thermo-

d.ynamic pararneters may be d.erived. f?om the follor,,¡ing equations:

AFo AHo - TASo (g)
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'l R

where R is the gas eonstant, T is the

AFo, AHo and. ago are the standard.

entropy of reaction, respeetively.

Kinetic Studies

absolute temperature and

f?ee enerry, enthalpy and

Althougþ kinetic studies are quite conmonly used to

elueid.ate the mechanisms of ehemíeal reactions, ít was only a few

years ago that the first attempts were made to apply the method.s

of ehemieal kineties to hapten-antibody reactions. Sehon and

Schneider (fg6f) using cathode-ray polarogaphy observed that the

hapten-antibod.y reaetion was eomplete within the time of nixing

of the reactants, i.e,rl - 2 seeonds. Coupled with studi-es on the

rate of d.issociation of hapten-antibod.y complexes, they rr¡ere able

to obtaÍn lowest limiting rate constant of t x to6 M-1.u"-1 .td.

-lI sec * for the foz"u¡ard, and-reverse reactionsr respeetívely.

Sinílar limiting values for the forward. step were'calculated. by

Stuzrtevant::st'.; ¿tr (l.g6:.-)'flom stopped.-flow d.ata.

Ttrus, it beca¡ne obvious that" conventíonal techniques of

ehemieal- kinetics were not applicable to the hapten-antibody

reaetion, partíeularly sinee ín a d.iffusion controlled- reaction

the upper linit for the forward. reaetÍon cou1d. be expeeted to be

as higþ as I x 109 M-l """-1. As a consequenee, only the stopped.-

flow method of Ilartrid.ge and Rougþton (t923) and the temperature-

jump relaxation teehnique of Eiçn and. DeMaeyer (t962) have been

applied. successfully to hapten-antibody reactions.
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(") The Stopped-Flow Method

The reactants are plaeed. into separate s¡rringes and. are

then e:qlelled. simultaneously and rapid.ly througþ a mixing jet into

a reaction eha,mber. TLre flow is stopped. by filling a tþird. s¡rringe

whieh makes eontaet with a 'stop' and. triggersa reeording system

(usually an oscilloseope) at the sarne tjme. In prínciple, any

optícal property of the hapten or antibody ean be used as a means

of follor'¡"ing the reaction. Hor,,rever, beeause the hapten-antibod.y

reaetions are extremely fast, lor^r eoneentrations of the ord.er of
-^ -710 " to 10 ' M must be used., so that the half-times of reaction are

significantly greater than the d.ead.-time of mixing. Tlrus, in

practice, only methods ínvol-ving changes in the fluorescence

properties of either the antibody or the hapten can be used.. Day

et aI. (Jg6S) and Kelly et aJ-. (fgZf) made use of fluorescence

quenching to study the reactions between anti-DNP antibodies and

e-DNFlysine. Leviscnet al. (lgZJ) made use of fluoreseence

polarization to study the reaction between fluorescein and. antl-

fluorescein antibod.y.

(¡) TLre Temperatr.ire-Jumrp Relaxation Method.

I?oese et aI. (t962) first applied this nethod to the

stud.y of hapten-antibody reactions. Unlike the stopped.-flow method.,

there ís no instrri.mental dead-time of nixing ÍnvoIved, it therefore

can be applied. to a rather wid.e range of reactant eoncentratj-ors.

Ttre application of this method. to hapten-antíbod.y reactions has

been reeently reviewed. (F?oese and Sehon, L97I). The reactants

are first allowed. to come to equilibrium, and. this equilib:rium is

,Þil,:i:4;_,

'lq



20.

then sud.d.enly perturbed. by d.iseharging a eond.enser througþ the

solution, and. thus raising the tenperature by about 6oC. Re-

equilibration to the new equilibrium cond.itions is then followed.

by measuring ehançs in either Iigþt absorption (trroese, 1968;

Ke1ly et al. , L97l) or try¡rtophan ffuorescence (neent et al. , f972).

tr?om the appropriate oscilloscope traeings, the relaxation time(s),

t , is (are) calcu1ated.. tr?on the concentration d.epend-ence of the

rela.nation time(s), the mechanísm for eaeh eomplex nultistep

reaction ean be elucid.ated..

Stud.ies involving the reaction of the dye-hapten: 1-

hyd roxy- 4- ( e, 4- ainitrophenyLazo )- 2 r! naphthalene d i sulfonate

( l-N-2r5S:4DN? ) w'itfr either intact anti-DNP antibodies or the

correspond.ing Fâb' fragnentsrrevealed that t showed. the sarne,

simple concentration d.epend.ence for both reaetions:

1 :Ï|2:-+
T

ktz t(Ab) + (¡r)l (ro)

where (ã6) ana (l) are the flee equilibrir.im eoncentrations of

antibod¡r eombining sites and. hapten, respectively. Tlrus, reactions

of hapten w'ith either bivalent antibody or univalent trþ,b' flagments

obey the simple mechanism represented by Eq. (1).

A1\TT GEN. ANTTBODY REAC TTONS

Equilibrium Studies

As pointed

far more complieated

out above, antigen-antibod.y reactions are

than hapten-antibod.y reacti-ons. Since proteins
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are multivalent and multideterninant, combÍ-nation of such antigens

with antibod.íes results in the fozrnation of large antigen-antibod.y

aggregAtes of varying size, complexity and. solubility. Precipitation

is aLmost inevitabte, and thus wil-I introduce a nelil and heterogeneous

equilibrium system. Moreover, preci-pitation drives the reaction

further tor^¡ard.s completíon; therefore, the the:mod.yna,mic d.ata obtaj-ned.

for these antigen-antibody reactiorsare not for . true homogeneous

equilibrir:rn states.

Neverthel-ess, nany ex¡reriments have been perfozrned. to

investigate this complieated system, Singer and Ca.npbell (L955) used

ultraeentrífugation and electrophoresis to stud.y the BSA and antí-

BSA antibody reaetion; TÞ,lmage (tg6O) used the FÞ.rr half-saturation

(tUH4)2S04 technique to study the reaetion of radioaetive

BSA wíth anti-BSA antibody; and Berson and Yal-or^r (L959) used l31T-

Insulin to study the binding of this label-l-ed antigen to anti-insulin

antibod.ies obtained. flom insulin resistant patients. Tkrermod.yna.rnic

d.ata were also obtained by studying the binding of an insoluble antigen:

nh(c) positive red cells with its speeifíc anti-Rh(c) antibody

(rugþes-.lones et al-.11962). Reeently trforobec et al. reported that

anti-glucagon (ryfZ) and anti-angiotensin (ryfZa) antibodies have

been elicited. in rabbits and the bind.ing activity of.this partiatly

purified IgG wíth rad.ioaetive antigens have'þeen studied. ii i

(fa¡fe ff). In order to avoid problems associated with precipitation,

investigations were carriedout:¡und.er cond.itj-onß of antigen excess, or at

Iow concentrations using radioactive antigens.
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Sinilarly, in ord.er to avoid. the problems due to the

multivalency of antigen, several unj-val-ent protein antigens had. been

prepared and. their ímmunogenicity as well as the interactions w"ith

specifie antibodies were studíed. Fepe and Singer (tg¡g) prepared

the unival-ent antigen BSA-S-benzenearsonic acid. by reacting w-(p-

benzenearson-ic acid.) iod.oacetamid.e with the -SH group of bovine

seri.ltn mercaptalbumin. TLre bind.ing of this antiæn by anti-benzenearsonic

acid. antibodies was studied, Btur*"*an and Singev (i1g6}, L}TO) prepared.

the hapten-protein antigen (Papain-S-DNPt) by the attaching a si-ngle

DNþlysine haptenic group to the uníque -SH group in the active site

of the papain molecule. Tlris hapten-protein antigen was found. to be

irnmunogenic in rabbits. TLre equilibrium eonstant for the bind.ing of

Fapain-S-DNPL to anti-DNP-BGG antibodies was found to be Z x fO6 u-1.

Siroilar studies were performed i,¡ith DNFInsulin, a eonjugate prepared.

by couplin1 2t4-d.inítro¡enzene sulfonate to the only lysine residue

of insulin located at position 2) of the B ehain (f,ittfe and Counts,

L969).

Kinetíc Stud:ies

Early studies on the rate of antigen-antibody reaetions by

light scatterine (C'ot¿terg and Campbeflr l95L; Johnson and Ottewill,

195\) did not yield data whieh eould be used to calculate rate

constants nor to postulate reaetion mechanisms. Rates of reaction

were slor^¡ and. the reactions observed. almost eertainly involved aggregate

for-,matione which. may have'been, to a large extent, not speeific. As

in the case of equílibrium stud.:ies, attempts were made to overcome

problems associated. with aggregation and. preeipitation, by perfoiraing
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e4periments at very low concentrations of reactants. For example, 
-r

Talmage (tg6o) used. anti-gen (131r-gse) eoncentrationsas row as ro-Qvt

to stud.y the BSA and anti-BSA antibodies reaction by the trb,rr technique

(t958, l97:-). The reactions were stopped. at various tine intervals, 
.,,.-,,,,,.' r,:

and. the eoneentrations of bound antigen were dete:rnined. Rate

constants in the range of 105 M-l """-1 have been obtained. by this

teehnique. Berson and Yalow (ig>g) used. an even lor¿er concentration 
,.. :

^ 13I- ,- --q \ . -a ^--!j j-^---aJ--of ---I-fnsulin (fO-'/U) to investígate the insulin and. anti-insulin ,

system. They were able to separate the IabelIed. antigen in its flee ,.. ,. ,,

and. bound. for.ns by eleetrophoresis, and calculated forward. rate

constants of the order or lo4 to 106 M-l """-1.
Tsuji et al. (t96O, L963) used pseudo-first ord.er conditions

to stud.y the reaction between luciferase and. anti-LucÍferase. Afber the

reaction had. gone,to completion;r,,the annount ,of rrnneutralized. luciferase

r,as deterrnined through speetrophotometrie measurement of the blue

luminescenee produced. by oxid.ation of lueiferin by molecular otrygen,

eatalyzed. by the luciferase.

Tkre bacteriophage neutralization has also been used. as a 1,.,':-. l::,tl,
''..: r':: t'

teehnique to study the affinity and. reaction kinetics of anti-hapten ... . ,,.,

antibod.y with hapten-bacteriophage conjugates (Karush, LgTo). TLre "'::' 
j

reactíon involved. the neutralization by anti-hapten antibody of the

infectivity of bacteriophage which has been extensively eonjugated.

with hapten. Tlre neutralization of baeteriophage by antibod.ies is '... "t...'r'

thougþt to result from blocking of the site on the bacteri-ophage which is

responsible for its adsorption to the bacterir.ün (Ada.ns, 1959). First-

order kinetics 'r¡rere usually obtained- for the neutraliza,tion reaction
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(Adans, tg5Ð. Using DNP-bacteriophage ØXryl+ and. rabbit anti-DM

antibody, Hornick and Karush (L969, L972) were able to obtain the

average association constant (r): I x lou M-1, the average assoei-ation

rate constant (tr12) = 3.7 x LOT M-l .""-1, and the average dissociation

rate constant (k21) = 3.4 x ro'4 sec-l.

Insolubfe antigens such as red. cells have been used. by

Hugþes-Jones et al (3962), to study the thermod¡marnics and kinetics

of the reaetions with its specific antibody. Purified anti-Rtr(c)

antibody was labelted v¡ith 13II and was then reacted. with the nn(c)

positive r:ed. cells. The forward. association rate constant for this

reaction ís 2.6 - 3,2 x to4 lrl sec-I, and the dissoeiation rate

eonstant is 2.2 - L7 x to-4 """-I.
Kinetic stud.ies of the reaction between the peptid.e antigen:

angiotensin and. its homologous antibod.ies have been perfo:rued. by

I¡'torobec et al (t97za), using the half saturated (ivH¡)tso4 techníque

of Farr (rgf8). Ttre forward. rate constants varied f?om 102 to Io6 M-l "u"-1
for priroary and. secondary response antibod.ies, respeetively. However,

great eare must be taken in the interpretati-on of these results. Tttis

is partly due to the reasons that have been given in the preced.ing

section, and. partly due to the fact that these techniques canr:ot be

accurately employed. to stud.y fast reaction sueh as antigen-antibod.y

reaetions.

Using a stopped.-flow teehnique and. following changes in

fluorescenee polarization, Dand.Iiker and. his co-workers (Levison et aI,

L97L) studied the kinetics of the fluoreseein and anti-fluorescein

system, the forward. rate constant which has been obtained. is of the

ord.er of lo8 M-I see-l. In earlier work, this group, by enploying



25.

only the fluorescence polarization teehnique to study the kinetics

of various antigen-antibody systems either und.er pseud.o-first

order eonditions or by the method. of initial slopes, was able

to show that in the initial stages of the reaction the empirical rate

law is

rate = k12 (Ab)(¿e)

where (Ae) an¿ (e¡) are the initial antigen and antibody concentration,

respectivety (oan¿tiker and levison, L967; Levison et al. ' I97O).

Diseussion _of Equilibrii:m and. Kinetic Data

(f) As one exannines the values of the assoei-ation constant (fo)

ftr various hapten-antibody systems in Table II, most of them falI in

the order of 105 - IO7 M-1. Higher ord.ers of 16 have been found. for some anti-DM

and. anti-TNP antibod.ies, and. exceptionatly hlgh affinit¡r constants (tro]ly-]¡

have been observed. fo:r rçactions invofving anti-fl-uqrescein antibodies and. one

preparation of rar¡ti-DNP antibod.ies. Generalization of these results may not be

meaningfÏl, since the experimental cond.itions varied. from one to another

and since it is well knov¡.n that antibody affinity varies with the

d.ose of injected. inmunogen and. the length:'of- immunization the ani¡als

(Uisen and Siskind, L96\; lilal-ker a"nd Siskind, l-968).

Large variations i-n Ko values have also been observed. for

antigen-antibod.y reaetions. It would. appear that the earlier data

obtained mainly in antigen excess by such teehniques as ultra-

eentrifugation, light scattering and. electrophoresis are eonsistantly

loiuer than more recent results whích were obtained. quite f?equently

with univalent antigens and./or more sensitive techniques.
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TLre values of fbee enerry of reaction, A F! also vary to

some extent (5 - 12 keal note-l). Ttrese small ÂFo values are

proof of the weak bond. fo::rnation in hapten-antibody reaetions (Singer, 1965).

Most conflicting data are observed. in the A So values. In

the hapten-antibod.y reactions, ASo values varied. fycm -l+e.B to+ 22 e.u..

Tn the past, positive A So iralues have been thought to be due to the

release of water ín the process of fozmation of hydrcphobic bond.s

between hapten molecule and antibody as proposed by Kauzmann (1959).

However, I{arush (ig>Z) postulated that this positive entropy nigþt also

be the result of moleeular rearrangement within the antibody moleeule

to a more flexible confonnation. A more lucid. erçlanation for the

oeclrrrence of positíve A So in ease of enzJnne-substrate cornplex

fomatíon was given by Casey and [aidler (1950). Ttrey considered two

possibilities: (f ) Ur:ri-ng complex formation, UO molecules (bound by

the proteins in the regions of charged groups) are released. to the

Iiquid. state resulting in an inerease in translational and rotational

d.egrees of freed.om more than suffícient to eompensate for the decrease

ín the d.egrees of freed.om of the ecmponents of the complex. (Z) ff

either partner of the cornplex were forced. to und.ergo some d.isorganization

ín structure ( perhaps involving the breaking of hydrogen bond.s elsewhere

in the molecule) to provid.e complementariness of fít at the site of

reaction, an increase in entropy could. result.

On the whole, it appears that many of the theztod.yna.mic

paraneters are either confl-icting or still unex¡r1ainable. Tkris, as

Sehon and Hauroi¡¡itz (L97]-) pointed. out, should. warrant a systematie

re-investigation the theznod.yna.mic paraneters of the hapten-antibody

reactions.
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32.

(2) An inspection of Table IIIreveals immediately a striking

feature of the kinetics of hapten-antibod.y reaetions. trrJhereas rate

constants k12 for the forward. reaction are relatively constant
, '7 B -l -]-r(10' - 10" M 

* see *) i.e., within about one ord.er of magnitud.e,

much larser variati.ons have been observed. for the rate constant of

dissociatíon (10-3 - lo3 see-l) and it would thus seem that the

equil-ibrir¡m constant, Kor is d.etennined. mainly by the latter. The

faet that k, approaches the value for d.iffìrsion controlled. reaetions

by 1 to 2 orders of magnitude (Oay et aI. , 1963; Kel1y, A97O) and. the

reaetion is charaeterized by a 1ow enerry (4 hca/mole) of activation

(Day et a1., 1963), wou1d. indieate that the antibody combiníng site

is rather rigid. and d.oes not have to undergo a conformational change

before reacting with the hapten.

Clear-eut evid.enee for a confozrnrational ehange associated.

with the hapten-antibody reaction has not been obtained. f?om kinetic

studies. In two temperature-junp rela:cation experiments, a second

relaxation effect was observed. in each ease (F?oese, 1968; F?oese et aI., L969)

Hoi,,rever, because of the snall a,rnplitud.e of this effect, its signifieance

c.ould. not be established.. Some ind.ication of a conformational change

as a result of hapten-antibody interaction has been obtained. by trtlarner

et aI. (ryfO) on the basis of ultraeentrifïgal ,studies. .Lltered

susceptibility to enz¡rmatic d.egradation of antibod-ies as result of

their eombÍnation wíth hapten has been observed. by Grossberg et aI.

(1g6¡) for IgG, and by Aslunan and Metzger (ryfJ-) for Ig!4. Hor,rrever,

most of this evid.ence for the occuruence of a conformational change

is not consid.ered. to be conelusive (Eisen and. kessman, L97L). Finally,

i _::-j.:.1.,':. --fl



it should. be mentioned. that even though most kinetic d.ata for hapten-

antibod.y reaetions have been obtained. with rather heterogenous

antibody preparations, they agree remarked.ly well w"ith those involving

the IgA myeloma protein MOPC 3l-5 (Pecht et al-. , J9T2).

An analysis of the kinetic d.ata for antigen-antibody reaction

indieates that both rate eonstants of assoeiation (k1t) ana

dissociation (k.'., ) are significantly lower than the correspondi-ng' ¿L'

rate eonstants for hapten-antibod.y reactions. A rigorous comparison,

however, is d.ifficult to make since most antigens are multivalent

and. it would. seem that the majority of kinetic d.ata have been computed.

using molar eoncentrations of antigen and. antibody molecules rather

than molar eoncentrations of antigenic d.etezninants and. antibody

eønbining sites. Antigen-antíbod.y reactions eould. be expected. to have

Iower rate constants of association than hapten-antibod.y reactions.

There are two possible ex¡rlanations: (f) rf these reactions are

d.iffìrsion controlled, then the large antigen molecule would. d.iffìrse

much less rapid.ly than a hapten molecule and. thus coJ-lid.e less f?equently

with the antibody combining sites; (Z) fne steric hindrance due to

a¡rrino aeid residues not dlrectJ-y involved. in either the combining site

or the antigenic d.etezminant couJ-d. be appreeiable greater in the case

of antigen-antibody reactions. Sinilarly, lower rate constants of

ðissociation could. be ex¡rected. for antigen-antibody reactions, if

(f) notfr antibody combining sites react with antigenic determinants

on the sarne molecule, and (2) second.ary interactions take plaee between

a,míno acid- residues not d.irectly involved. in the active sites of either

antígen or antibody. lastly, it should. be pointed. out that scme of



the methods sueh as the method of initial slope (Dandliker and

Levison, ry6f) or phage neutralization, which have had. to be used. to

stud.y the kinetics of the reaction between multivalent antigens and.

d.ivalent antibod.ies, may not be very suitable for the d.etection of

the finer points of the reaction mechan-ism, for exarnple, the

rearrangeinent of the antigen-antibod.y conplex or conformational

change i-nvolving antibod.y andf or antigen.
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Chapter fTL

ES.TITLTBRTUM ATID NNETTC STUDTES OF AlITTBODY AND FAB'

FRAO{ENTS IüTTH TTTE UNIVATENT AÌIT]C;EN E.DM-INSULÏN

INTRODUC]SON

As has been pointed. out ín the preeed.ing ehapter, equilibrii.ntt

and. kinetic studies of antigen-antibody reactions are subiect to

consid.erable complicationsebrougþt about by the multivalency of most

antigens. Tlrus, in ord.er to avoid. problems due to aggregation or even

preeipitation, reactions have to be carried. out in very ðilute solutions

or in antigen excess. Euen und.er these eond.Ítíons other inherent

ðifficulties remain. The number of antigenic d.eteminants for most

natural antigens is not lmoÏ,m precisely and.rrnoreoverrthese d.eterminants

are most likely not id.entical. fn ad.d.ition, even at dilute

coneentration, ealeulatiors of rate constants, for eXarnple, have to be

based. on initial rates, sinee later stages of the reaction may sti1l

be eonplieated. by aggregation.
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In the present study it was therefore d.ecid.ed. to use a

univalent antigen and. its hornologous antibod-ies. Such a system

would. not be compU-cated. by aggregation, and kinetic d.ata obtained.

for it could. be compared. read.ily with those for hapten-antibody

systems. Moreover, it was also ho'¡red. that such studies nigþt reveal

whether the reaction of a uni-valent antigen with an antibody ean be

represented. by the simple mechanism:

Ab + Ae AbAe (11)

orc is better d.eseribed. by the relationship:

Ab + Ae + Ab¿et + AbAe Gz)

where the second. reaction step represents a rearrangement of the

eornplex, involving, perhaps, not only emÍ1o acÍd. residues of the

combining site and. the antigenie detezrninant, but also some i-nter-

actions of arnino acid. residues not d.irectly involved. in the combining

site, and. whích are brougþt into close proxirnity as a result of

specific complex fozmation. Finally, it was hoped. to eonfirm with

an antigen-antibody system, the data of Ke11y et aI. (f97f), wfro

had. d.emonstrated. that the rate constant of association is faster

for a reaction of hapten with IÞ,b' fbagment than for the

corresponùing reaction with the bivalent parent antibod.y molecule.

As pointed. out in the preeeding chapter, several authors

have used. unii¡alent antigens to perform equilibríum stud.ies on their

reactions with specific antibodies and-for to test their effectiveness

as irnmunogens. Tlrus, BSA-S-benzenearsonic aeid. had. been used by

Pepe and singer (L959) to study the interaction with antibodies
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specific to benzenearsonie acid; e -)+t-OiVp-ribonuclease, a univalent

antigen mad.e by attaching a DNP group to the lysyl residue at position

4t of ribonuclease, was tested. as an inmunogen (uisen et al., l)64a)

and Papain-S-DNPL (Brenneman and Singer, 1968, L97O) and DM-Insulin

(fittfe and. Counts, I)6)) have been used both as irnmunogens and. as

antigens in reactions with anti-DNP antibod.ies.

Tn the present study, DM-InsuIi-n (o1Vef ) was chosen as a

univalent antigen for several reasons:

(l) Tnsulin is a simple molecule, the primary (Ryle et aI. ' 1955)

as well as the tertiary and. quaternary (gtirnaett et aI.,

J}TL) structr:res.:,of 'whi-ch are known (figure Z).

(¡) The insulin mofeeule contains only one lysyl residue

(position 29 of the B chain) and therefore only one DNP

group couples with insulin (Little and Counts, L969).

(") T?re lysyl resid.ue is freely accessible as dete:rnined by

X-ray erystallogaphy (B1undell et aI. , ]97I) (¡'iewe 2u).

(¿) Ttre insulin molecule l-acks try¡rtophan and thus d.oes not

ffuoresce significantly2thereby makíng DNPI quite suitable

for the quenching of antibody fluorescenee. Therefore,

the equilibrium and. kinetic parameters for the system

consi,stine of DNPI and anti-DNP antibod.ies can be

d.etermined. with " retratiye ea,se 
": 
blr fluore sce.rìcê, Itrêêsllrement s .

MATERIAIS AND METHODS

keparation of e-DNP-Ãnsulin

TLre proeedure for the preparati-on of e-DNP-Insufin (OUef)

was essentially that of Little and Counts (lg6g). In a ty¡rical



FfflIRE 2 Strueture of Tnsulin:

(a) Aruino acid. sequence of bovine DNP-insulin,

shor,rring the location of t'he 2r4-dinitrophenyl

lys¡rI residue.

(¡) Atonic positions in the insulin molecules,

obtained. f?om X-ray c¡ystallogaphy. Tl^¡o

molecules vÍewed. from d.ifferent axis. F?om:

Blrrndel-I et al., Natr:re2 plr 506 (I97L).
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prepa,ration, 2OO mg of bovine crystalline insu.lin (Connaugþt Med.ical

Research Laboratori-es, Toronto; or Sigma Chenieal Co., St. Louis)

were dissolved in 35 ml- of 0.1 M Na2C03 and 0.5 gn of twiee

recrystallized. 214-d.Ínitrobenzene sulfonate, Na salt (Eastnan Organic

Chemicals, Roehester) was ad.d.ed.. After alJ-owing the reaction to

proeeed for ) days at l+oc, the DNPT was precipitated at pH !. J by the

addition of 6 N HCl. Ttre yellow precipitate vras dissolved in 1 M

NaHCO3 and chrcmatographed on a Sephadex G-25 eol-r¡rn (fOO nf ),

equilibrated. with distilled. water. The yellow fraetions coming out

at void. volume were pooIed., ad.justed. to pH 1. B with 1 N HCl, and. the

protein precipitated with an equal voh:me of 5 M NaCl. This

precipitation was repeated. and the final DNPI precipitate d.issolved.

in a small voh.rue of 1M NaHCO3: fil-tered through a 0.45 u Millipore

membrance filter and. store¿ at 4oC. Before use, sannples were d.ialysed

against O.Ol M phosphate-buffered saline (peS), pH 7.4 for at least

24 hours.

Preparation .of 
l25r- 

DNP- Tnsul-in

Ttre method used. for external labelling of ompl wittr 1251

was that described by Yagi (igZl-). To 0.25 t\L of a DNPI sofution

(85 ug, 1O-B no]-e) in 0.2 M borate buffer, pH B.O, o.O2 ml ot L25t

(New England Nuclear, Mass. , carrier free, 1OO rne/nJ-) and. 0.1 nI of I(I
,-^-B - \(10 - moJ-e) were ad.d.ed.. Illhile the nixture was being stirred by a

magnetic stirrer, o.l- mJ- of chloraníne T (2.5 x 1O-7 mole; Eastman

Organic Chenicals, Rochester ) was ad.d.ed.. After 5 minutes, the reaction

was stopped by ad.ding 0.1nJ- of NaIISO, 15 x l-:O'7 moJ-e). Starch I{ï

paper was used. to test whether enougþ NaHSO2 had. been ad.ded.. Ttre
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mixture was applied. to a small Sephad.ex G-25 cofu:m (tZ x lOO mn),

equilibrated. with borate buffer. TLris colunn had. been pretreated.

with 2 nl of a 2% soLution of bovine serult albr:min in order to

saturate the protein binding sites of the gel. TLre excess BSA was

washed out with 20 nI of borate buffer. Rad.ioaetive j-nsulin TÁras

eluted. with borate buffer and. coflected. in l- m]- fractions. Ïkre

raðioactivity was estimated. by placing each tube at a fixed. d.istance

from a Geiger-M{ll1er detecter (Nue1ear-Chicago). TLre radioactive

peak fraetions were pooled. and. d.ialyzed. against O.O1 M PBS, pH 7.4

for 24 hours. After dialysis, the concentration or I25I-¡NPï 
was

determined. speetrophotometrieally. f25r-oNpr was stored. in 0.5 mI

portions at OoC; some portions were rnixed. with I/o BSA in borate buffer.

TLre speeific aetivity of l25r-ompl was estimated by countíng

the rad.ioactivity in I mI of solution of known coneentration using an

Automatic Ganma Counter (Nue1ear-Chícago ).

Characterization of e -DNP-Insulin

(e) Degree of Substitution by DNP

Tkre d.egree of substitutíon of insulin by DNP was estimated.

by speetrophotometric measurement at two dÍfferent wavelengths, i.e., 2BO m¡r

and 360 mu (nisen et aI. , L952). The ratio of extinetion eoefficients

at 360 nu to 2BO mp was taken as 2.89. Tkre exbinction coefficients

for e -DNP-l-ysine at 360 m¡.r and. insulin at 2BO np were taken as

M ), r i --. jo/"
EJ;: L.753 x ro* M-'"d' (r,ittre and Donahue, L)68) ana ulfr: 10

(Porter, J-]5Ð, respeetively. Tkre molecular weigþt of the insulin

monomer was taken as 5750 (Sanger, f955).
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(g) Molegular Weight of e -DM-fnsulin

(f) GeI Filtration Chromatography - Ttre molecular weigþt of DNPI

was determined according to the method of And.rews (f964). A Bio-Gel

p-60 (eio-Rad Laboratoríes, Richmond, Calif. ) colunn (2.5 * 60 em) was

equilibrated with barbital-NaCl buffer ( l/2 :0.I, pH 9.o). Dexbran

blue (Phazmacia, Uppsala, S'reden) or BGG (Bovine Ga¡nrna Globulin)

(wutritional Bioehemieals Corp., Ohio) and. DM-lysine (uarur Research

Laboratories, N.Y. ) were used to deter:rnine the void. volume (Vo) an¿

the internal volume (V¿), respeetÍve1y. The d.istribution coeffieient

(t<U) was obtained from the following relationship:

\¡ -\r"e "OK¿- vr

where V" is the elution l¡611¡ns:,:of,..the saÍEìIes.

Ttre Bio-C,eI P-60 eolunn was caU-brated. with lyophil-ized.

bovine ribonuefease A t (ffpe TT-4, Sigma Chemical Co., St. Louis),

whieh had. been re-purified. on a Bio-Rex 70 col-r:r¡n according to the

procedr:re of ÏIirs et aI. (Jg>6) l, myoglobin (wtrale musele, Seravac

laboratories, Colnbrook, England.) and. ovalbumin (furtey egg, 5 x

crystallized., Pentex Inc., I11. ). The elution volume of each stand.ard

protein was deteznined. and. the K¿ vafue caleulated. TLre values of
-l^ tla(ru)t¡5 were then plotted against (u.w. )L/¿ follo-wing the nethod

of Andrews (rg6l+).

DNPT at two d.ifferent concentrations was also nrn on a

small-er Bio-Gel P-60 eolunn (2.5 x 30 em) equilibrated with 0.01 M

PBS, pH 7.4. Tkre coneentration of eluted. DNPI was monitored. at 2BO nu

and. 360 nu Ttre approximate molecular weigþt was d.etezuined. from

the el-ution volme and. standard. eurves supplied. by Bio-Rad. Iaboratories,

Richmond, Calif. (ryfl).
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(Z) Ttrin-Layer Gel- Chrcnatography - ltre molecular weigþt of

DNPT was also estimated by thin-Iayer get chromatography (TLG). Ttrese

ex¡reri-ments were afl d.one on a Pharrmacia TlG-Apparatus (figure3 )

whieh can hold. two 20 x 20 em glass plates and. the chamber of which

can be adjusted to any angle f?om lOo to \Oo.

Method.s for swel-ling and spreaùing the gel strictly followed.

the recommend.ation of the manufaeturer (fhazrnacia Fine Chemieals, L97l).

In a ty¡rical run, 6.5 g of Sephad.ex G-IOO (Superfíne) was swollen in

IOO nl- of O.OI M PBS, pH 7.)+ on a boiling water bath for J hours,

with occasj-onal- swirling of the beaker. The swoll-en ge1 was then

spread. on the glass plate with a TlG-spread.er (Ptra:maeia) set at a

thickness of 0.6 tnm, Spread.ing was d.one by no more than two push-

strokes. After placing the plate carefully into the ehanber, the top,

centre and. bottom reservoirs l¡rere filled with fO, 70 and. 25 nl-s of

PBS, respeetively. Paper bridges (Wtratman 3 MM, l-B x )+.6 m, flrIIy

saturated. with PBS) were put in the top, centre and. bottom reservoirs,

wi.th about L.5 cm of the paper extending onto the gel plates. Ihe

TtrG-ehanberhras set at a IOo angle and. equilibrated. overnigþt.

After equilibration, the TlG-chanber l^ras placed on a horizontal

level. TLre starting line was marked. and. about 5 - IOu I of each protei.n

(about 50 ug for reference proteins) sarnple was applied. to the gel

plate with the aid. of Dru:¡mond. 'hicroeaps" m'icropipettes (fO pf ),

leaving a space of 2 em between each sarnple. For application of DNPI,

the sarne arnount of l$ BSA was applied prior to DNPI. TLre reference

proteins used. in this experiment are listed. in Tabl-e ÏV' After

application, the TlCr-chamber Ì¡as again set at a loo angle and the

separation 'h¡as then allowed. to proceed. for about 4 hours, by which time,



FIGIIRE 3 Ttrin-Iayer GeI Chromatography apparatus

(Phazmacia, lþpsala, Swed.en).
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TABTE ÏV

STANDARD PROTE]NS USED IN TIilN-LAYER GEL CI{ROMATOGRAPTIY

kotein MoI. ÏÍt. Souree

RNase A L3'7OO Tf¡re IIA, Sígma Chemical Co.

Repr.rrified. by Bio Rex 7O resin and

lyophilized.

I,lyoglobin 1/, BO0 I x crystallized., whale sperm,

Seravae Laboratories.

a-Ch¡rmotr¡rpsin 24,BOO Type TT, 3 x erystallized, Bovine pancreas,

Sigma Chemical Co.

Pepsin 32r7OO !üorthington Bioehemical Corp.

Ovalbumin 45rOOO 5 x crystallized., turkey egg,

Pentex Inc.

BSA

BGG

65.OOO Crystallized., A:rnour Pharmaeeutical Co.

1601000 Flaction II, Nutritional Biochemicals Corp.

x Molecular weigþts were taken from Andrews (1965),

Ackers (:g64) and Putna,m (1965).
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the broi,rn colored myoglobin (stand.ard. protein) had. nigrated. to the

midpoint (6 - f cn) of the ge1 plate.

At the completion of the run, the plates were removed..

Proteins were d.eteeted. and. stained., essentiafly following the method.s

of l'lil-1ia,¡nson and Allison (ry6f), with a minor change. Plates were

put into an oven at 50 - 55oC for 10 minutes to remove nost of the

water, and. were then d-ried. und.er a strean of air from a table-fan

for I - 2 hours. ft was found. that this method. of drying prevented.

the sr:rface fYom craclcing, which usually occurued. if l¡,lillia.mson and.

All-ison's method. was follo¡^¡ed. direetly afber removal of the plates

from the TT,G-chamber. Ttre d.ried. plates were i:nmersed. for 15 minutes

in a saturated. solution of Ámid.o Black 10 B (Chroma-Gesellschaft,

Stuttgart, I,rl. Gernany) in methanol:glacial- acetic aeid:water

$o/to/\o,vfvfv). Subsequent de-staining was perfor:ned. in the dye

solvent by 2 to J successíve washes of 1O-11 minutes each. The

positions of the stained. proteins were d.etennined. and. the migration

d.istance of the sample spot frcm the origin T¡Ias measured.. The "print"

teehnique on llhatman 3 MM paper has also been tried.. While the

transfer of reference proteins to the paper hras very successflrl, DNPI

d.id. not transferrprobably due to its low moleeular weigþt and. low

concentration (= ro-4 ¡¿) (Radola, Lg6B).

Autoraðlography

Since neither the d.ried. plate method. nor the fil-ter paper

'þrint" teehnique could id.entify DNPT on the TLG at coneentrations of
-^ -710-" - 10 ' M which were employed in the equilibrium and. kinetic

stud.ies, TIG e4periments were also performed. *itn IZ5I-DNPI. 
T?rese

were carried. out essentially as d.escribed. in the previous section.

/tA
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12q -7 -6*-']-DNPI was applied. at a concentrations of 5 x 10' - 1 x I0 - M.

Afber the gel plates had. been stained and dried., the migration d.istances

of the reference protei-ns 'h¡ere measured.. 125r-oupr did. not stain at this

concentration. An X-ray fifuû (Kod.ak No Sereen Medical X-ray Hh,

NS-2T, B x tO inehes) was placed on the gel plate, and. fastened. by

Scoteh tape. To shield. the film from external rad.iation, the plate

and film were then wrapped. in three kind.s of envelopes -first, a metal-

coated envelo¡nfrom the oríginal fiJm; second., a specially mad.e black,

thiek paper envelo¡nand finally an ordinary mail envelotrn. To make

proper contaet between the film and the plate, the two were sandwiched.

between two plywood. board.s, having inner linings of polyurethane foan

sheets. Pressire was applied. by screw nuts at the four coïners.

After 2 d.ays, the erçosed. fil-m was d.eveloped. by a two-step

d.eveloper, Diafine (Acufine, Ill-. ), and fixed by ordinary fikn fixer.
/^\(C) Tsoelectric Focusing of e-DM-fnsulin

fn order to assess the eharge homogeneity of DNPI, it was

analysed. by isoelectric foeusing. Ttris ercperjment was kind.ly performed.

by Dr. E. R. Centeno of the Department of frnmunolory, using an LIG Bl-01-

electrofocusi-ng coh.imn. A stabili zi-ng gradient of O Lo )+6/t sucrose

(SehwarzfMann, Orangeburg, N.Y. ) was used. Separation I¡Ias performed.

in a pH grad.ient with the range of pH J to pH 10 employing a earier

arnpholyte supplíed. by LKB, Stockholm, Srtred.en. Prior to electrofocusíng,

D}IPI at a concentration of O. 5 ne/5 mI, was dialyzed. agai-nst 0.1 M

glycine, pU 6. O. Ttre pH of the eluted. flaetions r¡rere measured. with a

Becicnan Researeh pH Meter and. the optical density was monitored. using an

LKB Uvieord fI absozptiometer at ZBO n¡ as weII as a Zeiss PM QII

spectrophotorneter at 2BO rqr and 360 mu
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Pre'paration of Anti gen

BGCI.DNP I¡ras prepared. by coupling 214-d.initrobenzene

sul-fonate (Eastman Orga,nic Chemicafs, Roehester) to bovine ga¡xma

globulin (mutri-tional Biochenicals Corp., Ohio) according to Eisen

et aI. (tg¡Z). The substituted. BC'C,-DNP was separated frcn the

uncoupled hapten on a col-urnn of Sephad.ex C-25 and. the BGG-DNP was

then extraustively dialyzed against O.OIM PBS, pH /.4. TLre degree

of couplíng I¡Ias d.etermined. speetrophotometrieally flom the optical

d.ensity of the BGC-DNP solution in O.OIM NaOH at two different

wavelengths: z8o ¡r u and 360 n u (Eisen et aI. , L952).

Immunization kocedure

New Zealand. white rabbits were inmunized. with l0 ng of

BC,Cr.DNP in complete F?eund.'s ad.juva,nt (Oi.tco Laboratories, Detroit).

Afber 2 weeks, the rabbits received. weekly booster injeetíons of

10 mg antigen in complete Freund.'s ad.juvant, until sufficiently h1gh-

titered. sera Ïrere obtained.. The animals were bIed. 7 d.ays after

the tast injection and. again 3 - 4 d.ays Iater. AJ"ber 2 months, a

booster injection of 10 mg antigen'was given to the animals; they

were again bled. after f days. The antisera l¡Iere pooled- and. Seitz-

fil-tered. into sterile vials for storage in the fÞpzen state.

Feparation of Antibod.ies

Anti-DM antibod.ie.* *"ru purified.on the specific irnmunoab-

sorbent, DNP-HsA-brcnoaeetyl eellulose which was prepared. accord.ing

to the nethod of Robbins et al. (f967). Antibod.ies 1lere efuted with

O. o1M 2rl+-dinitrophenol (nrrlp-oH) (Merek, Dartstad.t, Gezmany)

adjusted to pH B.O. Ttre Dt\]p-QH was then removed. by passing the eluate

x This purified antibody preparatíon was kindly provid.ed by Dr. K. Kelly.



througþ an anion exchange eol-r.imn Dor^¡ex l- x B (Cf-, 2OO-I+OO nesh)

equilibrated with phosphate buffer, pH 7.4.

Preparation of Fab' F?agments

F(ab')2 tlagntents from purified antibody were prepared.

accorùing to Nisonoff et aI. (tg¡g). To l-OO mg of antibody in 6 nJ-

of acetate buffer, pH )+.5, 3,5 mg of pepsin (llorthington Biochenical

Cozp. , N. J. ) were ad.d.ed. and. hydrolysis was allowed. to proceed. at

37oC for lB hor:rs. The reaetion was stopped. by ad.justing the mixbure

to pH B.O; j-t was then applied to a Bio-C,el P-2OO cofumn (2.5 x l-00 cm)

equilibrated with Tlis-HCl buffer ( r/z: 0.1, pu B.o). Tkre purity

of the F(ab')2 preparation was checked. by ultracentrifÏgation ín a

Bectcnan Model E analytical centrifuge. Finally, the F(ab')2

preparation I¡Ias d.ialysed. against d:Ístilled. water for 48 hours and

lyophilized.

Red.uetion of F(ab')2 to Fab' fragments was d.one accord.ing

to Nisonoff (196h). A purified F(ab')2 Preparation at a concentration

of L/o (*/") was dialysed agaínst 0.1M acetate buffer, PH 5.o¡ at

l+oC for 48 hours. The reduction was accompli-shed. by ad.dition of

O.lM mercaptoethylarnine hydrochlorid.e to give a final concentration

of 0.015 M. Ttris mixture, contained. in a stoppered. vial, was ffushed.

with pr.ire N2 gas. The vial was then closed. tightly and. j.ncubated. in

a constant water bath at 37oC for pO rainutes. fhe reaction was stopped.

by ad.ding 0.2 M iodoacetate (iVa salt) to a final concentration of

O.O2 M. Ttre mixture .t¡Ias finalty dialysed against O.OI M PBS, pH f.4

in 4oc for 48 hours and stored. in a sterile vial in )+oc. Ttre purity

of this Fab' preparation was cheeked by ultraeentrif'ugation in a

Beclsnan Mod.el E analytical centrifirge.



Equilibrir:m Study - Fauorescence Titrations

The speeifie binding of DNPI by the purified antibody and

its fbb' f?agments was measr:red. by the fluoreseenee quenching

technique accord.ing to Velick et al-. (f96O), using an Arn-ineo-Bor^man

spectrophotofl-uorcroeter. An excitation wavelength of 2!O np l^ras

used., whíIe fluorescenee I¡Ias measured. at 350 nu A.Il glassware

used. for hand.ling the solutions in these ex¡reríments was cleaned. in

concentrated. nitric aci-d.. The 0.OI M PBS, pH 7.4, was prepared with

d.ouble d.istilled. water. Ttre antibody and. DNPI solutions were

dialyzed against the PBS at 4oC for at least overnight before being

used.. úrey were then passed. through a Millipore filter (0.4¡ u)

and. d.egassed. und.er vacuum just príor to the titration experiments.

A voh.¡¡re of 2 nI antibody solution was add.ed. to a quartz cuvette

maintained. at a constant temperature of 25oC. The ínitial fluorescence

value was reeord.ed. af-ter tenperature equilibration had been achieved.

(tO ninutes ) and. DNPI was then ad.d.ed. by means of a^n "Agla" micrometer

syri.nge in increments of O.OO2 to O.OO4 nl- to a total of 0.2 mJ-.

Afber each ad.dition of DNPI, the solution was gently stirred.

by means of a platinr.im coiJ- (usually 10 strokes ) and. the fl-uoreseenee

value was record.ed. afber a fixed. interval of 30 second.srfor thermal

equilibration. AJ-I titrations were carried. out in duplicate or

triplicate.

For d.eteræination of the maximr:n quenching of fluorescence,

Q-^^--, the antibody solution (l+O-50 u g/m]) was titrated with a higþ
max'

concentration of DNP] (5 x ro-4 u) to a final concentration approxi-

mately 50 fold. in excess over antibody site concentration, without
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introducing a large d.ilution. For the d.etezmination of bind.ing

eonstants, the antibody solution (fOO u e/^L) was titrated with a

loi,rrer concentration of DNPI (1 x to-a ¡¿).

Non-specific collision quenching and attenuati-on of incid.ent

and. emergent raðiation by DNPI were correeted. flom fluoreseenee values

of control titrations of nonspeeific rabbit IgG with DNPI. A blank

value was obtained. frcmr the fluorescence of solvent alone (usually

less tha¡: 51, of the initial antibody fiuorescence). This bl-ank

ffuorescence value was substracted f?om theøitted. fluorescence

which was then correeted. for d.ilution, and. normalÍzed. for 100 per eent

initial fluorescence intensíty. Correction of DNPï attenuation was

made accorùing to the method of Ke1ly (WfO). Ttre logarithm of the

fluorescence intensity was plotted. against DNPÏ eoncentration, and.

the slope in the DNPT excess region extrapolated. to zero eoneentration

of DNPï. fne Ç* va1ue, eonsidered. to represent the maximum

quenehíng when 100 per cent of the antibody eombining sites were

occupied. by DNPI ¡wa,s the antilog va"Iue of the intercept.

To obtain the actual binding d.ata, the corrected. relative

fluorescence intensity (nrr) was plotted as a fìrnetion of DNPr

coneentration. An extrapolation of the initial slope of this eurve

to an RFT value which eorrespond.ed. to Qh"x, yield.ed the antibody site

concentration (Abr) :-n ttre sa.rnple at equivalence. Ttre flaction of

antibody sites occupied., r, at a partj-cuIar concentration of DNPI,

(H-), was obtained. from the relationship:

e

',,&n"*
T lrc)



tr,Aut.

where Q ís the observed. quenehing produeed by bound. DNPT. The

concentration of free DI\]PI (c ), was d.etermined. flcrn the d.ifference

between the coneentration of total DNPf add.ed (Hr) and. bound. DNPI

(rAb1):

c: (n1) - r(eur) (r4)

TLre average intrinsic associatÍon eonstant, Kl, and- the

heterogeneity index ( d ) were d-etezmined from a plot of 1og ( 1ft )

against log (c) aeeord.ing to Sips equation in its logarithmic form

as suggested by lÞrush (:962):

:rog (rfL - r) = dlos "'+ clloe Kl (15)

Kinetic Study - Sto'pped-Flow

Rate measurements of the quenching offluorescence of

antibody by the univalent antigen DNPI were carried. out at 25oC in

O.Ol M PBS, pH 7.i+ with the aíd of a Durn:m-Gibson stopped-flow

spectrophotometer (lurrum fnstn:nent Corp., Palo AIto, Calif. ). A

fìmctional block diagram of the stopped.-flow system is given in Figure 4.

The reaction components were stored. in two large reservoir

s¡rrínges (ZO nf) whích in turn were eonneeted througþ valves to the

2 ml drive syringes. These s¡rringes 1llere connected. with the KeI-F

mixing jet outlet i-n a valve block. The quartz reactíon cuvette

had. d.imensions of 2 x 20 rnm. TLre outlet from the cuvette was

eonnected througþ a drain valve block, mad.e of stainless steel, to

the "stopll syrínge. To the plunger of this syringe, an ad.justable

external "stop" was attaehed.. Tlris "stop" not only halted the flow

after a certain pred.etezrÍned. vol-ume had entered. the syringe, but

also actuated. the trigger switch for the oscilloscope. A valve-



EIGURE 4 Schematic diagran of the stopped-flow apparatus.
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controlled. d.rain port was also conneeted. to the drain valve block

for rernoval of the reaeted solution.

TLre ligþt source l,ras an Osrarn HBO 100 Wf 2 mereury hiCh-

pressure arc lamp, housed. in a Zeiss mieroseope illuminator and

por,iered. by five l2-volt auto batteries in series. Ttre lamp r¡Ias

started. with an Osram Z 4OOO ignition device, and a stable curent

was maÍntained. at 6 - B aq>s by a rheostat. fn fluorescence measurements,

the Iight, af-ter passing througþ a prism monoehromator, entered. the

reaetion curvette at rigþt angtes to the exit'path. A filter ( # z,

ly'o transmittanee at 2)J m p o 7O/o transmi-ttanee at 325 m u ) was also

installed. on the photonultiplíer housÍ-ng light entrance tuberto

prevent residuaf excitation rad.iation (4. <325 mp ) flom reaching the

photomultiplier. Tkris photomultiplier (mlT, type 9558) was powered

by a Kepco constant voltage DC power supply with a continuously

ad.justable output voltage range of O-1500 volts. Ttre photomuttiplier

output signal, which was direetly proportional to the fight intensity,

was a,rnrtrllified. by a Tetroni-x plug+in unit, type 2A 63, and. d.isplayed.

on a Tetronix t¡rpe RIt4 564 storage oseÍIloscope.

TLre drive s¡nringes, valve block and. cuvette were maintained.

at constant temperature in a elosed cireuit, open reservoir,

cireulating bath controfled by a lauda K 2/R thermostat.

In an actual run, an exeitatÍon wavelength of 280 m u ÏIas

used., the flow system was flushed. with nitric acid. and. inned.iately

ri-nsed with double-distilled water and finally with PBS. TLre solutions

of the reactants were filtered through Mitlipore fil-ters (0.45 u ),

d.egassed. and transferred. to their respective reservoir s¡rringes.



Af'ter the d.rive s¡rringes had been filled. with the reaetants, the

sol-ution was pushed. back and. forth between its drive and'

reservoir s¡rcinges to d.islod.ge any trapped air bubbles. After

allor^iing lO ninutes for the solutions to reach constant temperature

(Z;,oC), tfre flow actuator hand.Ie was struck sharply forc1ng equal

volunes (0.3 nr) of the reactants to pass througþ the fl-ow system

to the stop sSrringe. TLre antibod.y fluoreseence levef at its

equilibrial state with DNPI was afso obtained as a controlrabout

2 minutes afber the mixing of reactants. Once the run was good

as jud.ged. by the oscilloscope d.isplay, the tracing was reeorded. on

f^
-Horaroao. rrlm lrolaroid., land. pack film type IO7, 3+ x 4f, inenes).

Each reaction traee was transposed. onto tracing paper

and smoothed. by hand.. TLre data were treated. accord.ing to Day et aI.

(f9æ). On the assumptíon that all antibody sites are equivalent

and. ind.epend.ent, the general rate expression for a reaction of the

t¡rpe shown in equation (frf) can be ex¡rressed. by the relationship:

:.:r:i.::¡l:i:.:

tr'7

where

roe (t-#l :^tz * t

ao+bo*4-Æ
ao *bo *4 *[-e

. A.2 - 7

[(bo - ao + I{)'+ 4 aoI€]ã; bo > ao

initiat antibody bind.ing site coneentration

initial- DNPI eoncentration
't

intrinsie dissociation constant 
-

,Fr\o

fractional extent of

at time t; x:O at

(16)

reaction toward. equilibriuo

t :0; x:1 at t : *

A_

Fa
*o

1^wo

"o
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The rate constant, kl2rwas then obtained from the slope

of a plot of 1og t(l - Ø")/(t - x)l versus (nt), where ^ = F-Q, / z.ZoS-

fn sueh a plotrd.ata obtained. for various initial coneentrations

of antigen and. antibod.y could be combined..

Ttre reverse rate constant, k212 was determined. from the

relationship:

:*z:- : \z/rZ
It should. be pointed. out that, in ord.er to analyze the

kinetic d.ata as described. above, one had to deteznine the initial

fluorescenee leve] of the reaction rmixture at, zeto time of reaction.

According to the method of Day et al. (1g63), ttris was effected by

sinply rnixing the antibody solution with buffer ín the stopped.-flow

apparatus; the ffuorescence level would be practically the sarne as

that for the antibod.y-antigen mixture at zeto time of reaction,

since the attenuation by antigen under ex¡rerimental cond.itions was

negligible. TLre initial slope of the reaction-produced. fluorescence

drop-off would then be extrapolated to the initial fluorescence level

(see Figure 5). The time, on the horizontal tjme base axis, fbom

thís initial l-evel to the beginning of the observed. fluorescence

drop-off (the system dead. time) would. eorrespond. to the average age

of the mixed. solution when it came to rest in the reaetion euvette.

fuall changes in the fluoreseence intensity and. inherent

instabilities in the mereury higþ-pressul'e lamp mad.e it impossible

to obtain fluorescenee levels of the mixed. reaetants at zero time

which could. be related to fluorescence fevels during the reaction.

Tlrerefore, a system consisting of bovine serum albumin (eSa) and. the



EIGUBE 5 Analysis of a reaction waveform.
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dye, I-hydroxy- 4- ( e r 4- ainítrophenyl azo ) - 2 15- naphthalene d i sul-fonate

(riv-zr5s-4orvr), in phosphate buffer (pu 6.0, r /z :o.r) was used

to approximate the d.ead tíme, und.er experimental cond.itions. The

absorba.nce of the d.ye in buffer at 470 mu was reduced. marked.ly

in the pïesence of BSA. Ttrese ex¡leriments could. be perfor:ned. with

the more stabl-e tungsten-iod.id.e tarop, und.er flow eond.itions id.entical

to those used. in fluorescence runs. Instrument dead. time from this

system could. then be used. to deterrnine the initial ffuovescence

level at zero time of reaetion of antibody with DNPI.

RESTTLTS 4[p pTSCUSS]ON

Degree of DNP Substitution in e -DM-fnsulin

lihen DNPI was analysed. by speetrophotometric measr:rements

at two wavelengths (Z8O mp and 360 mu, respectively) for the mrmber

of 2rl+-dinitrophenyl groups ineorporated., it was found. that there

were about O.5 groups DNP per nole (mol. wt. 5750) of insulin*. This

degree of substitution agrees elosely w'ith the d.ata of Little & Counts

(lg6g) who showed by anino aeid analysis and thin layer ehromatography,

that approximately 6Of' of insulin was unsubstituted., and only lysine

2) was substituted. in eaeh preparati-on.

Estimation of the MolgeulaI lüeight of e -9NP-ïnsulin

(a) Gel Filtration_Chromatography

To d.eteznine the molecular weigþt of DNPI, a stand.ard cirrve

was constructed from the d.ata shor¡¡n in Table V , as d.escribed. by

)Ê The detailed. caleulationsare shornrn in Appendix A.



TASLE V

ELUTTON VOLIME, DTSTRTBUTTON COEFFTCTENT AND

MOLECIILAR I/iEIGHT OF Ð(IERIMENTAT PROTEINS

lÉ,j

kotein ve ru :I-p r(drl3 (u.w. )ä
Vi

Ovalbumin Ir3.17 0.039 0.337 2O2.\B

Idyoglobin L36. 2, o . rrl+ O . 484 r33 . 4r

Rwase A (monomer) r21.2o o.oBB 0.443 L59.37

RNase A (diner) 16o.4S o.2o2 0.586 Lt2.69

DNPÏ L7\.93 0.239 o.6L9 roo.oo

x Vo was d.etezmined. by BGG

x+ Vi was deteznined by e-DNP-Iysine



Andrews (lg6\) using several proteins of knorrn molecular weigþt.

Tkris nethod. makes use of the theoretical- treatment of gel filtration

due to Porath (L963) who derived the fol-lowing relationship between

the distribution coeffieiettt Kd. and molecular weigþt:

t/arË/t = k | 1- k'(I r/a ìl

where

k and. k' = proportionality constants

Sr = sofvent regain of the gel

ï,r = the part of S. from whieh all solute molecule are

exclud.ed.

ÍLre stand.ard. plot d.erived. in this way i-s shown in FigUre 6.

ï?ora K¿ value of DNPI it could. be concfud.ed. that at a concentration

of I.B x tO-4trl*, this moleeule had. a molecular weigþt of IOrOOO and

thusrexisted. as a d.i:ner.

Using a smaller colurnn (2.5 x 30 em) the concentration

d.epend.enee of the molecular weight of Dt[pI was estimated.. TWo

I' I'

concentrations of D1gpI (f.7 x IO-+ M and.2.B x 1O-* M) were applied..

fheetution profiles are shown in Figure f. 3?om the elution volumes

it was estimated. that DNpI ocisted. as a tetraner (Mo1ecular weigþt =

24,OOO) and a dimer (Molecular weigþt = L2TOOO). As ean be seen,

the ratío of the two eomponents exhibited. a strong concentration

d.epend.enee, the tetraner being pred.ominant at higþer protein

I
M2

-

(sr - w/

x Estimated. in terrns of moleeular weight of I2r0OO.



FIGURE 6 Determ:ination of the moleeular weigþt of DNPI

on a Bio-C,el P'60 eolumn (2.5 x 30 em) in

O. OIM PBS, pH 7.1+. &. = distribution coefficient,

M.I/il. = mofecular weigþt.
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EIGURE 7 Elution profile of DNPI on a Bio-C'el P-60 eolr:nn

(2.5 * 6O cn) inibarbital-NaCl buffer (pH 9.0,

r f Z = 0.1), shoi,'ring the concentration d.epend.enee

of mol-eeular weight of DNPI.
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65'.',,,

concentrations. A similar observation i¡Ias mad.e by F?ed.eri-cq(tg¡6)

in the case of native i-nsulin.

(g) Thin Layer Gel Chronatography

Since most equilibriu¡r and kineti-c ex¡reriments d.escribed.
,:,.,-i,':,t',,1 .

befornr were perforrned. at Di\]Pï concentration of 10-6 - ifo-7 ttt, it was

of interest to detemine the etate of aggregation of DNPI at these

low concentrations. ltre gel filtration extrleriments mentioned. above 
,,,........,:.,

eould. not be performed. at concentrations much-bel-or,¡ l-O-4M. Tlrerefore 2 :',:'..,:',':",::'::

it was d.ecid.ed. to use the thin layer geJ- ehromatography d.eveloped. by .:'':.:.
:'.: :'i: : :: .' 

.:' 
, -

Radola (lg68). Unfortunately, when Amid.o Bl-ack was used to stain

the protein spots on the thin layer plate, DNPI concentrations '

_lr
below 1O-- M eould not be d.eteeted.. lhus e4peri-ments were perforrned.

-lr -l+at 1 x 1O-- and. 2 x 1O-- M. Figure B shows an aetual- run on a

20 x 20 cm pIate. Tt should be pointed out that BSA was applied

on the sarne spot prior to DNPI, in ord.er to saturate the protein

binding sites of the gel.

For the determ:ination of molecular weigþts, the d.istance

flom the starting line to ,rthe¡mid.dl-e:jof eaeh, Trsp¡¿;,fo. a partieular ,.:,;.,,,''.,,
-::: r '-:.'1.1

protein was d.esignated as do. Sinee the migration d.istance of myoglobin 
,:,:,1,,,:,,:,.

(Or) *as chosen as a stand.ard., the ratio of d.O to tn was d.efined- as R*:

d-ñ
R"" = +-'Ivt Ä"M

R. values for the reference proteins and DNPI with their
rv_t

molecular weigþts are shown in Table Vf. A plot of f/ç as f\mction

of 1og molecular weigþt ðisplayed a good línear relationship (fj-eure 9).



FIGURE I Ttrín-layer gel ehromatogram of Ð'M)I and- severaf

standard proteins on Sephadex G-IOO (Superfine)

in O.OIM PBS, pH 7.4. Tkre arror'¡ ind'icates the

point of applieation of the sanples'

I. PePsín 2, CtrYnotrY¡rsin

E. BSA 4. BSA (t;oP)o

DNPI (1 x ro-aM, botton)

5. eSe (top), 6. BSA (toP),
)' -h

DNPI (1 x lo-+M, DNPI (2 x lo-*M, bottom)

bottom)

7. l4Yoglobin B' ovalbr:min

,9. RNase A



i¡

:ã
-'.

.ì 
.ì-

 v
.-

 r
rñ

åÞ
æ

¡lt
E

i\

i I ! I I t. I

: 
.;l

.ll
:',

¡:
jl:

.'l
.Í:

:r
:!;

'

ffi
I I

.I
.l

I i a ': ri i ij t' ii

ee
J

l 
:,.

'

:iì
:i

'+
.. t:



FIGIIRE 9 Dete:raination of the moleeular weigþt of DNPï

by TLG on Sephadex CrIOO (Superfine) in 0.01M

PBS, pH f.4.

= migration d.istance rel-ative to myoglobin.

M.lü. = molecular weigþt.
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TABLE VÏ

fo VATUES AND MOLECULAR'[/,IIIGHTS OF SEVERAL PROTEINS

oN sEpHADÐ( C'-].OO (St]Ppn¡'rNS) gy l5,C

Protein Mol. I,tTt.
1

R¡4
RMdp

RNase A 13,700 5.79 o.92 r.075

Ir4yogl0bin t7, Boo 6.z8 1. O0 1.000

Chyrnotr¡rpsin 24, BOo 6.9o I. 10 0.904

Pepsin 32,7OO 7.42 r. rB o. Bl+2

ovat-br.imin 45rooo 8.36 r.34 o.7\5

BSA

BGG

6j,ooo .,9.9? r.5B 0.6)+,

160,000 1r.36 1.82 o.55o

DNP-InsuIín -:12i000(diroer ) 5.7L 0.91 t. 106



TLre molecular weigþt of D]\]PI, d.eternined. f?om this cafibration line,

gave a value of about !2.OOO, confi::rning the results obtained- by

column chrcmatography.

fn ord.er to d.etect lower DNPI eoncentrations on the thin

layer plates, it was d.ecid.ed. to use autoradliograph:ic method-s of

deteetion. DNPï was radioactively labelled *itnL25l by the

chlorarnine-T method.. Figure 10 shoi¡¡s the el-ution profile of

tt21-D1çp-fnsul1n on a Sephadex G-25 coh.mn (f x fh en) equilibrated

and eluted with borate buffer, pH B.O. An efficiency of iodination

of 6W, was ealeulated f?om this profile by dividing the radioaetivity

in the protein peak by the sum of rad.ioaetivity in protein and. iod.id.e

peaks. Tlre specific activity of ]25r-oivpr was foi.md to be about

L ucfvg öfPDNPI.

TLG on Sephad.ex CrIOO (Superfine) was d-one as d-escribed.

und.er "Method.s". 125f-Ogpf was applied. in concentrations from

-7 -65.0 x IO-r to 1.0 x IO-" M ,áfter application a I/o so;¡utíon of BSA.

F?c,m a ty¡lieal fi]rn (Eigure il), it was observed that the 125r-¡¡rpr

d.id not move from the point of applieation, indicating that at these

concentrations, most of tn" LZ5I-DNPï was bound by either the

Sephad.ex or by the glass.

Isoelectric Foeusing of DNPI

The main ?eason for perfozm:ing isoelectric focusing T¡ras

to establish the m.imber of charged. species present in the DIVPÏ

preparation. Experiments d.esigned. to establish the d.egree of

aggregation of DNPI (see above) naa ind.icated that the maximun possible



FïcuRE lO El-ution profile or 1?5t-olp-ïnsufin on a

Sephad.ex G-25 eolr¡¡nn (fZ x 100 en) in borate

buffer (o.eu, pg 8,0)
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FIGURE 11 Autoradíogrpphy of l25t-lNP-Insulin on a

Sephadec G-100 TLG plate. Arrow indicates

migration dírectíon. Concentratíons of
l25r-¡up-rnsulin (frorn left to ríghË):

-^ -^ -71x l-0 "M, 1x l-0 "M, 5 x 10'M.
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72.

moJ-ecul-ar hreight of DNPï at concentrations below t x tO-L M was

l-2r000. Moreover, sj-nce it was calculated. that one DNP group had.

coupled. per insuli-n d.imer, the possibility existed. that the insul-in

preparation used. for bind.ing and. kinetic ex¡reriments was eomposed.

of the following dímerie species: I-f, I-DNPI and DNPT-DNPI. 0f this,

the ðimer withtwo DNP groups, when reaeted with divalent antibody;

could lead. to the formation of larger antigen-antibod.y aggregates.

Since the DNP had coupled to the only Iysyl residue of the B chain,

it was hoped. that isoelectric focusing eoul-d. yield. inforuation as

to the presence of three species, which should. have d.ifferent

isoelectric poínts, and. which shoul-d also be distinguishable on the

basis of the ratíos of optical densities at 360 rn u to 2BO nu

After the DNPI preparation had. been d.ialysed. versus 0.1 M glycine,

pH 6. O, and. the anpholine-sucrose mixture ad.d.ed. prior to electro-

focusing, a large portion (= 9O%) of the DNPI preeipitated. The

precipitate was centrifuged. out and. the supernatant was sub$eeted

to eleetrofocusing as d.escribed. und.er "Method.s". The elution

profile of the electrofocused¿material is shor^¡n in Figure 12. A

raLher heterogeneous pattern Ìras obtained.. TLre peak at pH 5,5, t};re

pI value for nati-ve insulir¡ was surprisingly small and., in ad.d.ition

exlribited sorne absorption at 360 m¡r , ma,king it rather difficuJ-t to

assign this peak to unsubstituted. insulin. Identification of the

other peaks was also complícated by the fact that they all absorbed.

at 360 i4rr êverÌ thougþ this absorption was relatively lower than that

of the original DNPI preparation. Since the material¡ actually electro-

focused., d.id. comprise onJ-y about IO/o of the starting sarnple, the

.::"t..:.:,:'::rr:.



FTGURE 12 Isoeleetric focusíng elution profile of DNPÏ,

pH 3-10. Optieal density measured at 280 mu

(-) and. 360 rqt (.....,..'..,,).
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FIGURE f3 Elution pattern of F(aií)2 flagments on a

Bio-Gel P-200 colurnn in Tris-HCl- buffer

(pu B. o, t /2 : o.r)
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possibility could. not be ruled out that the observed. peaks wererin

faetrdue to minor impurities of the DNPI preparation.

Isolation of Fab' tr?agments

Tl:e elution profile of the pepsin d.igest of speeifieally

purified. anti-DNP antibod.iesrseparated. on a Bio-Gel P-200 cofumnr j-s

shor¡m in Figure 13. Tkre major peak which had. a sed.imentation

coefficient of 5.6 S (wreorrected) represents F(ab')2 flagnents,

while the second. peak consists of peptid.es from the Fc region of

the IgG molecule.

Reduction of the F(ab')2 fragments to Ïb,br yielded, as expected,

an ultracentrifì,gally homogeneous product (nigure 1\)rsedimentíng

with a coeffieient of 3.6 S (úhcoruected).

FTGURE 14 Sedinentation pattern of Fab' fragnents (2 ng/rir)

in 0.01M FtsS, pH 7.4, at 59.TBO rpn (ZOoC). Photographs

were taken after 25 minutes at B minute i-ntervals.
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Fl-uorescence Quenehing Stud.ies

S¡lecific binding of DNPI by both intaet anti-DM antibodies

and. their univalent Fab' fragments was stud.ied.. Both preparations

were titrated with a large exeess of DNPI, in ord.er to deterrnine

data.

for

the values of Çu*, which r¡rere required. for the calculation of

bind.ing constants flom the appropriate fluorometrie titration

A plot of the fluorescence quenching data which Jrield.ed. âr.o*

the reaetion of intact anti-DM antibod.ies with DNPI,;r-s shor,¡n in

Figure l-5. Iþom this figure, it is evident that DNPI did not quench

the fluoreseenee of norroral rabbit fge (nRrC). The l-inear d.ecrease

of 1og (ntr'f) for the titratíon of nÐG¡as wefl as that for anti-DNP

antíbod.ies at higþ DNPI concentration was due to antigen attenuation,

i.e., the absorption of emitted lieht intensity by antigen. An

extrapolation of the linear portion of the antibody titration eurve,

yielded a.value of 1og (nÏ'r): L.654 and. thus * %"* of 551'. Tkre

correspond.ing value f.cjrFab' f?agnents was 73/' (see also Table VITT).

l'lhile the latter value agrees quite closely with that obtained.

with e -DNP-lysine, the fozrner is somewhat lower. A lower fuo value

can indeed. be expected for the titration of intact antibody, sínee

the fluoreseence of the Fc moiety of the mol-eeu1e should. not be quenched

by the ligand (tr,tcCuigan and Eisen, 1968). It should be pointed out

that the slope of the line obtained with rLG, i.e., O.OlTi l-.oe grl)

per ¡r M DNPI was used. to correct for the attenuation d.ue to DNPI

througþout this stud.y.



FIGURE 15 Estination of Q¿o. for anti-DM antibodies

$O tte/nir, lower.line), by titrating with a

higþ coneentration'of DNPI (4 x fO-aU).

Titration of control; normal IgG (upper line),

shows the extent of DNPI attenuation.

Each symbol represents one titration.
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Values for the average intrinsic association constant,

t€, and the heterogeneity ind.ex, G , were caleulated. f?om fluorescenee

quenching d.ata obtained. at higber eoneentrations of antibody

(= tOO vg/nf) rtitrated. w'ith sofutions of lower DNPI coneentrations ,.,.,..,
L

(= 1x tO-* M). The corueeted. titration curve (for method of

correction see Append.ix B) is shown in Figure 16. When the total

number of antibody conbining si-tes (¿þr) was cal-eu1ated., it was ,;,,, , :

found that DNPI reacted. only with 630/' of fgG molecuJ-es present

(the concentratíon of total IgG was caleulated from optical d.ensity " .

measurements, at 2BO n p using ø!ff : V). ïhís value agree quite

well with a value of fOlo obtained by Kelly et aI. (lg|_), who t:i.trated

the sarne antibod.y preparation with e -DM-lysine, and who also fourd.

that only 7Ol' tne molecules of the antibody preparation could be

precipitated with HSA-DNP. Sími1arly, in this study, onþ 63% of

the träb' fragnents reacted. with DNPI. Ttre specific titration curve

is shoi,¡n in Figure t7. Since both the antibody and. the Fab' solutions

contained. a yeIlow impurity, it was eonclud.ed. that either HSA-DNP 
:: .:::..:

which had. eome off the inmunosorbent. and-f ot some 2r4-ainitroptreno!. ,,. . .',

used for elution, remained. strongly bound. to antibody combi-ning sites ::,
'a 

t ,t.. ,

of higher affinity. For the pu"rpose of ealculating the number of

binðing sites, only the f?action of IgG moleeules, precipitable by

specific antígen,was taken into consj-d.eration. 
,.-¡,,i..i 

..,
tr'bcrn the speeifie títration curves the f?action of antibod.y

sites oeeupied. (r) and the coneentration of f?ee hapten(c) were cal-culated.

f 
-.-.-, ----\ ^(Table.VIT). A plot of these d.atarin the fozn reeornmend.ed. by l(arush

(tg6Z), is shown in Figure IB for reactions involving both intact

antibod.iesaswe11asFab'f}agm.ents.1?restraigþt1ineswerefitted.
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FIGIIRE f6 Specific quenching eurve from the titration

of anti-DM antibodies (54 u e;/rrJ-) with DNPI

. _)+(1 x I0 'M).

Each symbol represents one titration.
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FTGURE ]-7 Specifie quenching eurve f?om the titration of

Fab' fragnents (f}u e/r.:-) with DNPï (1.05 x 1o-4tu).

Each symbol represents one titration.
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FIGURE 18 Sips plots for fluorescence titration data

at 25oC for DNPI with antibody (aottea line)

and Fab' fragments (ruff line).

Each symbol represents one titration.
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to the experimental points by the method- of least squatres. ltre

various bind.ing paraneters, obtained from ffuorescence quenching

d.ata, are srrrnmeyi-zed. in Table VTTI.

TASLE \T.TIÏ

EqUILIBRIIM VAII]ES TROM TLUORESCENCE qUENCHING STIIDTES

¡.OR TITE REACTfONS OF DNPT WTTH AMT-DNP ANTTBODTES AND

rTS F(ab' ) TRAüuENTS At z5oc

Antibody lA-^-- n " rf (ru-l)u t"-hAJ< --O '--

Ab :2:..o r.B o.9B 1.20 x ro7

F(ab') fz.B o.g o.B3 0.94 x 107

An inspeetion of the d.ata listed. in Table VIII reveals that

the average intrinsic binding constant (ICl) fo" the reaction of DNPI

with anti-DNP antibod.ies is within the range of values obtained. for

other antigen-antibody systems (see Table II). However, it is somewhat

lor,r¡er than that obtained (z.Z x 107 M-1) when the sane antibody

preparation'hras titrated with DM-lysíne (reffy et aI. , I97L). Little

and. Counts (t969): on the other han4 observed sligþtly higþer bind.ing

constants for DNPI than for DNP-lysine in the case of guinea pig

antibodies elj-cited. by BGG-DM.

fhe affin:ity of Fab' for DNPI was found. to be sligþtly Iortier

(by about Z5/r) tnart that of the parent antibody molecules. Tenfold

loi,r¡er affinities in the case of Fab fbagments were observed. by Ïevison
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et aI. (tgZO), however, their results were obtained. with multivalent

antigens and were cal-culated. fbom rate eonstants. Such results could.

actually be ocpected. íf bivalent antibody molecules had. combined. with

antigenic d.eterminants on the same antigen molecufe or if they were

involved in fo:mation of large antigen-antibod.y complexes. Bind.:ing

stuði-es on hapten-antibody reactions, when involving Fab flagrnents,

usually yietded. affinity constants, which differed only sligþtIy

flom those involving parent antibody molecules. Thus, Kelly et al.

(ryfl-) observed slightly higher binding constants for Fab' fbagments,

while McGuigan and. Eisen (Jg69) observed both lower and higþer

values. It shoul-d. be pointed. out that the smalf d.ifferenees ín

bind.ing constants observed. in this and the other studies may actually

be id.entical within e¡eperímental error, sinee as pointed. out by

Kelly et aI. (ryfl-), a 5/' error in the m.¡mber of bind.ing sites would

lead. to a 2O/o error in the affinity constant. In the present investi-

gation the number of bind.ing sites could. be d.etermined. only with an

accuracy of t l2/0.

A rather suzprising finding was that the heterogeneity

índ.ex, e , for reaction j-nvolving both antibody and. trb,b' inlas

considerably closer to l-,0 than was observed. by Kelly et aI. (ryft)

using the sane antibod.y preparation with DNP-lysine as the ligand..

Ttre possible signifi-cance of this find.ing wiJ-l be diseussed. in

Cïrapter ïV.



FIGURE 19 (") Reaction curve for the quenching of ffuorescence

of antibody (1.r x to-6¡n) ny orer (r.3 * ro-6¡¿)

as a fìrnetion of time at 25oC. Sweep rate:

l-OO m see/cm.

(t) neaction curve for the quenching of fl-uorescence

of Fþ,b' (r.49 x ro-6u) by Dtvrr (r.4g x ro'6rrr) as

a f\rnetion of time at Z5oC. Sweep rate: !O rn sec/cra.





Stopped-Flow Studies

Measurements for the rates of reaction of DNPI with anti-

DNP antibod.ies and. its Fab' fbagments were perfo:med. with the aid. of

a stopped.-fIow instrunent at Z5oC. Figure lp shows actual oscí-

]-loscope traces displaying the quenchi-ng of antibody (Figure I!a) and.

of Fab' fluoreseenee (r'i.eure l-9b) by DMT:with relation to tirne. Ttre

average d.ead. time of IO msec for the instrument was determined- by

using a system consisting of BSA. 1Nr2r5'S-4Owp. The correspond.ing

oscillogr"fli-: l13tug_ ll_ "htp i1 _Fi,eure 20. 
l

ETGIIRE 20 Reaction euïve at \7O mp for the BSA:

lNr2,5S-4DM system in phosphate buffer

(ptt 6.0, r 2/ : 0.1) at 25oc.

Sweep rate: !O msec/cm.



TLre kinetie data were anaaysed. aeeording to equatíon (15).

An exa,mple of the analysis of the data for the reaction of DNPI

with Fab' fragments i-s shown in TabIeïX. Data obtained. from several

reaction curves with varying eoneentrations of DNPI (4 x fo-5 to
/r/

1.3 x to-o trt), antibody (9 x ro-2 to 1.1 x 10-o M) and. Fab'

(r.r x to-6 to r.49 x ro-6 u) were then treated. by linear regression

analysis. A plot of 1og (t-þx/J-x) versus (r¿t) is shornm in Figure 21

for reaetions involving both antibod.y and. träb', It is apparent f?om

Figure 2L t]nat the rate data for both intact antibody and Fb,br

began to d.eviate from Iínearity once the reaction had proceed.ed.

)+Oy'o Loward. equilibrium. The rate constants calculated. from the

li-near portion for both reaction systems are listed. in Tab1e X. The

initial fozward. rate constant (k., 2) in Table X, for the reaction of

DNPT and. intact antibod.yr lies within the raJlge of values conmonly

d.etezmined. for antigen-antibody systems (see Table TfI) and. agrees

partíeular1y closely with higþer values obtained for the insulin:

antj:-.ftrsuÏin system of Berson and Yalow (lg¡g). However, as could. be

erçected., it is somewhat l-oinrer than the corresponùing reaetion with

DM-lysine (tCetty et a1. , L97l). It is also interesting to note

that the rate constant of association, ky2t for the reaetion of

DNPI with Fab' fragments was somewhat higþer than that involving

the reaetion with the bivalent parent antibod.y molecule. Using the

sanne antibody preparation and. DM-lysine, Kelly et al-. (f97f ) na¿e

a similar observation. In their case, k12 for the reaction with

Fâb' was actually twice as higþ as that for the intact antibody.



BB.

However, Levison et aI. (ryfO) using multivalent antigens such as

BSA and. ovalburnin, observed. that these reaeted. faster with intact

antibod.ies than with Fab flagments.

The d.issociation rate constant (þ1), which coufd not

be d.etermined. independ.ently by the stopped-fIow technique, was

obtained from the relatÍonsfrip kef : \Z/4, and was found to be

-'r -1 't -'l
3.92 x 10 * sec * for antibody and 5.63 x 10 * sec * for Fab' fragnents.

Actually, as wiII be pointed. out in the next chapter, this

method. of calculating Þt may not be valid. if a two step meehanism

is assumed. for the reaction between DNPI and. anti-DNP antibodies.

Finally, it should. be pointed. out that a rigorous comparison

of the rate c.o¡star-r-t:s cal-culated. in this stud.y and. those obtained.

by others:for antigen-antibody systems, is difficult to rnake since

it woul-d. appear that most authors in calculating rate constants

for reactions of antibodies with multi-valent antigens used. molar

eoncentrations of antibody and. antigen"rather than molar concentrations

of antigenic d.eterminants and. antibody combining sites.
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TABLE X

ffiNETTC DATA FOR.ÏIIE REACTION OF DNPI I/']-JTH ÁNTÏ-
DNP ÁIVT]BOD]ES AND FAB' TRAG\4ENTS AT 25OC.

Antibody and DNPï

E:cpt. No. DNP]*(M) Ab sites (M) trr(1ill"e"-1) þr*("""-1¡

1

2

3

4

/_^
O.77xIO "

^ -6,0.ö7x10 -
-6O.90x1O -
-6l-.37x10 "

-^0.93x10'
o. p8xlo-6

-60.93x1-o -
r. o8xro-6

L. n*ro6
5.4oxro6
4.9r*ro6
4.4rxro6

, -l3.42x10 -
4.50*ro-f
4. o9*ro-1

3.67xro-1

MEAN 4.7t0.49*roÓ 3.gzto.4z*ro-1

Fab' and. DNPI

Erçt. No. DNPIåË(M) Fab (M) trr(u-1"""-1) orr*("u"-1¡

1

2

3

4

.-6
1.4OxlO "

a

I.16xtO-u
._A

1.49x10 "
.-6

I.49xlO -

. -6,1.49x10'

.-^
I.4!x1O "

-6I.I]:clO -
. -6,1.4!x1O "

5. Obcl-06

5.2oxLo6

6.ol,*:ro6

\.96xto6

5.32xIO-1

5.53xlo-1
6.4exro-f
5.Z7xLo-l

5.3tO.43*rO6 j.63to.54xro-1

.)+

t(-)+

Ex¡rressed. in te:m of DNP groups

Derived. from the relati-onship krr:
Âi^

L¿

q

K*



FTGIIRE 21 Kinetics of reacti.on of DNPI with the anti-DM

antibod.ies and its Fab' fbagments at 25oC, plotted

aecord.ing to equati-on (f5). Initial concentration
/-Á

of antibody varied from 0.93 x 1O-otvt to l-.OB x lO-oU;

-^ -6of DI\IP] fbom O. TT x LO 'M to 1.37 x l-0 "M. Initial

eoncentration of Fab' varied. f?om 1.11 x tO-61¿ to
._^

1.4p x 10 -M, of DNPI from 1.t6 x tO-6¡¿ to
-6,1.49 x 10 "M.
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Qhapter IV

GENERAL D]SCUSSTON OF..:RESULTS

'' ,rÁ.Ithougþ hapten-antibod.y reactions d.o not appear to

differ greatly f?on antigen-antibody reactions(Singer, L965), they

can at best only serve as model systems for the initial interaction

of an antibody combining site w:ith an antigenic deterninant. Most

haptens used. have dimensions smaller than the actual antibody

combining site which may encompass sections of the earrier mofecule

(Ìiorobec et aI. , 1g72b), and the d.eep sites may actually "swallow up"

the hapten molecule (Green et at. , L972). Moreover, the coming

together of an antibody molecufe with a macrcmoleeular antigen ' ilâY

lead. to the secondary interaction of arnino acid. residues not dÍrectly

involved. in the combining site or the antigenic d.eterminant(s). To

ínvestigate this aspect, univalent antigens would. be the id.eal mod.els

since they wou1d. not lead. to the fozmation of cornplex aggregates,

wTrich may obscure the observation of the secondary interactions as

mentioned. above.
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Natural oeculreneeof rrnival-ent antigens seemsto be rare.

Berson and. Yalor¡r (lg>g), on the basis of the kinetie stud.ies, anived

at the eonelusion that insul-in behaved. as a univalent arrtigen in

its interaction with anti-j¡asulinantibod.ies. Sim:ilar1y, Worobec

et al-. (t97Za, 1972b) reported that angiotensin I and II appeared

to act as univalent antigens. Tlrese latter molecules are refatively

small but they are inmunogenic and. are thus consid.ered. as antigens,

even thougþ they react with antibod.ies in a manner more similar to

that of hapten-antibod.y than to antigen-antibod.y reactions.

As pointed. out in the introduction to Chapter III, of the

partially synthesized univalent antigens, DM-ïnsulin appeared. to be

a particularly useful mod.el antigen for kinetic and. equilibrii;rn

stud.ies with anti-DNP antiboùies, sinee any results obtained. could.

be eornpared to those obtained previously by Ke1ly et aI. (i97l-) tor

a system consisting of hapten¡ esDNP-I5rsíne and- an:,'.

anti-DM antibod.y preparation,i.d.entieal to the one used. ín the present

study.

In spite of the fact that bovine insulin possesses only

one lysyl residue per mo1ecule, it was theoretieally stiJ-l- possible

that insulin aggregates¡canying more than one 2r\-d.initropher'grl group:

existed.. Ho'urever, molecular weigþt d.etei:cnination by gel chromatography,

using both cohlnn and. thin-layer method.s:ind.ieated that at

concentrations of l- x ro-4 ttl (ex¡lressed. in tezms of a molecular

weigþt of l:2roo0) DNPI existed as a dímer (¡'ieure 6 and B) and

spectrophotometric ana,lysis had revealed. that only 0.5 DNP groups
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per monomer, or one DNP group per d.i-mer had. been coupled.. In

ad.d.ition, using id.enticaJ- eoupling cond.itions, Little and. Counts

(tg6g) fraa demonstrated that only lysyl residues of the Ínsulin

molecules, and. of these onl-y JO/0, d.o react wi-tln 2r4'd.initrobenzene

sulfonate. Ttre same authors had also observed. that it was impossible

to separate monosubstituted. DNPf flom the unsubstituted. insulin, thus

providing fìrrther evidence that the ¿imer:-zå¿ DNPI preparation
. _l+(at I x 1O M) contained. most likely equal a,r¡.ounts of monosubstituted.

DNPI and unsubstituted i.nsulin and therefore this dinerized DNPf

was ind.eed. monovalent with respect to the DNP group. It is even

quite likely that at the concentrations used. in equilibrir.:m and.

kinetie studies ( = f x fO-6 ¡,r) the DNPI preparation existed in the

form of monomers, si-nce Fred.ericq (J-g>6), Marcker (t96O) and

Zinrnerman et al. (ryfZ) na¿ shown that monomeric insuJ-in is present

at concentrations of 0.1 ' o. 5 g/L (B x ro-6- 4 x ro-5 ¡¡). ¿

d.issoeiatj-on of the DNPI preparation into monomers woufd. also have

Ied. to the presence of unsubstituted. insul-in monorners. Hor.rever, this

should. not have affected. the kinetic and. equilibriurt d.ata presented.

in this study in any way, si-nce Little and. Cor¡¡t s (t969) had shor,m

that unsubstituted. insulin does not eross-react with anti-DNP

antibod.ies. Fbrthe:roore, all eoncentration of DNPf used. in the present

study were calculated. in tezms of moles of DNP groups and not moles

of i.nsulin.

In discussing the equilibrium and. kinetic d.ata obtaíned. in

this study, it would. be advantageous to compare these d.ata to those

obtained by Ke1ly et aJ-. (pfl), using the sanne antibody preparation

and the hapten e-DNP-1ysine.
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fn Täble XT, equilibrium data for ïeactions involving

DNPI and e-DNP-Iysi-ne are cornpared. l'lhile DNPI seems to queneh

the fluorescence of intact antibod.y molecules less efficiently than

e -DM-lysine, both ligand.s quenched. Fab' f?agments to the sa.me

extent. The observed- difference in %*. ir the case of intact

antibody may be a refleeti-on of steric hindrance to the binding of

two DNPI molecules by the bivalent antibody, resultíng in a less

"i-ntimate" eontact between DNP groups and. the combining site(s),

and. thereby making the energr transfer f?om the try¡rtophan resid.ues

to the DNP group J-ess efficient.

One of the more striking observati.onsmad.e in this study

was that'the heterogeneÍty Índ.ex r¡ras cl.osê'to I whgn the antiboay (tottr

parent and Fab' ) was titrated with DNPI. Therefore the intact

antibod.y appeared. to be homogeneous when binding with DNPI: yet it

exhibited. consid.erabfe heterogeneity when binding with e-DNP-Iysine.

This apparent homogeneous binding enersr seemed. to be real, since a

TABT,E XI

EQIIILÏBRTIM DATA FOR TTÍE REACTTONS OF e -DM-LYSTNE AND

DNPT I{TTH A}ITT-DNP A]\TTTBODTES AIVD TT FA3' FR.A6/IEi\]'IS

qq

Ligand. Antibody /e^r* a. -l ,
K;(M -) Reference

DNPT

e-DNP-lysine

DNPÏ

e-DNP-lysine

x

X

Ab

Ab

55.4

72.8

ß.)+

0.gB

n q)r

1. B L.2

2.r 2.2

rc7 This study

ro7 Kelry (tgto)

Fab'

Fab'

o.83 o.g o.g\

0.70 - 2.5O

This study

Kel1y (ryfo)

x 107

x 107
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total of six titrations l¡rere performed. and. eaeh separate ex¡leriment

yield.ed. a value for cx which was close to rrnity. Illhil-e the reasons

for this apparent homogeneity eouId. not be d.etezrnined. e:qrerimentally,

the following tentatÍve explanation may be put fozward.: the bind.ing

of DNPI by anti-DNP antibodies involved. not onJ-y the combining site

of the antibody and. the DNP-lysyI residue óf the DNPT, but also the

second.ary interactions between a;nino acid. residues not d.ireetly

involved. in eÍther the antibod.y eombini.ng site t,or f,,|¡s antigenic

d.etez:ninant. Tlrese second.ary, non-specifie interacti-ons may have

compensated. for any d.ifferences in affinity of various populations

of antibod.y moleeules for the DNP-lysyl residue. Second.ary, non-

speeific interaetions may also have taken place between the two

insulin moleculesroccupying the two combining sites of a bivalent

antibody molecu1e. ït is also eonceivable that the binding of DNPI

was more homogeneous than that of DNP-lyslne, because the DM-lysine

residue of the former, due to the presence of the bu1þ carrier molecule

could not ad.apt as easily to the various antibody combining sites

as the free DNP-lysine molecule cou1d.. Ttris may also account for

the fact that the affinity constant for the binding of DNPI was

somewhat lower than that observed by Kelly et aI. (!pfl-) for DNP-

]-ysine. Althougþ a difference in binding affinity for DNPI was

observed. between intact antiboùies and. Fabf fragrnents, thÍ-s is, as

mentioned. previouslyrnot consid.ered. significant since Kelly et aI.

(J-pft) na0. calculated that a 5% error in the number of antibod.y

combining sites would. lead. to a 2O/o error in the average intrinsic

association constant. Tn the present study, an error of l2to was



calculated. for computing If values, without taking into consid.eration

possible errors in the d.etermination of the total nr.¡mber of antibod.y

combining sítes.

I¡'lhile d.ata obtai-ned. from bind.ing stud.ies d.i-d reveal some

dlfferences beti^¡een the interactions of DNPI and. DNP-J-ysine with

the sane antibody preparation, they couJ-d. provid.e no d.ireet aJIS.t¡Iers

as to why thís was so, partici;-lar1y, since equilibrium constants are

onJ.y a measurement of f?ee enerry d.ifferences between products and.

reactants. Details as to the meehani-srn of the reaetion are best

obtained. from kinetic stud.ies.

An inspection of the oscíllographie tracings obtained. from

stopped.-flow measurements of the reaction between DNPf and. anti-DNP

antibodies reveals imned.iately the biphasic nature of the reaction.

Tl:.ere appeared. to be an initial rapid. decrease in the fluorescence

intensity fol-Iowed. by a sloweï approach to equilibrium. Kelly (WfO)

using DNP-J-ysine as the ligand. d.id. not observe this second. part of

the reaction. Ìühen the rate d.ata are plotted..according to Day et a1.

(1g63) (¡"ieure 2l-), the difference between the DNPI and DNP-ly.sine

systæs becomes even more apparent. In the DNPI system, a l-inear

relationship was only observed. up to a point at ,which only \O/' of the

reaction had gone to completion (x:0.4) (rieure zr). on the

other hand, in the D.NP.-^lysine system (fetty, L97O) linearity was observed

even when the reaetion was BO/, ewpleted. Day et al. (r9æ) rra¿

interpreted. d.eviation from linearity in terms of the heterogeneity

of the antibod.y. Horoever, this argument cannot be invoked. to ex¡llain

the data presented. in this stud.y, since the reaction with DNPI



appeared. to be more homogeneous than that with DNP-Iysi-ne. Therefore,

the following reaetíon mechanism is proposed. for the reaction of

DNPI with anti-DNP antibodies

AbAg

(rrr)

(L7)

/rr)

Here, the initial fast eombination of antibod.y with antigen, is foIlor¡ed.

by a more sl-ow rearrangement of the complex due, at least partially, to

the interaetion of arnino acid. residues not d.irectly invofved. in the

antibody combining site or the antigenic d.eterminant. A similar

two-step mechanism has been proposed by Levison et aI. (DfO) ror

the reaction of bivalent antibod.y with multivalent antigens. Horrever,

these authors interpret the mechanism by assuning first a loose

eneounter pair followed. by a rearrangement of the complex, they

consid.er the second. step to contribute the major portion of the flee

enerry of reaction. Moreover, they onJ-y propose this mechanism for

reaetions involving bivalent antibody in the present of non-ehaotropic

ions, while in the present study the biphasic nature of the reaction

was observed. for both bivalent antibod.y and. univalent Fab¡ fbagments.

tr?om the initial linear rate d.ata, a rate constant (f.fZ)

for the initial specific e.onbi.nation of antigen with antibody was

calculated.. In Tb,ble XII, these rate constants are compared. with

those obtained by Ke11y et at, (ryft). It is obvious from this tabl-e

that the forr^¡ard. rate constants (tfZ) for reaetions involving DNPI

are somewhat snaller than those for reactions Ín which e -DM-lysine

participated.. In general, this phenomenon could. be attributed. to

__-_ìJ.,1":

¡b+As &Kzr

(r)

,AþAg
k'pe

--
-F

--</¿
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RATE CONSTAiITS FOR REACTTONS OF DNPT AND C -DNP-IYSTNE
I{ITH ANTI-DNP A1üTIBODIES AND TTÍETR Fab' FRA64ENTS

Ligand Antibody t12 (u-lsec-l) ol., ("""-1) nuference

Drfpr Ab 4.70 t 0.49 x ro6 3.92 t o.I+7 x to-f ttris study

e-DNp-lysine Ab r.1o I o.2o x ro7 5.1- x 1O-1 re1ly(r970)

DNpr Fab' 5.30 t 0.43 x ro6 5.62 t 0.54 x to-r r¡ris study

e-DNp-lysine Fab' 2.OO ! O.20 x LO7 B.O * rO-1 re11y(r970)

a - Derived. f?om the rel-ationship: KLz
.k=- *2L ,,a

-f!o

the two reasons as given at the end. of Chapter II. ÍLrese are:

(f) ff the rate of the antigen-antibody reaction is diffìrsion eon-

troIled., then the bigger antigen molecule diffuses slower toward

the antibod.y combining sites as compared with the smaller e -DNP-lysine

moleeule; (Z) Sterie hindrance on the part of the antigen molecule

d.ue to partial blocking of the antigenic d.eterminant by amino acid.

residues near the DNP-lysyI residue.

For a ligand. of spherical s¡mmetry d.iffì'tsing Ínto a

henispherical eombining site, in the absence of charge effects, the

d.iffusion controfled. rate constant can be cafculated. follot¡¡ing the

suggestion of Afberty and Hannnes (f9¡B):

kte 2Nn R :¡D lr8)1o0o "Lrz " "Lrz \--l
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100

Avogadro t s nu¡rber

Reaction rad.ius of the two reacting species

Sr¡n of the d.iffïsion eoeffici-ents of the reaeting moJ.ecules

¿: :.iì::: :il:i:ì.:r;-;;,-'-ì::i,:):. :::::ì..:.t:

where

II

R1 Dtt "

DiD*t -

Using this equation for the DNPI: anti-DM antíbody system,

a rate eonstant of 7.4 x ro8l¿-1"""-1 was cafculated.; where the

reaction radius was taken as 10 x tO-B crn, being the longitud.inal

dimension of anti-DNP antibod¡r eombiníng site (Hsia and little, I97L),

and the diffusion coefficients as I5.5 x 1o-7 cm2sec-f for DNPT

(medericq,, L956), and. )+.1 x 1o-7em2"u"-1 for rabbit ïgG molecules

(Ed.sa11, L9n). ftris value for the rate constant is about 2 orders

of magnitud.e larger than the extrrerimental rate constants obtained. in

the present study. Differenees of the sarne ord.er of magnitud.e between

calculated. and. observed. rate eonstants were observed. by tr'boese (tg6Z)

and Day et al. (tg63).

ft should. be pointed. out that the above calculation of a

d.iffusion controlled- reaction particularly in the case of an 'ar-rtigen

antibody reaction is at best an approximation, since in the case of

the antigen only a small f?action of its surface (tfre OiVe-lysy1 residue)

ean react with the antibody combi.ning site. T?rus, a gtreat number of

collisions will not lead. to the formation of antigen-antibody complexes.

llith reference to Table XII' it should be mentj-oned. that

if.the reaction meehanism represented by relationsfrip (12) really

holds, a calculati-on of the rate consta,nt of dissociation (t21) tV

the method indicated (footnote g of Table XII) nay not have loeen
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permissible, since this equation hold.s only for single-step reversible

reactions. By the same token, ít can be argued. that equation (f6)

was not applicable to the calculation of kinetic d.ata in this stud.y,

particularly since If "up"""ents 
the equilibriu:¡. constant for the

overall reaetion and. not just that between states I and. fI of equation

(V). However, if k12 is much greater than þ, in the initial

combination of antigen and. antibod.y, it should. be possible to ealeulate

k12 assuring a non-reversible reaetion of the type

fb * Ag -----> AbAg lrol

for the initial phases of the reacti-on between DNPT and. antibody.

Ind.eed., such treatment of the rate d.ata yield.ed. rate eonstants which

rrere practically identical to k12 of Table XII.

A eompa.rison of the rate d.ata obtained. with intact antibod.y

and. Fab' fragments shov¡s that the rate eonstant (\t) for the reaction

of Fab' fragments with DNPI is somewhat larger than that involving

the parent antibody. UsinS the sa,me antibod.y preparation and. DNP-

lysine, Kelly et al. (Wft) had made a similar observation. However,

they observed a larger (two-fol-d) difference. fn an attempt to

e:çlain this ùifferenee, these authors had. proposed. that the combining

sites of an intact antibod.y moleeule are direeted. inward., thus making

them less accessible on a bivalent antibod.y molecule than they would.

be on an unj-valent Fab' flagrnent. If this were ind.eed. the case,

one could. expect even larger d.ifferences in rate constants if DNPT

is used. instead. of the smaller DNP-lysine mol-ecule. Ihis was not

observed. in the present study. l\:rther ex¡reriments would. be required.

to settle this problem.

ù':,:3:::::
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SIMMARY

lr ) A irnivalent antigen, DNP-Insulin, was prepared. by coupling

a 2r4-dinitrophenyl (DNP) group onto the soJ-e lysyl residue at

position 29 of the B ehain of bovine insulin. Speetrophotometric

analysis revealed that only one DNP group had. been introduced. per

insulin dimer. Coli.mn and- thin-layer gel filtration chromatography

ex¡reriments in 0.01M PBS, pH f.4 establ-ished that the DNP-Insulin

existed as dimers (u.w. : L2roOO) at a coneentration of 1x to-4¡¿.

Ttre affinity eonstant 1f<]) for the reaction of anti-DM(2\

antibod.ies and their univalent Fab' fragments with DNP-fnsulin as

stud.ied. by fluoreseence quenehing, r\las found. to be about one half

of that for the correspond.ing reaction involving the hapten e -DM-lysine.

(3) T?re binding of Dl\IP-InsuIín by both intaet antibody and

Fab' flagments appeared. to be more homogeneous than the binding of

e -DNP-lysine by the same antibod.y preparation.

(4) Kinetic experiments perfonned. with the stopped.-flow

technique reveafed that both bivalent antiloody and. Fab' fragm.ents

reaeted. with DNP-fnsulin in a "biphasie" manner: an initial rapid.

drop-off in fluorescence was followed by a slor^rer approaeh to

equiJ-ibrium.

\)) Rate constants of association for the reaction of DM-InsuIin

with intact antibod.y and. their univalent Fab' fragnents were found.

. 
^-1 -t 6-t -'rto be 4.7 x l-O"M -see-- and 5.3 x l-o"M 'sec -, respectively. Both

rate constants were lor^ier than those observed. by others for reactions

invoJ-v1ng DIIP- lysine.
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APPENDTX A

An exa,mple for caleulating the d.egree of substitution of insulin

bv DNP

Extinction coeffieients:
10/"fnsulin t Eiá, l-O.o at 2Bo nqr

6-DNP-Iysine : {", L.7\ x l-Oh at 360 mu

Ttre ratio of the optical density of e-DM-lysine at 363 nu

and 2Bo rur

a/¡I u.u. r:g ) : 2.Bg' o.D. 2Bo

Moleeular weigþt of insulin:5750

Suppose in a particul-ar DNPI preparation, the O. D. at two

different wavelengths were

o'?'z8o :5'52

o.o.36o : 5.)+9

Ttrerefore,

o.D.z6o due to DNP-lysin # 1.B9

T?ue O.D.ZBO due to insulin 5.52 - L.Bg :3.63

5- l+q -l+Molarity of DNP-lysine :Tfiffi 3.14 x l-o 'M

Motarity or ïnsutin :ftffi,lf 6.2 x ro-41¿

-L
and Dm/insulin : 3' I5xlo-r: - o.5

6.2x1to-*
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APPENDTX B

The treatment of data for a ty¡rical fluorometric titration

Fab' : /B pe/ù

DtvpI : l-. 03 x ro-41¡

ro4

e)çDeramenl

Total voh:me DNPI
adde¿ (m.l-)

Normalized. REI

Log RFI

0.016 0.030 0.060

o.B2 L.4T 2.9,DNPI eoncentration 0.0O
I uM], (Hr)

Relative Ffuorescence
rntensity (nnr) Y5'v

Blank Corrected RFT 91.0

Dilution Coruected RFI 91.0

o.0000

l_00.00

2.000

0.0070

o.35

7\.o

72.0

72.2

79.40

r.899

o. oo7

Bo. ¡4

57.2

55.2

6r. r4

L.786

n nr)r

63.2o

l+r. o

39.0

39.'
t+s.4r

1.638

o.026

46. 84

28.5

26.5

27.2

29.97

L.)+76

o.o52

34.80

0.090

4.:g

2)+. j

22.5

23.5

25.82

1.411

o'oz8

J¿. ¿+

r,og (nNPr attenuation) O.OOo

Coryected. RFT 100.00

Sa¡nple Calculation:

The DNPT coneentration, on addition of O. OO70 nJ- DNPT to

2.O mI of antibod.y solution,

(H)* (ry x r-.o3xro-4)x(J*)xro6- 10- '/ "r \ 2.oo7

0.35 uM

B1ank Corrected. RFI Oloserved RFT of samnle -

RTT of solvent

= ?+-2 = T2/rT
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APPENDIX B (Continued)

Dilution Coruected RFï : 72 x ?'ooJ 72.2/0 r2.OOO '

Normali-zed RFr f2.2 x +H Tg.)+1, r

The DNPT attenuation eoefficient was estimated. to be 0. OI75 Log

Ø, t) per pM of DNPI

DNPI attenuation correetion:

log (nozmalized n¡'I) + DNPI attenuation

: L.899 + o.or75 x 0.35

: L.go6o

Corrected REI antilog I.906I

Bo'SL+ I' t
Ttre corrected. RFI was then plotted as a function of DNPI

coneentration, (tt)-¡ to yield the specific quenching curve (nieure 16).
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