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ABSTRACT

This’thesis involved a study of the antigenic properties of
redﬁced and S-carboxymethylated egg-white lysozyme (CM-1ysozyme) .
Since work on the antigenic properties of native lysozyme is
'.cﬁrrently in progress in two other laboratories, it was thought
that a comparative study on CM-lysozyme might elucidate the role
of primary ‘and tertiary structure in determining antigenicity in
proteins. This molecﬁle was chosen mainly because the complete amino
acid seqﬁence, and the X-ray crystallography of the molecule have
been combleted. This makes it possible to correlate information
on.antigenic determinants with their orientation on the crystalline
structﬁre; The native molecule .is relatively resistant to enzymatic
digestion, but the reduced and S-carboxymethylated derivative,
lacking its disulfide bridges, and consequently its rigid tertiary.
structure, is readily digested.

The first experiments involved attempts to isolate fragments -
of the CM-lysozyme molecule exhibiting haptenic éctivity. Trypsin
. was used, since this is a specific endopeptidase, cleaving proteins
or pgptides at the carboxyl of ‘lysine and argining residues. Only
one tryptic peptide thus isolated (T-11) exhibited haptenic

activity when various fractions were tested for their ability to



inhibit either precipitation or complement fixation between
CM-lysozyme and its homologous antiserum. There was no cross-
reactivity obServéd~between CM-lysozyme and antiserum directed
against native lysozyme. Likewise, the tryptic digest of CM-
lysozyme or any of the peptides isolated from it, did not inhibit
.the immune reaction of native lysozyme with its homologous anti-
serum. |

.Further-experiments were carried .out in éttempts to pinpoint
the region of this large 23 amino acid peptide, T-11, which was -
responsible for haptenic activity. From sequential degradation of
the peptide from both the C- and N-terminal, using enzymatic and 
- chemical methods, the antigenic region was narrowed to the N-terminal
portion of T-11..

Two synthetic peptides, prepared .by the soiid phase method,
comprising the N-terminal decapeptide of T-11, and the decapeptide
vplﬁs;arginine at the N-terminal, both showed haptenic . activity
by inhibition of pfecipitation between CM-lysoZyme and its homologous -
antiserum. The degree of inhibition with the two synthetic peptides -
were comparable .but somewhat less efficient than thé whole T-11.

peptide.
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A = Angstrom units
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amounts in serum
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1gM = 19S immunoglobulin; present in serum
-LAP = Leucine amino peptidase
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ul ' = microliter
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.mg = milligram
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0.15 M NaCl
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INTRODUCTION AND LITERATURE REVIEW

The'literatufe discussed here deals with the most recent
observations made in the general area of antigenic characteristics
in both synthetic and natural systems, with particular emphasis on
the characterization of antigenic determinants in proteins. The
research on the historical development of our present knowledge of
antigenicity has been copious and dfvergent. Several good reviews
have been published within the past five years dealing with,the
various specialized aspects (Kabat;-1966; 1968; Sgla, 1966; Gill (tt,
Kunz,. Friedman and Doty, 1963; Pfoceediﬁgs of The Royal Society,

Series B, 19665 Haber and Richards, Sela).

I. The Importance of Molecular Conformation in the Immune ‘Reaction

Beychok and Kabat (1965) and Kabat, Lloyd and Beychok (1969)
have shown that the conformation of oligosaccharides can be readily
recognized in immune systems. Their work has correlated optical
rotary dispersion and circular dichroism measurements as an
independent line of evidence for conformation, with immunochemical
studies, thus enabling them to explore the role of conformation in

-antigen-antibody interactions. Optical rotary dispersion measurements



provided estimates of the proportions of d- and B-linked N-acetyl-
D-glucosamine residues in staphylococcal teichoic acids in a few hours,
whereas the immunochemical studies were extensive and required several
weeks of work to achieve similar data. However, it was only by the
more sensitive immunochemical method that Torii, Kabat and Bezer
(1964) could distinguish mixtures of a- and 8-teichoic acids, from
both linkages on a single polyribitol phosphate backbone.

Although, to date, studies on the correlatfon of immunochemical
properties with optical rotary dispersion and circular dichroism
have been performed principally with oligosaccharide determinants,
the same techniques should prove applicable to the study of antigenic
determinants of polypeptides and proteins.

Crumpton and Small (1967) demonstrated that a tetradecapeptide
from myoglobin, which in the native molecule was predominantly helical,
but which became nonhelical in aqueous solution, was able to combine
with antibody to metmyoglobin. The peptide, in aqueous solution, may
possess a variety of conformations in continuous interchange, but it
was presumed thai the antibodies would react only with the fraction of
molecules whose conformation was the same as that of the corresponding
region in the native antigen, namely helical. This presented the
possibility that the peptide was stabilized in the helical form in
the antibody combining site.

Schlossman, Levine and Yaron (1968) found that the combining sites

of antibodies produced against a-2,4-dinitrophenyl-lysine (a-DNP-(Lys)),



were complementary to the determinant deNP-(Lys)7,.but those produced
against a-DNP-(Lys)IZOO-were complementary only to d-DNP-(Lys)3.

Kabat suggested that this findfng might be related to conformational
differences between the two antigens, and that optical rdtary dispersion
and circular dichroism studies might be beneficial in elucidating"

this observation, the meaning of which is unclear at this time.

Another study on the structurai basis for immune recognition was
carried .out by Bonavida, Miller and Sercarz (1969) on native hen
egg-white lysozyme. The two methionine residues at positions .12 and-

. 105_of hen egg-white lysozyme.were cleaved by cyanogen bromide in 70%
formic.acid. Conversion of the native lysozyme to cyanpgen'bromide—.
‘treated (CNBr-treated) lysozyme caused a red shift in the absorption
spectrum. The difference spectrum showed a peak at 2980 A™ which has
been associated, in some éasés, with a shift of tryptophan to a more
hydrophobic environment. These workers were interested in establishing
how much alteration must take place before one epitope (antigenic
determinant) loses its identity and may be recognized as another, by the
immune system. Immunochemical studies with the CNBr-treated lysozyme.
showed that this derivative caused 70% inhibition‘of the binding of
native hen egg-white lysozyhe by anti-hen egg-white lysozyme serum,
which suggests considerable retention of native conformation. However,
from gel diffusion studies, using antiserum to CNBr-treated lysozyme
and to native lysozyme, it was shown that CNBr-treated lysozyme had

apparently lost some antigenic determinants, and gained new ones not



present on the native (hen_egg-white) lysozyme. The explanation
proposed was that, near to the points of cleavage, there is relative
flexibility in the CNBr-lysoiymé,'permitting realignment of some of
the amino acid residues which, in the parent molecule, were in an
unfavourable position for reacting with antibody. This realignment
could account for the altered spectral, enzymatic and immunoiogical
behaviour of CNBr-treated lysozyme.
Atassi and Habeeb.(1969) demonstrated that the nature of a chemical

modification at a given site determines its effect on biological
activity (enzymatic or antigenic). Native hen egg-white lysozyme and
the derivative prepared by nitration of the tyrosines at positions

- 20 and 23 were employed. This nitrated derivative exhibitéd conformational
changes as shown by its increased susceptibility to tryptic hydrolysis,
and the availability of one disulfide group for reduction which was
not reactive in the native molecule. The antigenic reactivity was only
slightly affected (namely, 77-90% effectiveness relative to the homologous
reaction), whereas the enzymic activity was decreased by 50%. When nitro-
tyrosine residues were reduced to aminotyrosine most of the antigenic
reactivity was recovered (namely, 95-99% effectiveness relative to the
homologous’ reaction), despite the fact that conformational changes
still existed. This was demonstrated by its similar susceptibility
to tryptic hydrolysis, and availability of the one disulfide group for
reductibn, as with the nitrotyrosine derivative. The loss in enzymic

N\activity resulting from nitration was not recovered on reduction of



the nitrotyrosyl residues. This suggested that the loss of enzymic
‘activity was the result of these conformational changes which
appearéd to be similar in both the nitrotyrosyl and aminotyrosyl
derivatives. It also suggested that the amino acid sequences around

and Tyr23) were important for enzymic

20.

activity. The nitro group, in the ortho position to the phenolic

these two tyrosines (Tyr

hydroxyl of tyrosine, through its electron withdrawing effect,
increased the acidity of the phenolic hydroxyl (pKa valhes:

tyrosine, 10.];‘3-hjtro-tyrdsine,-7;2). Because the reduction of
nitrotyrosy] residues. to aminotyrosine (thereby increasing the pKay‘
to 10.0) resulted in.almoét complete recovery of antigenic activity,
while maintaining the.altered conformation, it was.suggested that one
or both of tyrosines 20 and 23 were present in an antigenic region of
lysozyme.. It should be ﬁoted that this recovery in antigenic.activity
was oniyAbetween 5 to 22%, which did not provide: cénclusive evidence
for the presence of the two fyrpsines in an antigenic region.  Further,-
these workers found 3 nitrotyros%he, or Gly-3-nitrotyrosine failed to
inhibit the reaction of (NOZ)Z-]YéézYme with its homologous purified
antibodies. This indicated that the antigenic specificity was not

directed to nitrotyrosyl residues a]one;.but more probably to the

nitrotyrosyl residueé'in'conjunction with its neighbouring residues.-



1. Cross-Reacting Antigens

A comparison of the antigenic structure of the mutually related
enzymes, papain and chymopapain; was reportéd by Arnon and Shapira
(1968). By the method of'crossjimmﬁnoadsofption, the antibodies -
to chymbpapain were fractionéted using specific papain cross-
“‘immunoadsorbent, and the antibodiés to pabéin were similarly
fractionated with chymopapain cross-immunoadSorbent., These two
antibody species were directed to-antigenic determinants common to
botH enzymes, although it was uncertain as to whether they were
directed to identical amino.acid sequences on the two proteins. With -
respect to the .quantitative precipitin reaction, their Eapacity to
bind antigens, and their-ihhibitory capacity ‘toward each of the two
enzymes regarding their catalyticiactivity’on a large substrate, the
two antibody species were identical. It was also found that both
antibody species had a similar inhibitory effect on the catalytic
~activity of chymopapain on a low molecular weight sﬁbétrate. However,
a dissimiiarity between the two species was demonstrated when the
inhibition of papain on a low molecular weight substrate was tested.
In this case, the antibody species prepared from anti-chymopapain
serum by cross=-immunoadsorbent was less efficient as an inhibitor
than those: from anti-papain. This phenomenon might be due to a
difference,in the affinities of the two species, resultingifrom the

same antigenic determinants being present on different carriers.



H
From this method of selective fractionation of the antibody species

by cross-immunoadsorbents, chymopapain, which has a larger molecular
weigh£\than papain, was shown to possess more antigenic determinants
than papain. One of these determinants elicited the formation of
antibodies which inhibit papain activity on a macromoiecu]ar substrate

and also on a small substrate.

111, 'Synthetic Antigens and Antigenic Determinants

From the study of synthetic polypeptide antigens, several factors
influencing antigenicity may be determined (Sela, 1966). Gill, Kunz
and Papermaster (1967) carried out extensive studies on the immuno-
~genic properties of synthetic polypeptide antigens in order to
elucidate several factors influencing antigenicity. The quantitative
control of antibody production was found to depend upon (i) the
chemical composition of the antigen, where polymers containing aromatic
amino acids generally elicited more antibody than those containing no
aromatic residues; (ii) an excessively high charge on polypeptides
depressed their antigenic potency; (iii) the optical configuration
of ‘the component amino acids, where D-amino acid polymers exhibited
poorer . immunogenicity than those composed of L-amino acids. |In order
to elicit antibody formation, however, it was essential to administer
D-amino acid polymers in small doses in order to prevent immunological

paralysis.



Jaton and Sela (1968) used multichain polyproline as the
carrier macromolecule for attachment éf D- or L-amino acids to. test
the role of opfical configuration.in-immunogenicity; These multi-
chain polyproline macromolecules of either optical configuration
did not provoke antibody formation in rabbits and therefore could
be used as inert or nonantigenic carrier macromolecules. Attachment
of as little as 8.5% of ‘L-amino acid residués on the.oﬁtside of
a macromolecule composed exclusively of D-amino acid resid@es-

- converted it to a good’immhnogen. These workers .also demonstrated
that a macromolééule containing as much as 95.5% of L-amino acids,
-but having all its pb]ymeric side chains terminating iﬁ'D-amiﬁo
Técids,'was,jﬁst’as poor an immunogen as a similar macromolecﬁle
composed exclﬁsively,of D-amino acids. These results of Jaton and

Sela's work substantiated exactly the work of Gill et al.(1967).

-1V, 'Determination 'Of‘the'. Size. of Antigenic Determinants.

From work using synthetic peptides of known sequence attached to
inert carrier molecﬁles,'the smallest antigenic fragments have been
.shown to be 6 to 7 amino.acids ‘in length., "Arnon, Sela, Yaron and
Sober . (1965), who used polylysyl rabbit serum.albumin with an average

~.chain length of 5.5 lysines, showed that the inhibiting power of the
peptides for the homologous antigen‘af tHe equivalence point of the

‘antigen-antibody reaction increased sharply up to pentalysine and then



only.slightly more up to nonalysine. The ultimate goal in determining
the measurement of the sjzeiof'the antibody combining site is to
isolate a single antigenic determinant and know its structﬁre and

. conformation in so]ution. Immunochemi ¢al stﬁdies on the pojny-

~glutamyl capsule of Bacillus anthracis by Goodman, Nitecki . and

Stoltenberg (1968) have shown that the maximum size for the region

on the polypeptide which -combines with the antibody site is six
residues of D-glutamic acid. This was tested by the quantitative
‘precipitin inhibition reaction. The dimensions of hexaglﬁtamicfacid
‘are 36 x 10 x 6 Ay, These dimensions are in close agreement with.

-the dimensions found for the antigenic determinants.on dextran which
were 34 x 12 x 7 A (Kabét; 1960). It is interesting to.note the
'.close agreemént in sizelrepérted,abQVQ;,in whfch1instances two
different antigens;'a polypeptide and a carbohydrate, énd two different
species of animals, rabbits and human beings, were used fespectively.
The work.on peptides derived from.this homologoﬁs capsular polypeptide
-also demonstrated the heterogeneity of ‘the combining sites of anti-
bodiés in the.sera tested from three rabbits similarly immunized with.
whole capsﬁlar polypeptide. With two of the sera, increments of
‘precipitin-inhibiting-efficiency were obtained up to.the pentamer,
which was-eqﬁal in inhibiting capacity to the hexamer. However, the
third'aﬁtiserﬁm could distingﬁish'between the pentapeptide and hexa-
peptide, by the greater-inhibiting-efficiency of the hexapeptide,
indicating that there may be individual animal differences in the

response to antigenic stimulus.
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A number of experiments demonstrated that when a sfngle-
hapten is attached to a known residﬁe of avpﬁre protein, or to
a polypeptide backbone (Kantor, Ojeda and Benacerraf, 1963;
Eisen and Siskind, 1964) not a single antibody species, but whole
families of antibodie;'were produced in response. This hetero-
~geneity of ‘most antibodies is partly.dﬁe to thé'presence of
different antibody:c]asses.éﬁch as 1gG, IgM and IgA and their
respective subclasses, and to genetic differences, as well as
being.dependent on the antigenic complexity of 'the immunogen.
Because the dimensions of the antibody‘combining site are considerably
larger than most small Qrgahic'molecu]es~used‘as haptens (Kabat,

- 1960; 1966; Sage, Deﬁtsch, Fasman and Levine, 1964), the sites may .
encompass not only the hapten but also different sections of the
protein'to which the hapten is attached. Richards et al. . (1969) studied
the relationship between antigenic complexity and heterogeneity in

the antibody feSponse; In.this respect, Richards and workers tried
to.elucidate the rolé of the immediate environment in its interaction
with hapten. They syrthesized amino.acid copolymer with a defined
sequence and an approximate molecular weight of 10,000 which had the

© 2,b-dinitrophenyl-hapten (2,4-DNP-hapten) at regular intervals of

about 30 A along the backbone, when the polymer was in its extended form.
The structure was (OL-DNP-L-lys—(D-ala-L-ala)B)n where n = 10.2 on the average.

The microenvironment around the hapten was relatively homogeneous and



nonantigenic, and in its extenaed form the hapten groups were
separated by distances greater than the largest dimensions estiméted
for the antibody ﬁéﬁbining site, approximately 34 A:! as reported by
Kabat (1960). In aqﬁeous solﬁfiqn at §H»7;0;,=the polymer is a
random coil with no.evidence,of B-conformation .or a-helix becaﬁse'
.of the alternating D- and L-amino acid sequénce. This defined
sequence polymer with the DNP-hépten was stﬁdied.alqngAwith the
DNP-hapten‘ih two other environments of increasing heterogeneity.
The second antigen was a statistical N-carboxyanhydride polymer

with a residue ratio of DL-alanine to DNP-lysine of 10.6:1, and

"having the same .amino acid composition as the defined sequence polymer.

THe third; most  complex antigen was randomly dinitrophenylated
bovine y-globulin. Stﬁdies of the immune response prodﬁced in
rabbits injected with these three antigens indicated that as
incréaSing degrees of “drder” are imposed on the haptenic environment,
the antibody response becomes more homogenous. The experiments
involved dispersion of molecular charge distribﬁtion; and variations
in the magnitﬁde of noncovalent interactions between the hapten and
the . antibody.populations given as asSociationvconstants;

These workers also produced evidence that antibodies to.the
defined-sequence polymer had early matﬁration properties showing no

rise in.the average binding energy later in the immune- response, and

were all of the same charge. The N-carboxyanhydride polymer having :the

ysame composition, but a less rigidly ordered environment of the



A

dinitrophenyl-amino alkyl reéidué,.gave rise to antibodies having
intermediate maturation properties and some difference in charge
distribution, Antibodies produced to randomly dinitrophenylated
bovine nglobulin showed -a marked rise in association constants
with late response antibodies, ‘and also showed a greater difference

in charge distribution.

V. Antigenic Determinants on Protein Antigens'.

A major approach to the study of antigenic determinants and the
dimensions of antibody combining sites must ultimately involve
research on natural protein antigens. |In instances where this approach
has been undertaken, antigens have been degraded and the haptenié
peptides isolated and characterized. |t has been shown from these
studies that proteins may contain many different ahtigenic

determinants.
1. Tobacco mosaic virus protein subunit (TMVP)

The most extensive of these studies so far have been those on
TMVP by Benjamini and his associates (Beﬁjamini, Young, Shimizu and
Leung, 1964; Benjamini Eﬂfilr;]965)' From the TMVP subunit, a single
polypeptide chain of 158 amino acid residues, a twenty amino acid
peptide was found to be the only haptenic one present after trypsin

digestion. Further investigation of this peptide showed that the

12
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"C-terminal five amino acids (sequence Leu-Asp-Ala-Thr-Arg) were the
critical ones for antigenicityv(ngng, Benjamini, Stewart and Leung,
1967).' Subsequent work involving solid phase peptide synthesis
demonstrated that-the hydrophobicity of the N-terminal portion of -
this pentapeptide enhanced the binding of antibodies (Benjamini,
Shimizu, Young and Leung, 1968). The N-(IAC) octanoyl derivatives
of the C-terminal tetra-, tri-, and di-peptides of the haptenic
pentapeptide were synthesized and tested for their capacity to bind
specifically with anti-TMVP antibodies. The results showed that

the octanoyl tripeptide and tetrapeptide exhibited specific binding,

- but not the dipeptide (Benjamini et al,,1968). By solid phase peptide
synthesis, Benjamini's group showed. that the shape of the aspartic acid
residue was more fmportant than its negative charge, since asparagine
could'be substituted for aspartic acid, but glutamic acid could not
(Young, Benjamini and Leung, 1968). In another set of experiments,
the .C-terminal arginine residue was shown to be more important than the
N-terminal leucine, in that removal of the arginine from the C-terminal
of the peptide resulted in a pronounced decrease in haptenic activity,
whereas removal of the N-terminal leucine or both the leucine and

aspartic acid did not (Young, Benjamini, Shimizu and Leung, 1966).
2, Bradykinin

The work of Spragg et al, (1968) on antibody to bradykinin was



'

also an attempt to elucidate the structural and minimal requirements
for the binding of antigen to antibody. In this study,.antibodfes
were produced by rabbits injected with a branch-chain coploymer of
bradykinin, a nonapeptide, and poly-L-lysine. Intrinsically

labelled (%

C)-bradykinin and singly substituted alanine analogues of
bradykinin and bradykinin fragments were tested in competition
experiments for binding to the antibody. The amino acid sequence

of bradykinin is Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg. Alteration of
charge by replacing arginine with nitroarginine or the hydrophobic

character, by replacing phenylalanine with alanine, had relatively

little effect on binding to antibody. However, substitution at proline,

position 3, or glycine, position 4, which are obligatory for conformation,

produced the most profound change in binding. From the experiments
utilizing fragments of 'the sequence, it was shown that the antibody
recognized the peptide in a preferred conformation which required the

entire nonapeptide sequence.
3. Human serum albumin

Lapresle and Webb (1965), using prolonged peptic, chymotryptic
and tryptic digestion of human serum albumin, showed that one
fragment with a molecular weight of 6,600 possessed only one antigenic

determinant which partially inhibited the precipitation reaction

. between serum albumin and its homologous antiserum. Using the

14
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immunoadsorbent technique it was found that only about 1% of the
antibody population to whole serum albumin was directed against

this determinant.
4. Sperm whale myoglobin

In sperm whale myoglobin, Crumpton and Wilkinson (1965) found
eight chymotryptic peptides which had the capacity to inhibit
precipitation using both antisera to metmyoglobin and apomyoglobin,
and their respectivé antigens. However, the greatest degree of
hapten inhibition obtained was .15% which indicates: that there afe
many more antigenic determinants present in other portions of the
molecule; that these peptides could not assume the correct
conformation to show maximal inhibition; or'that these peptides did
not represent the complete sequence of any .single determinant;

Atassi's work (1968) on nitrated apomyoglobin and metmyoglobin
showed that one or both tyrosines 146 and 151 are present in a
reactive region of the molecules, since the nitrated derivatives
possessed lowered antigenic reactivities relative to apomyoglobin and
metm&bg]obih with their homolpgous antisera. A peptide fragment
containing residues 56-131 and its derivative nitrated at tyrosine 103
(the third tyrosine in metmyoglobin) showed identical reactivity to
the amount of antibody specifically adsorbed from antiserum to
metmyﬁglobin, and therefore it was concluded that this tyrosine residue

was not located in an antigenic region.



16

By similar methods, Atassi énd Caruso (1968) showed that a
derivative of apomyoglobin modified at tryptophan 7 was identical
immunochemically to apomyéglobin pretreated with 8.0 M urea - 5%
methanol at pH 3.0 (U-ApoMb) and with metmyoglobin prepared by
complex formation between ferriheme and U-ApoMb respectively, and
therefore it was concluded that tryptophan 7 was not an essential
part of an antigenic site. |If conditions Were cho;;n so that both
tryptophans 7 and 14 were modffied, there was a drastic decrease
in antigenic reactivity due probably to changes in conformation of
the molecule by unfolding. Using mild periodate oxidation conditions,
so that only methionine residues at positions 55 and 131 were oxidized,
Atassi (1967)showed that these two residues were also not essential parts
of the antigenic determinants of metmyoglobin.

An interesting observation made from studies on trypti; digests
of sperm whale myoglobin following isolation of soluble peptides by
chromatography was that fhe five immunochemically reactive tryptic
peptides occupied mainly the four corners on the surface in the three-
dimensional structure of this molecule proposed by Kendrew et al.
(1961). The peptides only showed inhibitory activity by quantitative
precipitation, and did not precipitate antibody. Therefore, each
peptide was assumed to contain only one antigenic determinant.
| Cleavage at the two methionine residues at positions 55 and 131
shown previously to be non-essential for antigenicity, produced three
fragments which accounted for almost all the immunochemical reactivity

of the intact molecule. The two largest fragments, 1 - 55 and 56 - 131
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had the capacity to precipitate with antiserum against the whole
protein, ‘and therefore contain at least two antigenic determinants

but fragment*® 132 - 153 acted as a true hapten possessing only the
ability to inhibit precipitation between the whole molecule and

its antiserum, In the fragment containing the residue; ¥ - 55,

the tryptophan at position 7 can be cleaved to yield a small peptide,

1 - 7, and the remaining 8 - 55. The small N-terminal peptide was
found to possess no immunélogical reactivity. However, there was some
evidence that this sequence might be important for the proper orientation
of the reactive regions on fragment lb- 55, since the precipitation
obtained with fragment 8 - 55, for a given serum, was considerably less

than that from the complete fragment 1 - 55.
5. Ribonuclease

Oxidized ribonuclease was digested with trypsin, chymotrypsin,
and pepsin, and various peptides were isolated. Brown (1962) found
that peptides from two different regions of the protein specifically
inhibited the immune reaction between rabbit antibody and‘oxidized
ribonuclease. On a molar basis, the larger, 24-amino acid peptide
caused 50% inhibition of the precipitin reaction between oxidized
ribonuclease and its homologous antiserum. Further enzyme digestion
of this peptide showed that the antigenic region lay within the first

15 amino acids of the sequence. The other peptide, 19 amino acids



in length, and near the C-terminal of the antigen, caused 22% in--
hibition of the precipitin reaction with the same system. Both
these haptenic peptides are rich in non-polar amino acids which may
be important in maintaining their stability and secondary structure
in an aqueous environment.

It is interesting to note that performic aéid oxidized, or re-
duced and carboxymethylated: ribonuclease, lacking disulfide bonds
and therefore much of its teﬁtiary structure, does not precipitate
antibddy directed against native ribonuclease. This lack of cross-
reactivity between antibodieé,directed to the native well-characterized
three-dimensional form of the protein, and.the reduced aﬁd carboxy-
methylated form of an antigen was also'demonstrated with the Tysozyme
and CM-lysozyme system (Gerwing and Thompson, 1968). It should also
be noted here that in both these instances, all haptenic peptides so

far demonstrated, contain one or more cysteinyl residues.
6. Bacterial ferredoxins

In proteins, such as bacterial ferredoxins, in which the total
tertiary structure has not been established, the immunological
method may elucidate in part the significance of conformétion in the
_antibody combining site. Work on clostridial férredoxins, using
the performic acid oxidized derivative and reacting it with antibodies

to native ferredoxin, has shown that a high degree of cross-reactivity

18
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exists in this instance (Nitz,.Mitchél], Gerwing and Christensen,
1969).  In fact, it was found that the immune reaction appeared
to be greater between oxidized ferredoxin and antiserum against
the native molecule than it was with the homologous system. This
might indicate that in the animal body, the native ferredoxin
undergoes alteration, possibly resulting from the removai of iron
molecules which are bound to the cysteine residues by noncovalent
inte}molecular forces. The observation that a considerable degree
of cross-reactivity also existed between performic acid oxidized
and carboxymethylated ferredoxin and their respective antisera
also indicated that the cysteine residues in this system, none of
which are involved in disulfide bonds, do not play a direct role

in the regions responsible for antigenicity.
. 7. Native lysozyme

Shinka'é£:§15(1967) recently published evidence that in
native lysozyme, four peptic peptides exhibited haptenic properties.
All these peptideswcontained the sequence from Gin 57 to Ala 107
(peptide 7a), and differed only in their cleavage points in the loop
between Cys 80 and Cys 94. Further work by this group (Fujio,
Imanishi, Nishioka and Amano, 1968a) showed that another immuno-
logically active peptide could be isolated by limited peps{a

/
digestion, which contained both the N- and C-terminal peptides



20

1inked by a single disulfide between Cys 6 énd Cys 127. This

peptidé contained the sequence Lys 1 to Asn 27, and.Ala 122 to

Leuz129 and was designated peptidé f7._ Equilibrium dialysis

experiments showed that 47% of the antibody in.the 7 S anti-hen
egg-white lygozyme was directed against this péptide. These  two
antigenically active peptidgs were independent'of-each'other,'as :

shown by the observation that there was no inhibition of Binding

of one of these peptides to antiserum in the presence of the other
(Fujio, imanishi, Nishioka and Amano, 1968b).

| Arnon and Sela (1969) have .also studied the antigenic properties -
.of native lysozyme. They prepared a synthetic cOnjhgate composed of

a fragment of lysozyme (sequence Cys 6L to Leﬁf83)'which they

designated as the '"loop' peptide, and branched poly-DL-alanine. . This .
peptide comprises a portion of the longer haptenic peptide isolated

by Shinkafgz;éls(1967)-which was designated peptide 7a. This conjugate
was used to immunize. rabbits to produce antibodies specifically against:
this unique region in the native lysozyme molecule, and the pﬁrification
of the antibodies was carried out using a ]ysoZymefcellylpse’immhno-‘ |
adsorbent. By preparing an immunoadsorbent from this.''loop'' peptide,
‘Arnon and Sela were able to. isolate antibodies of similar specificity.
“from anti-lysozyme serum. These anti-”lobp” antibodies were able to
distinguish between the ."'1oop"! peptide; containing a dfsﬁlfide bond,

and the open-chain carboxymethylated peptide derived from it, suggesting .

that .they may be directed against a conformation-dependent determinant.
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These workers felt that the availability of the tWO.popﬁlations

of antibodiés, diréctéd mos t ]ikély to the'samé region within thé
native protein, will provide an opportﬁnity to. compare thém and to
learn thé rolé;of thé antigenic carriér in thé homogénéity;of anti-
bodies to a specific detérminant;_ Thi5'proposedlwork will be
interésting inview of thé‘prévioﬁsly méntioned:wbrk'of Richard et
al.(1969) on the role of the envikOnment'aroﬁnd'thé'haptén in the
immune résponse;

The lysozyme molecﬁle was chosen for stbdy for severalAreasons;’
Firstly, the complété.amino acid seqﬁéncé is known; Secéndly;vX-ray
crystallography has beéh‘completéd on the molecule and a.three-'
dimensional strﬁcture'has béen'proposed;.so'that thé'aréas.found to. be
haptenic can be corrélétéd with.théir ]ocatfon in‘thé'CrYStalliné‘
structure; thirdly, the four disulfide bonds in the single polypeptide
’ ;hain give thé'native MOlecﬁle a fairly rigid tertiary structﬁré;
finally, lysozyme is a highly basic protein with a pl (isoglectric
point) of pH.11.05, and a stﬁdy'of.its'antigenic determinants might bé
interesting in voéw of the work of Séla and Mozes (1966) démbnstrating
that antibodies produced to basic protein antigéns are found in.the
facidiC'fraction;of‘immﬁnoglobu]ins aftér’chromatography on DEAE-

Sephadex.
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8. Reduced and carboxymethylated lysozyme (CM-lysozyme)

In this study, reduced and carboxymethylated lysozyme (CM-
lysozyme) was used as the antigen. Results from initial experiments
indicated that CM-lysozyme did not cross-react at the precipitin
level with native lysozyme antiserum, and none of the tryptic peptides
isolated from it showed any capacity to act as haptens with the
native system.

Unpublished work by Young and coworkers from Benjamini's group
has substantiated these observations showing the lack of inhibition
of the lysozyme-anti-lysozyme reaction by small peptide fragments
isolated from CM-lysozyme, when they tested them either by complement
fixation or radio-immunoassay techniques. They found that CM-lysozyme
would react with anti-lysozyme serum at antibody concentrations higher
than those required for the binding of an equivaient amount of lysozyme.
This CM-lysozyme-anti-lysozyme reaction could not be inhibited by
chymotryptic digests, but could be inhibited by tryptic digests of CM-
lysozyme, or by peptides containing the N- and C-terminal regions, Lys 1.
to Met .12, and Asn 106 to Leu 129, isoléted from cyanogen bromide (CNBr)
cleavage of CM-lysozyme. Because this CM-lysozyme-anti-lysozyme reaction
could not be inhibited by native lysozyme unless theilysozyme was in

extremely high concentration (1,000 fold excess), these workers
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sﬁggested that the antibodiesvinvolved in.binding the CM-lysozyme
are, in fact, more specific to a denatured form of lysozyme which
may be present in small amounts in preparations of this enzyme. The
determinant ‘areas existing in the tryptic peptides and the C-terminal
CNBr peptide may not have the same conformation as in the native
.“crystalline lysozyme, and this may explain their inhibitory activity.
"From the work reported in thiS'tHesis on CM-lysozyme, it was -
.shown that a single tryptic peptidé encompassing the seqﬁence Asn 74 -
Lys ‘96. exhibited strong haptenicfactivity; It is interesting to note
that this peptide falls within the fragment isolated by Shinka'et al.
(1967) from peptic dfgests of native lysozyme which showed haptenic
activity, and . overlaps the ''loop'' peptide studied by Arnon and Sela.

(1969) .
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MATERIALS AND METHODS

1. Immunization Procedures

The hen egg-white lysozyme used in all experiments was purchased
from Worthington Biochemical Corporation. Reduction and alkylation of
the four disulfide bonds of the lysozyme molecule with iodoacetic acid
was carried out~according to the method reported By Canfield and
Anfinsen (1963). The treated lysozyme, termed CM-lysozyme, was
lyophilized and stored at 4 C as a powder until reduired. For
immunization, 30 mg of CM-lysozyme was suspended in 1.5 ml sterile 0.9%
saline and emulsified with 1.5 ml complete Freund's adjuvant
(Bacto-Difco). lmmunizatfon of the three rabbits with the material was
carried out as follows. Rabbits were anaesthetized with 1.0 ml of
nembutal (Abbott Laboratories) édministered intravenously. The emulsion
(0.2 m1) was injected into a foot pad of each of the four extremities,
and a further 0.2 ml was injected intramuscularly in the left hi;ﬁ leg.
On the following day, 1.0 ml of alum-precipitated antigen containing
- 1.5 hg of CM~lysozyme was injécted intravenously into each animal. The
alum-precipitated antigen was'prepared according to the method described
by Kabat and Mayer (1961 - p. 309).

The antibody titer was elevated four weeks after the last injection,

and remained unchanged in successive samples collected weekly for six
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“ months. The serum was stored in 50.0 ml batches at & C. After it was
determined that the titer of the serum from two of the rabbits was
identical, the two sera (from rabbits 1 and 2) were pooled as they
were collected, Merthiolate at a final concentration of 1:10,000
was added as a preservative.

After six months, the rabbits were given booster injections of
0.5 ml Freund's adjuvant emulsion containing 3.0 mg CM-lysozyme intra-
muscularly in the left hind leg. Additfonal serum samples were
collected at weekly intervals starting two weeks after the booster

injection, and stored as above.

Il. Quantitative Precipitin Reaction

The immune precipitation reaction was used for initial studies on
the antigenic properties of reduced and carboxymethylated lysozyme
(CM-1ysozyme). Optimal proportions were determined by incubating
varyihg amounts of antigen, in a constant volume, with constant amounts!
of antiserum at 37 C for 1 hr followed by 18 hr at 4 C. The immune
precipitates were centrifuged af 2000 g, washed twice with 0.9% NaCl, and
dissolved in 1.0 ml of 0.1 N NéOH. Then the absorbance at 2800 A"\ was
read on a Beckman DB-G spectrophotometer. A stock solution of CM-lysozyme
containing 100 ;wg/ml in 0.9% NaCl was used to titrate sera from all
threé rabbits., Sera 1 and 2swhich had identical titers precipitated

optimally with 25.0.;ﬁg of CM-lysozyme/ml of undiluted serum. Serum 3
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precipitated optimally with 50 ﬁg of CM-lysozyme under the same
coﬁditions. Because of its higher titer, serum 3 was selected for use’
in.all.fﬁrther extensive precipitin tests.

Hapten inhibition stﬁdies with tryptic peptides were performed as
follows.: The peptide in 0.1 ml of 0.9% NaCl was mixed with 0.4.ml of
undiluted serum and incubated at 37 C for 1 hr followed by 18 hr at
-4 C. Antigen was then added at the calculated amount to yield optimal
‘precipitation with 0.4 ml of antiserum, and the incubation at 37 C and
L C was repeated. Control tubes Qsing 0.1 .ml of saline instead of .
peptide were treated identically. The resulting’precipitates were
then prepared as previohsly déscribed and read for 2800 A. The
percent inhibition was calculated as the percentage decrease in
optical densities at 2800 A taking :the saline control as 100%. These

studies were .always conducted in triplicate.unless otherwise stated.

i1, Complement Fixation-Reaction

Freezeédried.gﬁinea pig serum (3.0 m].qﬁantities)'obtained'from
Hytland Company was ﬁsed as a soufce of complement. The serﬁm was -
reconstituted for each test in the diluent provided and:further
dilutions were made in veronal.bﬁffered saline, between 1:25 and
~ 1:250, between 1:50 and 1:500;;or‘between 1:75 and 1:750 depending -on
the batch of gdinea pig serdm. The veronal buffered saline used for

all dilutions of antigen, haptens, complement and antiserum was
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prepared according to the method of Brooksby (1952). A pooled sample
of antiserum 1 and 2, and a stock.solution of CM-lysozyme containing
100 ug/ml were used fhrqughout.

The complement fixation titer of the antiserum was determined
by using ten dilutions of complement between the values given above, .
doubling Qilutions of the énfiserum starting at 1:10 up to 1:160,
and one dilution of antigen, 0.4_ug/ml. The complement, antigen and
antiserum dilutions were all used in 1.0 ml quantities per tube. A
similar test to test for anticomplementary activity in the antiserum
was set up simultaneously using 1.0 ml of veronal-buffered saline
instead éf the antigen. The tubes were mixed by shaking and incubated

{

overnjght'at L c. A.Z% suspension Qf twice-washed sheep erythrocytes
in veronal-buffered saline was sensitized by mixing it with an
equal volume of a 1:50 dilution of the recommended standard solutfon
of hemolysin (Difco-Bacto Antisheep Hémolysin) for 10. min. This
preparation was added in 1.0 ml aliquots to the test series and incubated
at 37 C for 30 min in a water bath. The tubes were shaken once at 15 min.
Following the 30 min incubation, unhemolyzed red blood cells were
sedimented by centrifugation at 1800 g and the supernatants were read on
~ a Klett colorimeter using the green filter. End points were calculated
as 50% hemolysis on a probjt plot of the actual percentages of the Klett
readings according to the method described by Wright (1963). Titers
of the pooled test antisera 1 and 2 were 1:80 in tﬁe presence of the

standard amount of CM-lysozyme, 0.4 ug/ml.
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The fresh pooled antiserum was heated at 55 C for 20 min to
inactivate any complement. No anticomplementary activity was
demonstrated by the pooled antiserum preparation (even at a 1:20
dilution) after heat inactivation.

The antigen was titrated by repeating the tests using 1:80 antiserum
throughout with doubling dilutions of antigen ranging from 6.4 to
0.0125 ug/ml. The data showing tHe calculation of the optimal antigen
range are shown in Figure 1.

Hapten inhibition studies involved the use of standard amounts of
antigen (0.8 ug/ml) and antiserum (1:80) and varying amounts of
complement and peptide. The test péptides in 0.2 ml were all added
initially at a concentration of 50 ug in 0.2 ml. Preliminary
experiments with all the tryptic peptides from CM-lysozyme indicated
inhibition in only two preparations, the pooled tryptic digest and one
purified peptide. The positive tests were re-assayed over a range of
50.0 to 0.10 ug. The hapten inhibition tests were carried out as follows.
The peptide-antiserum mixtures were incubated at 37 C for 1 hr'and 18 hr
at 4 C. Subsequently, 0.8 ug of antigen in 1.0 ml, and 1.0 ml of
complement containing dilutions befween 1:40 and 1:125 of guinea pig
serum, were added and the mixtures were left overnight at 4 C. On
the third day, the indicator hemolysin system.was added as previously

described, and end points were again taken as 50% hemolysis.
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IV. Preparation of Tryptic Peptides

The carboxymethylated lysozyme was digested with trypsin (Worthington,
lyophilized containing 125 units/mg) as described by Canfield_(1963a). |
The trypsin was assayed using the.hydrolysis of p-toluenesulfonyl-
L-arginine methyl ester (TAME) by trypsin and measuring an.increase in
absorbance at 2470 A (Hummel, 1959). One unit of trypsin activity is
defined as the hydrolysis of 1 ﬂmole of TAME/min at 25 C and
pH 8.1 in the presence of 10 mM Ca++. The assay for activity and
the calculation of thexunits of activity is shown in Figure 2. The
digestion of CM-lysozyme involved a 1% solution of CM-lysozyme in
distilled water with the pH maintained at 8.0 with dilute NHhOH,
and trypsin in an amount equal to 2% of the CM-lysozyme by weight. The
solution was stirred at 37 C for 2 hr for optimal trypsin digestion and
the pH was periodically adjusted to 8.0. The insoluble core material
was removed by centrifugation. Digests usually lacked the ability to
precipitate wfth homologous antiserum by the ring .test, but the
precaution was taken of passing them through an ultrafilter designated
to retain material of more than 10,000 molecular weight (Ami con
ultrafilter, UM-1 filter pad) before purification of the peptides
chromatographically. In the initial stages of the work, Canfield's
method (1963a) for peptide separation, using a Dowex 50 x 4 (Bio-Rad)

column of dimensions (0.7 x 150.0 cm) at 35 C, with an eight-chambered
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by hydrolysis of the substrate p-toluenesulfonyl-L-

arginine methyl ester.
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- gradient system, was employed, with each buffer at a volume of

500.0 mt. In the first column separation, 100. mg of tryptically
digested CM-lysozyme was adjﬁsted to pH-2.8 with formic acid,

applied to the co]ﬁmn, and washed with three 1.0 ml aliquéta'of the
starting buffer. ‘Gradient .elution with an increasing pH and salt

' concentration was ﬁsed with pyridine*acetate.buffersvranging from
0.10 M acetic acid pH 3.8 Qﬁ to 2.0 M acetic acid pH 5.18.

Fractions of 5.0 mt were collected on an LKB fraction collector, .

and 0.3.ml aliquots of every other,tﬁbe were taken and analyzed by

the .quantitative ninhydrin reaction after alkaline hydrolysis according
to the method of HirS'EEgil.f(l956). A representative elution profile
with the eight-chambered gradient system is shown in Figuré-S."Each
peak was pooled ‘and 'dried by .flash evaporation at .45 C, washed with
distilled water; freeze dried, and dissolved or resuspended (some
peptides were only sparingly solﬁb]e) in 0.9% NaCl.

From initial immﬁnologiéa] stddies, strong hapténic'activity'was
observed in the peak containing the T€11ﬂpéptide (canfield's (1963b)
nomenclature), and a concomitant lack of haptenic behavioﬁr on the
part of any other peptide fraction was noted. Therefore, in fﬁrther
‘peptide separations, the main.pﬁrpose of which was to collect T-11 .
material, a simplifiéd_foﬁr-chambéred gradient‘systém was set ﬁp using
the first foﬁr pyridine*acetaté,bﬁffers recommended by Canfield, ranging
from 0.1 M acetic'acéd pH 3.8 to 0.4 M acetic acid pH 4.47. In this

modified system, 500 ml of each buffer were again used and the peptides
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were eluted through the Dowex 50 x 4 column at 35 C until 1.0 1
had been collected. Then the remaining adsorbed peptides were
eluted by running 2.0 M buffer at pH:5.18 through the column.
Fractions of 10.0 ml were collected from which 0.3 ml aliquots were
taken and analyzed by the quantitative ninhydrin reaction as described
above. Figure 4 shows a representative elution profile of the
modified system.

The T-11 peptide was eluted as the first sharply delineated peak,
and was free from other peptides eluted later. Amino acid analysis
of this material established its purity and identity with Canfield's
T-11 pepfide. Table.llpresents the results of the amino acid analysis
of this‘material as well as the results reported by Canfield. The
ninhydrin positive material eluting with the 2.0 M pyridine-
acetate buffer at_pH 5.18 from the column was pooled and tested for
haptenic activity at a concentration of 200 Ug; to confirm that no

haptenic peptides were present in this mixture of trypfic peptides.

V. Protein-and Peptide Analysis

Quantitative estimation of carboxymethylated lysozyme was
calculated initially by the Lowry method (Lowry et al,,1951) for
protein determination, and equated on a weight basis with its
extinction at 2800 N?a Subsequently, estimations were made on a
spectrophotometric basis. The T-11 and other peptides were

quantitated initially on a dry weight basis. Closer estimations of
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‘ the T-11 peptide were obtained from the calculation of micromoles

of singly occurring amino acid residues present after quantitative
amino acid analysis. Amino acid analyses were carried out according
to the method of Spackman et al.(1958) on a Beckman model :120. Amino
Acid Analyser.

The T-11 peptide could not be quantitated on the basis of its
extinction spectrophofometrically since it contains no aromatic amino
acids. However, its absorption spectrum at least indicated no
contamination with tryptophan-containing peptides (this would not
show up on amino acid analysis). A typfcal scan of this peptide
from 3000%= 2200 A is shown in Figure 5.

The main indication of the purity of the T-11 peptide was thét
finger print analysis showed the presence of only one ninhydrin
positive spot. High voltage electrophbresis was carried out for 45 min
at 3000 V on a Gilson High Voltage Electrophoretor in pyridine-acetate
buffer (10%; 0.4%) pH 6.5 on Whatman #3 filter paper with 0.1 mg
of the T-11 preparation. For the second dimension, the electrophoresed
strip was sewn onto another piece of Whatman #3 filter paper and
descending chromatography was carried out in butanol-pyridine-acetic

acid-water solvent (10:15:3:12, v:v:v:v) at 25 C for 18 hr.

Vi. "Carboxypeptidase Digestions

Carboxypeptidase B (Worthington COB, not DFP-treated) was

assayed for enzyme activity according to the rate of hydrolysis of
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hippuryl-L-arginine (Folk et al., 1960). The rate of hydrolysis
of the substrate was determined by recording the increase in
absorbancy at 2540 A over one minute intervals. One unit of

enzyme activity is defined as the amount of enzyme required to
hydrolyze: 1.0 umole of substrate per min under the conditions
specified. Once the activity of the carboxypeptidase B (COB)

had been determined (shown in Figure 6), an experiment was set up
using 1.0 ml of T-11 in saline (containing 1.875 mg or 0.75 ﬁmole)
and 0.4 ml of COB in 0.025 M Tris buffer (containing 120 pg which
possessed 0.25 units of enzyme activity) at pH 8.5 for 4 hr at

37 C. A substrate control containing 0.5 ml of T-11 and 0.2 mi

of 0.25 M Tris buffer at pH 8.5, and an enzyme control containing'
1.0 ml saline and 0.4 ml of COB in Tris buffer at pH 8.5 were
treated similarly. After 4 hr at 37 C, duplicate samples of

0.1 ml were taken from the T-11 digest and the control tubes, and
the pH was adjusted to below 4.0 with glacial acetic acid to terminate
the reaction and denature the enzyme. Duplicate hapten inhibition
tests using 0.4 ml of antiserum 3 were set up. Digestion of the
remaining material in the tubes was allowed to continue overnight at
37 C and then duplicate samples of 0.1 ml from all tubes were again
adjusted to below pH 4.0 and tested for hapten.inhibition. High
voltage electrophoresis at pH 1.9 in formate-acetate buffer .(2.5%
formi§ acid; 7.8% acetic acid) was déne on samples from all three

tubes after overnight digestion.
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Assay of enzyme activity of the carboxypeptidase B
preparation by the hydrolysis of the substrate
hippuryl-L-arginine.
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A second carboxypeptidase experiment was tried after the
initial COB experiment indicated that the removal of lysine (and
possibly alanine) from.the C-terminal of the T-11 peptide had no
effect on its haptenic activity. In the second experiment, both
COA and COB were used to try to degrade the peptide from the C-
terminal sequentially as far as possible, to test the limit of
degradation before loés of haptenic activity occurred. The COA
(Worthington, DFP-treated) was assayed for enzymatic activity and
its rate of hydrolysis of hippuryl-L-phenylalanine measured by the
increase in absorbancy at 2540 A at 25 C according to the method
of Folk and Schirmer (1963). One unit of enzyme activity is
defined as the amount qf enzyme required to hydrolyze 1.0 ﬁmole
of substrate per min under the conditions specified. Figure 7
shows the results of the assay of this enzyme. The methods used
for the second experiment were basically those described by Young
éﬁ_gl;‘(1966) in their work on an immunologically active tryptic
peptide from tobacco mosaic virus protein. For this experiment 3.0 ml
of T=11 in saline containing 0.75 ﬁmole, and 3.0 ml of saline as a
control were used. The pH of_the test and the control were adjusted
to 8.0 with 2% NaHC03, and 0.01.ml1 of COB. (100 ﬁg containing 0.4
units of activity) was added to each tube and the reaction was.
allowed to proceed for 60 min at 37 C. Then 0.01 ml of COA.(ZSO_ﬁg
containing 23 units of enzyme activity) and 0.1 ml of 10% LiCl
were added to both tubeé and the incubation at 37 C was continued.

Because COA is known to autodegrade on lengthy digestion, an
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Assay of enzyme activity of the carboxypeptidase A
preparation by the hydrolysis of the substrate
hippuryl-L-phenylalanine.

41



additional 0.01 ml of the enzyme was added at 2 hr, 15 hr and 24 hr
to both tubes. Samples of 0.3 ml were taken from both tést and
control tubes at 2, 6, 15, 24 and 40 hr. From the aliquots

taken, 0.1 ml was dried and taken up in the startiﬁg buffer for
amino acid analysis, and duplicate hapten inhibition tests were

carried out on the remainder.

Vil. Edman Degradation of T-11.

Because the results from C-terminal degradation indicated that
you could remove several amino acids from.the C-terminal end of
the T-11 peptide without loss of haptenic activity, the néxt
experiments involved degrading the peptide from the N;terminal.
Edman's degradation was tried first. A Sephadex G-25 (Pharmacia

Fine Chemicals) column .(2.5 x 40.0 cm) was equilibrated with

distilled water and 2.0 ml of T-11 containing 1.5 umoles in saline was

desalted by running it through the column. The peptide, which came
out near the void volume was flash évaporated at 45 C to dryness and
used as the starting material for serial Edman's degradation. The
method fo]]owea was described by Konigsberg and Hill (1962) with
minor modifications.

The first stage in the Edman's reaction involves the coupling
of the unprotonated amino group (therefore the reaction is carried
out at an alkajine pH) of the peptide with the thioéarbonyl group

of phenyl isothiocyanate (Eastman Organic). A suitable solvent
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~giving both the peptide and the reagent appreciable solubility

was found to be 50% aqueous pyridine containing 2% trimethylamine.

In this first coupling reaction, it is also important to exclude

oxygen by flushing the reaction vessel well with nitrogen and

stopperiﬁg the tube, since oxygen will replace sulfur in the
thiocarbonyl group of the phenyltﬁiocarbamyl peptide and will

prevent the later cyclization and elimination of the phenylthiéhydantoiny
of the terminal amino acid. - The coupling stage was carried out for

2 hr at 45 C using a 1:50 molar ratio of peptide to phenyl isothio-
cyanate-in a volume of 0.215 ml.

" The second stage, after removal of excess reagents with two
benzene extractions of 1.0 - 2.0 ml, was the cyclization of the
phenylthiocarbamyl group on the amino group with the carbonyl
carbon of the amino terminal amino acid, resulting in the formation
of a thiazolinone derfvative.. It is necessary to perform the
cyclization under anhydrous conditions with strong acid in order
to prevent hydrolytic cleavage of acid-sensitive bonds. The
relatively mild conditions permitted by anhydrous trifluoroacetic
acid at 45 C for 30 min in a volume of 0.3 ml under nitrogen were
used on the T-11 peptide.

Following cyclization, the trifluoroacetic acid was removed
by vacuum evaporation at' 25 C over P205, and the residue was
dissolved in 0.2 ml of 0.2 M acetic acid.and extracted twice with 1.0 -
- 2.0 ml amounts of benzene fo remove the phenylthiocarbamyl amino

acids and phenylthiohydantoins of most acidic and neutral
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amino acids.

Peptide devoid of the N-terminal amino acid remained in the
aqueous phase. Thé dried residue was resuspended in 0.1 ml of
0.2 N acetic acid and adsorbed onto a small Dowex 50 column
(4 x 50 mm) in the pyridine form equilibrated with 0.2 N acetic
acid. The column was washed by running approximately 10 ml of
0.2 N acetic acid through it, followed by 5 - 10 ml of 2.0 M
pyridfne-acetate buffer at pH 5.0. The acetic acid washings
contained niﬁhydrin negative material which, after acid hydrolysis
was shown by Konigsberg and Hill (1962) to contain all the
amino acids present in the parent peptide, but this peptide
derivative is devoid of free amino groups and therefore is not
adsorbed under the stated chromatographic conditions. The true
remaining peptide with free amino groups elutes with the pyridine-
acetate buffer. 1In the present instance, this material was
collected and dried down and resuspended in 50% aqueous pyridine
which completed one cycle. This purification step cannot be used
if the peptide to be degraded contains cysteic acid since it will
not be adsorbed, or if it contains a high concentration of basic
or aromatic residues, since it will be eluted only with difficulty
with the 2.0 M pyridine-acetate buffer. However, the T-11 peptide
contains only one lysine residue, no aromatic residues, and the
cysteine residues are all carboxymethylated, so no problems of

this type were encountered.
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At the end of one cycle, which removed one amino acid,
three samples of 10.0 n (approximately 0.05 ﬁmoles) were taken,
one for amino acid analysis, and two for setting up.duplicate
hapten inhibition tests. Three cycles were repeated, the only
difference being that the volumes of the aliquots taken after
the second and third cycle were 20 and 30 ul respectively to
compensate for losses in peptide resulting from handling and
column chromatography. The concentration of peptides was
determined by amino acid analysis and then hapten inhibition
tests were performed on the three samples designated T-11-1, .
Tfile and T%]]f3.‘ Aliquots used for hapten inhibition tests
were dried and redissolved in 0.9% NaCl. Each time a cycle
was completed, the remaining peptide was taken up in the amount of
50% pyridine to give the same micromolar concentration present in
the starting material.r Control tests for the hapten inhibition
were set up in duplicate using three concentrations of TT]],.0.0Q,
0.02 and 0.01,ﬁmo]es. Negative controls contained 0.9% saline in
equivalent volumes, in place of peptide.

Since these experiments indicated the importance of the N-
terminal portion of the T-11 peptidé as an antigenic determinant,
the complete experiment was'fepeated, which confirmed the observation
that removal of three amino acids from the N-terminal caused loss
of haptenic activity. Because Edman's degradation involves
somewhat rigorous treatment of biologically active materials, the

possibility was considered that the loss of haptenic activity could
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be due to manipulation rather than to the importance of the three
N-terminal residues. In order to test this, another series of
experiments were set up using enzymatic cleavage at the N-terminal

to ascertain whether or not the observations made here were valid.

VIIl. Leucine Amino Péptidase.Experiments

The leucine amino peptidase (LAP), diisopropyl phosphoro-
fluoridate-treated, was obtained from Worthington Biochemical Company.
Before use in any experiments, the enzyme preparation was assayed
for activity by.noting its rate of hydrolysis of the substrate
L-leucine p-nitroanilide. Before this enzyme can be assayed, it.is
necessary to activate it in the presence of 2 mM MgC12 in 0.14 M
triethylamine adjusted to pH 8.5 with acetate at 40 C for 2.5 hr.

It has been found that magnesium ion is better than manganese ioﬁ

for activation of this metal-requiring enzyme, as_ﬁénganese ion slowly
forms manganese dioxide under slightly alkaline conditions, and this
will allow a reversible oxidation-reduction system to be formed capable
of destroyiné tryptophan and sulfur-containing amino acids. The |
assay of .the enzyme activity showing the determination of the units

of ‘activity per mg ié shown in.Figure 8.

When the activity of the activated LAP was determined, an
experiment following the procedure of Lightf(1967) and using

the following solutions was carried out.
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. 1.. Experimental system

8.0 mg (3.2 pmoles ) of T-11 peptide was dissolved in 1.0 ml of
0.14 M triethylamine acetate at pH 8.5 containing 0.002 M MgCl,.
At zero time, 0.25 mg (0.3 ml of the activated enzyme preparation

containing 25.0 units of enzyme activity)'of LAP was added.
- 2. Substrate controls

a.. 1.0 mg (0.4 umoles) of T-11 peptide dissolved in 0.1 ml
of triethylamine acetate buffer containivng'_MgC_l2 at pH 8.5,
| b. 4.0 mg (1.6 ﬁmoles) of T-11 peptide dissolved in 0.5 ml of
triethylamine acetate buffer containing _MgCl2 at pH 8.5. At zero
time, 0.125 mg (0.15.m1 of the activated enzyme preparation containing

12.5 units of activity) of heat-inactivated (boiled) LAP was added.

3. Enzyme control

0.125 mg (12.5 units of activated enzyme preparation) of LAP
was dissolved in 0.5 ml of triethylamine acetate buffer containing
MgClZ.

A1l the ‘tubes were incubated at 37 C, and samples of 0.15 ml
were taken from the test, the enzyme control and the substrate
controls at 8, 16, 24, 40 and 48 hr. A sample of 0.15 ml was

taken from the test solution at 32 hr also just before fresh

- 48



enzyme in the same amount as at the start was added. Heat-inactivated
enzyme, at an equivalent amount to that added at the start, was

added to the appropriate control, as well as 0.125 mg of ‘enzyme to

the enzyme control at132 hr.. As aliquots were taken, the pH was
lowered in each one to below 3.5 with acetic acid (0.1 N) in order

to terminate the action of the LAP.

From the samples removed at the times given above, aliquots of
0.03 ml were taken from the test series, dried down and taken up
in 0.5 ml of starting buffer (pH 2.2), and an amino acid analysis
was carried out on each one to determine the extent of digestion.

A 0.03.ml aliquot of the sample taken at 48 hr from the enzyme
control was also analysed for free amino acid content, to check for
any autodegradation of the LAP." Under the above conditions,

0.004 umoles of leucine only was detected in the enzyme control, a
value which was about 10% of the amount of leucine released in the
test series. Correction was made for this in calculating the amount
of digestion in the experimental samples.

When quantitative amino analyses had been carried out on all:
the digesf samples, and the extent of enzyme cleavage had been-
determined, hapten inhibition tests were done in triplicate on
0.01. ml (60»ﬁg-of the original T-11) aliquots of the test samples
and controls, With the T-11 digest, all times were tested, but
with the boiled LAP control, only 8, 16 and 48 hr samples were
tested, and with the enzyme control tests were run on the 8, 24 and

48 hr samples. The T-11 control was tested only at 48 hr to see

k9
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\if the pro]qnged.incugation_atv37 C had had any effect on its
haptenic . activity, sinéé shortér times would have']eSS'effect.

A control set.in‘triplicateﬂhsing an eqﬁivalént amoﬁnt of
triethy]aminélacetatévbﬁffer containing MgCl2 rather than digest

was -done ‘to obtain the maximum precipitation level,

IX. Purification of Specifi¢c Antibodies

Rabbit anti-CM-lysozyme antibody was specifically:pﬁrified from
pooled sera from rabbits 1 and Ziaccording to the method.ofiFﬁjio
"gE;gl:'(T968a). One hundred m] of pooled sera was precipitated at thé
eqﬁiva]ence point with a calculated amoﬁnt of the stock,splhtion of
CM-iysozyme, by incﬁb;ting'thé mixture for 1 hr at '37 C and then
for 2 days at 4 C. The specific immune'précipitaté was centrifuged at
- 20,000. g for 20 min and washed three times with 0.02° M sodiﬁm phosphate,

0.]51M'NaC];,pH~6:0:bﬁffér (PBs). The washéd‘precipitate; containing
abo;t125 mg of antibody, was dissolved in 5.0 ml of 0.2 N acetic acid
and incubated at 37 C for 2 hr with stirring to dissociate the antigen-
antibody complex. The dissociated mixtﬁre-Was passed thrqﬁgh an

" ascending ‘Sephadex G-ZOOJCOlumn:(Z;S x 90.0 cm) eqhilibrated with

‘0.2 N acetic acid. The gel filtration was carried'oﬁt at room
témperatﬁre and-5.0 ml fractions were collected. The flow rate was
adjusted to 12.0 .ml/hr. The absorbance of each fraction was read at

. 2800 A,~and the-elﬁtion profile is shown in Fjgﬁre-9; Blﬁe dextran

was .run through first to determine void volume. There was no 19S
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Figure 9. Elution profile of the purification of specific anti-CM-lysozyme
antibodies on Sephadex G-200, The dotted line represents
blue dextran and the sharp, major solid line peak represents
the 1gG (7S) specific antibodies.
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- gamma globulin peak which would have come out in the void

volume so that only the retarded IgG peak is demonstrated. The
fractions containing the 1gG were pooled and dialysed against

. 100 volumes of 0.02 M PBS at pH 6.0 at 4 C %or 3 days with stirring
and changes in buffer twice daily. The stokk. solution of purified
antibody was concentrated by ultrafiltration through an Amicon
ultrafilter apparatus using a UM-1 filter pad, so that the final
concentration was 1.10. mg protein/ml. This material was stored

at =15 C until required.

Nonspecific rabbit gamma globulin which had been concentrated
by precipitation with 50% (NHA)ZSOH and purified by DEAE-cellulose
(Calbiochem) column chromatography in 0.05 M phosphate buffer at
pH 7.5, according to the method used by Fujio et al.(1968a), was
used for the gamma globulin control in equilibrium dialysis
experiments. The gamha.g]obu]in prepared in this way was stored as
a lyophilized powder, and was dissolved in small amounts of 0.02 M
PBS at pH 6.0 and dialysed against this buffer for 3 days at 4 C
as required. The dialysed preparation contained 17 mg protein/ml.

Another method for the purification of specific antibody was
also employed using a specific immunoadsorbent. The method used
for the preparation of the immunoadsorbent and the purification
of antibody was basically that of Robbins et al, (1967). The
antigen, CM-lysozyme was reacted with the bromoacetyl cellulose
(obtained by reaction of bromoacetic acid and bromoacetyl bromide

with powdered Whatman cellulose) in a manner permitting covalent



bonding to occur between the antigen and the adsorbent. The:
conjugate of antigen and bromoacetyl cellulose was then used to

adsorb specific antibody from pooled sera from rabbits 1 and 2

in 0.15 M phosphate buffer pH 7.4 at 4 C. Immunoadsorbent conjugates

prepared in this way have a high capacity for extracting IgM and IgG
classes of specific antibodies frbm antisera, and they are stable
for months and may be used repeatedly without significant loss of
antibody anding capacity. With large protein antigen-cellulose
conjugates, most of the different types of antigenic determinants
, are still availablé for interaction with antibody.

The serum to be adsorbed was clarified first by centrifugation
at 20,000 g for 1 hr at 4 C, and the floating lipid material and
any sedimented material was removed. - Then the immunoadsorbent was
dispersed in the serum, and the suspension was stirred at 4 C for
2 hr. At the end of this time, the cellulose conjugate was
centrifuged at 20,000 g for 20 min, and all the supérnatant serum
drained off (tests on this material indicated that most of the
specific antibodyvhad been removed in this step). After washing
the adsorbeqt with 0.15 M NaCl qﬁd recentrifuging until the
absorbance of the washes was less than 0.08 at 2800 Aif the antibody
was eluted from the immunoadsorbent by stirring the complex in
0.1 M acetic acid (pH 2.8) for 1 hr at 37 C. The suspension was
-'centrifﬁged for 30 min at 20,000 g to remove the cellulose-antigen
conjugate, and the supernatant fluid containing the antibody, was

dialysed agains£‘350,-v700 volumes of 0.1 M NaCl - 0.01 M Tris HCI
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at pH 7.0. This purified antibody stock solution was stored at
.=15C until required after mixing it with an equal volume of

~glycerine.

X. Solid Phase Peptide Synthesis
. 1. Peptide synthesis
The Merrifield (1964) method of solid phase peptide synthesis

was followed with the modifications as given in the recent book

Solid Phase Peptide Synthesis (Stewart and Young, 1969). The method

basically involves the growth of peptides by stepwise additions of
the required amino acids, while the peptide is covalently bonded to
an insoluble support. The insoluble support is chloromethylated
copolystyrene~divinylbenzene resin (Bio-Rad). The reactive groups,
the chloromethyl groups, react with the salt of a t-butyloxycarbonyl
(t~Boc) amino acid (obtained from Mann Research Biochemicals and
Sigma Chemicals) to form an ester bond between the COOH group of
the amino acid and the resin. Thus the peptide is lengtﬁened from
the C-terminal amino acid toward the N-terminal. The t-Boc group
blocks the free amino group of each incoming amino acid so that
only the carboxyl group is free to react. The t-Boc group of the
attached amino acid is removed by treatment with anhydrous HC1 to

‘allow this free amino acid group to react with the incoming protected

5k
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‘amino.acid. The coupling reaction involving the formation of a
peptide bond req&ires the presence of dicyclohexylcarbodiimide -

and neutral pH in most instances, but active esters of \incoming
‘t-Boc "amino ‘acids may be used with no coupling reagent. The excess’
amino.acids and bther reagents are easily~washed.outvof the resin
by appropriate solvehts,'thus.eliminating laborfoﬁs puriffcation
'procedﬁres at intermediaté steps during the synthesis.

Aftér the synthetic cycles are completed, the peptide is cleaved
“from the solid resin.sﬁpport by passing HBr gas (Baker, Matheson
Co;) thrqﬁgh a.sﬁépension;of the resin and peptide in anhydrous"
'triflﬁoroacetic'acid. The terminalit-Boc group.still'preseht at
this time is removed by an.elimination reaction, and the peptide

is . cleaved from the resin by a nucleophilic displacement reaction.
VCertain other side chain protecting groups such as benzyl groups -
-on the hydroxyis of serine and .threonine are.also removed by this
procedﬁre. However, the side chain protecting groups such as the
benzy]Agroups‘on the.sulfhydryj of cysteine .must be removed by
redﬁction with sodiﬁm in-]iquid ammonia,

After .all the side chain protecting groups are removed, the
".cleaved peptide is purified by a suitable chromatographic technique.
A flow chart for a synthetic cycle is shown in Table 1i, In this
instance, the peptide synthesized, which cgnstituted.a portion of
the T-11 peptide, was cleaved from the resin and treated with sodium
in ]iqﬁid‘ammonia (Baker, Matheson Co.) to remove the S-benzyl groups

on the cysteine residues.



Table 1. Flow chart of Solid Phase Peptide Synthesis.

CH; O H R, O

| R
CH;—C—0—C—N—C—C—0~ + Cl—CHg—©— POLYMER
|

c, h |

Boc amino acid chloromethy! polymer

CH;, O H R, O

| II |
—C—~0—C—N—C—C— ~—CH2——©—— ' POLYMER |
|

CH,
ABoc amino acyl polymer
$ HCl—dioxane; Et;N
DEPROTECT; NEUTRALIZE
CH2 H Rl O
| Lo
CH—C 4 CO. + H—N—c——C—o—CH,—@_ [POLYMER |
| . ]
CH;, H
isobutylene amino acyl polymer
Boc amino acid | diimide '
COUPLE

CHB 0 ll'I Rg O Il'{ llll O
I

| |
CHs—'C——O—C—N—(II—C—N——(|Z—C—O-—CHQ—Q— POLYMER
|

CH; H H
Boc peptide polymer

‘ HBr—F;CCOOH

CLEAVE
CH. H R, O HR O
CHs—% + CO; + Hrlxl—é—g—rh—(':—y:——on + Br~—CH2—©——
CH, IIJ i{
isobutylene peptide

Reproduced from Solid Phase Peptide Synthesns by John Stewart and
Janis Young, p. 3.
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2. Reduction and alkylation of synthesized peptides

The method followed for reduction and alkylation of the
synthesized peptide was a modification of the carboxymethylation
procedure used for native lysozyme as reported by Canfield and
Anfinsen (1963a). The peptide was flash evaporated at 45 C
following reduction in liquid émmonia, washed with dilute acetic
acid (0.1 N) and suspended in 5.0 ml of dilute acetic acid.

A 50-fold ekcess of 2-mercaptoethanol was added, and the pH of
the solution was adjusted to 8.6 with dilute NHAOH. The flask was
flushed with nitrogen, stoppered, and incubated at 37 C for 4 hr
to ensure the reduction of the cysteine residues in the peptide.
Following the reduction step, the pH was lowered to 2.0 with dilute
HC1 to prevent reformation of any disulfide bonds, and the
preparation was flash evaporated at 45 C to dryness.and washed once
with acidified distilled water. The reduced peptide was dissolved
in 5.0 ml of distilled water, and 2.5 uCi of (14C)-iodoacetic acid
(New Englénd Nuclear Co. containing 0.19 umole) was added. The pH
was raised.to 8.6 and alkylation with fhe labelled iodoacetate
was allowed to take place for 20 min before cold iodoacetic acid
(purified by one crystallization from petroleum ether) was added in
a 1:1 ratio on a weight basis with the amount of peptide present.

This constituted a large molar excess, and the reaction was allowed



-to continue for a: further 5 min at pH 8.6 to ensure that all

the cysteiné residﬁes*had been alkylated. A 125-fold molar

excess (to the moles of cysteine residﬁes présent in the peptide)
of 2-mercaptoethanol was then added to the reaction mixture to
redﬁce the exceSs*iodOacetate; The pH was maintained at 8.6 for
"1 min after the addition of 2-mercaptoethanol and then lowered to
pH 2.0 with dilﬁte HC1. The alkylated peptide was dried by flash-
evaporation at .45 C, washéd once with distilled water, dried again,
and.sﬁspendéd in 10;0.m] of distilled water with thé pH adjusted

to-2.8 with formic acid.
3. Purification of reduced and carboxymethylated peptide

The reduced and S-carboxymethylated peptide in dilﬁte formic
acid at pH- 2.8 was app]iéd to a Dowex 50 x 4, Bio-Rad colﬁmn
(2.0 x.25.0 cm) which had béen eéuilibrated with 0.1 M pyridine-
acetic acid buffer at pH 3.8. The peptide preparatidh contained
some insoluble .black matter, but this gradﬁally dissolved on the
- column.. The foﬁr-;hamberéd'gradient modi fied from the origiﬁa]

Canfield procedure (1963a) was ﬁsed as the initial purification

step for the synthetic peptide. Fractions of 3.0 ml were collécted,

and the peptide was detected by countingto.l.m]'aliquots from every
other tube in 8.0 ml of scintillation fluid. The liquid-
'scintillation fluid was prepared with 42 ml of quuifluor (New

England Nﬁclear) in 1 1 of toluene-methanol ;(60:40, v:v). All
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counting was carried out on a Nuclear Chicago liquid scintillation

counter (Model .725).

Using these chromatographic procedures, the4unreacted iodo-
acetic acid eluted at the front. The second major peak contained
peptide material which, after amino acid analysis was found to
consist.of the desired synthetic peptide. The pooled peak
material was carefully flash evaporated at 45 C using NaOH pellets
in a tfap in case any unreacted;?1AC)-iodoacetic acid was present.
The material was taken up in 4.0 ml of distilled water and 0.02 ml
was analyzed after acid hydrolysis for its amino acid content.

In order to.purify the peptide further and free it from low
molecular weight contaminants which were sometimes present, the
material from the Dowex column was run through a Sephadex G-15
column (2.5 x 35.0 cm) equilibrated with 0.1 N acetic acid. The
column was run at 12 ml/hr and 4.5 ml fractions were collected. The
fractions were read for 2300 A absorbance on.a DB-G spectrophotometer.
The peptide material thus detected was concentratéd by flash evaporation
at 45 C and redissolved in 4.0 ml of distilled water; A sample of
0.01 .ml was hydrolyzed and another amino acid analysis was performed
on this. Some improvement in the amino acid ratios was usually
observed after this step.

High voltage electrophoresis of the peptide material was carried

out using a Gilson High Voltage Electrophoretor. The sample, at 0.1 mg
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quantity was run at pH 6.5 in pyridine-acetic acid buffer
(10% pyridine-0.4% acetic acid) at 3000 volts/cm for 30 min. Only
one ninhyd}in positive spot was present in these samples.

The haptenic activity of the synthesized peptides was tested
by the precipitation inhibition technique previously described at
concentrations of 50, 25 and 12.5, 6.25, 3.0, 1.5 and 0.4 ug and

also by equilibrium dialysis studies described later.

X1. '(1AC)-AcetyIation of Peptides

The preparation of.(l-]hc)-acétyl peptides was carried out
according to the method described by Fujio et al. (1968a) with
slight modifications. The_(1-lhc)-acetic anhydride (5 mCi/mM) was
obtained in 0.1 Cl breakseal tubes from New England Nuclear Co.
The breakseal tube was frozen in a dry ice-acetone bath until the
tube and the vacuum seal was broken. Once the vacuum was broken,
the benzene was drawn down into the tube. After warming the
benzene solution which now contained the labelled acetic anhydride,
it was withdrawn with a syringe and transferred to a small tube.

For the acetylation reaction, the peptide to be so treated
was dissolved in 1.0 M sodium acetate at pH 8.0, and the benzene
solution of,(1-14C)-acetic anhydride was layered on top of the

peptide solution which had been cooled to 0 C. The molar ratio



of peptide to acetic anhydride was 1:20. The reaction was

allowed to continue for at least 24 hr at 4 C. The aqueous phase
was passed through a Sephadex G-15 column (2.5 x 40.0 cm)
equilibrated with 50% acetic acid at 25 C énd eluted with the same
solvent. Peptides treated in this way had molecular weights of
approximately 1200, so that they were only slightly retarded on
Sephadex G-15. However, the unreacted labelled acetic anhydride
which under these conditions would be completely hydrolyzed to
acetic acid, did not elute until total exchange in the column with
cold acetic acid had occurred at approximately one column volume.
Fractions of 4.5 ml were collected and 0.1 ml of every other fraction
was mixed with 8.0 ml of scintillation fluid and the radioactivity
was counted on a Nuclear Chicago scintillation counter (Model 725).
The peptide peak was pooled and the acetic acid was removed by flash
evaporation through a NaOH trap at 45 C. The peptide was washed
with distilled water and lyophilized. After taking the peptide up
in a known volume of 0.02 M PBS at pH 6.0, containing a small amount
of sodium azide (0.02%), a small sample was taken to be hydrolyzed
for aﬁino aﬁid analysis; Another sample of 0.01 ml was put into

8.0 ml of scintillation fluid and the radioactivity was counted,

so that quantitative evaluation of counts per micromole of peptide

could be estimated.
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XIl. Equilibrium Dialysis

The dialysis apparatus used in these studies was a small sample
vial with a screw cap. In the outside compartment 4.0 ml of the
peptide solution was placed (all peptides had previously been
quantitated with respect to specific counts per micromole). The
various antibody preparatiohs (purified as described previously),
anti-CM-lysozyme, non-speéificvgamma_globulin, and PBS as a buffer
control, .all in 1.0 ml quantities, were placed in the inside (dialysis
sac) compartment. The PBS, in which the peptides and antibody were
diséolved was at pH 6.0 and 0.02 M and contained 0.15% NaCl and
0.02% sodium-azide. The antibody concentrations were calculated
from their extinctions at 2800 A",

The semipermeable membrane separating the outside and inside
compartments consisted of Visking dialysis tubing (Union Carbide).
The dialysis apparatus -was rocked gently during incubation on the
apparatus designed for this purpose. Dialysis was continued at
L ¢ for a number of days, the control well containing only PBS
being checked at 48 hr intervals until equilibrium-was-established.
This was tested by removing aliquots of 0.05 ml at these times and
counting the radioactivity in the outside and inside compartments.

When the counts were comparable, it was assumed that equilibrium



had been reached. This usually took between 4 and 6 days.-
At this time, 0.05.ml.aTiquots. were taken from.all compartments,
and counts were made in 10 ml of ‘scintillation fluid to test

. for the presence of specific binding.
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RESULTS AND DISCUSSION

I. Haptenic¢c Activity in Tryptic Digests of CM-lysozyme

The antigenic properties of feduCed and S-carboxymethylated
lysozyme were studied in order to elucidate the regions of this
molecule responsible for ant[genic specificity. The ]ysozYme
molecule was chosen as the antigen, since the analysis of the
entire amino.acid sequence (Canfield,‘1963b), and X-ray crystallography
of fhe molecule showing its tertiary structure had been completed
(Blake'gE:gli,]965).~ Information regarding antigenicity could be
more meaningful in this light.

To approach the problem of isolating and characterizing the
antigenic determinants on the CM-lysozyme molecules, enzymatic
degradation was chosen. Trypgin was used to obtain large peptide
fractions, since this is a specific endopeptidase cleaving protein
molecules only at the C-terminal of lysine and arginine residues.

The lysozyme molecule is a highly basic protein containing 6 lysine
and 11 arginine residues which‘a]]ows the carboxymethylated derivative
to be .cleaved into as many as fourteen smaller peptide fragments

and some single amino acids. The native lysozyme with its disulfide

bonds intact is not susceptible to proteolytic.cleavage by trypsin.
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This is characteristic of many native molecules which have a rigid
folded tertiary structure held‘together by disulfide bonds.

After denaturation by reduction and alkylation of disulfide bonds
these protein molecules are susceptible to considerable enzyme
cleavage.

A study on the antigenic properties of native lysozyme had
been carried out by another group of workers (Shinka et al,;1967),
and it was felt that a comparative study on the reduced and
carboxymethylated derfvative would be interesting and might throw
some light on the inter}elated role of primary and tertiary structure

_in proteins with respect to their antigenic properties.

The digestion of CM-lysozyme with trypsin, and the separation
of the tryptic peptides have been described in the previQUS section
on methods. [Initial screening for haptenic activity by precipitin
inhibition involved mixing of triplicate samples of 0.4 ml of anti-
serum of known titer with‘0.1 ml quantities of the various peptide
fractions (containing between 200 and 1000 .7 lg/ml depending on their
solubilities) dissolved in 0.9% NaCl, and incubating the mixtures
at 37 C for 1 hr followed by 18 hr at 4 C. At the same time,
salinevcontrols were set up in triplicate. On the following day,
antigen was added to a concentration equivalent to optimal
proportions (this varied with the sera being used), and fhe incubation
was repeated. The immune precipitates formed were centrifuged,
washed in 0.9% NaCl, and then dissolved in 1.0 ml of 0.1 N NaOH to

be read for 2800 A’} absorbance.
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These experiments were repeated on the sera from three
individual animals. |In each instance the only peptide fraction
which showed evidence of haptenic activity was that which correlated
with the T-11 peptide isolated from the Dowex column run as
recommended by Canfield (1963a). An amino acid analysis on this
peptide fraction established its identity with the T-11 peptide
isolated by Canfield. The close agreement between oﬁr results
and Canfield's data is shown in Table Il. The preparation was
virtually free of all other contaminatind amino acids.as evidenced
by the trace amounts of Glu and Gly‘present (these are not present
in the peptide) in analyses at concentrations of less than 2.0% of
other residue amino acids in the peptide. Ring tests on this
fraction were negative, indicating that no precipitable and
uﬁdigested material was present. For most of the testé reported here,
a stock solution of thevpeptide was used which‘was at a concentration
of 500 ug/ml.

A quantitative hapten inhibition test was carried out on T-11
using between 50 and 0.1 pg of the peptide, and compared on a
weight basis with a similar test on the total tryptic digest. Because
serum from rabbit 3 had a higher precipitating titer than did the
other two sera, it waé used for these tests. Figure 10 shows the
results of these tests which were run in triplicate. These figures
represent mean values for each concentration and were found to be
closely reproducible, since on retestiné the variation was found to

be between 1.5 and 2.0%. Maximum inhibition of 60% was observed



Table 11. Amino acid analysis of peptide T-11.. The micromolar
ratios are in agreement with those determined by

Canfield (1963a) and shown in column 1.

Micromoles

Amino acid 1 2 Residues
Lysine 0.27 0.0211. 1
S-CM-cysteine 0.73 0.0597 3
Aspartic acid 11 0.0722 L
Threonine 0.27 0.0195 1
Serine . 1.03 0.0618 4
Proline 0.28 0.0154 1
Alanine | 0.78 0.0516 3
Valine 0.25 0.0173 1
Isoleucine 0.55 0.0341 2

Leucine 0.82 0.0559 3
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Figure 10.
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Inhibition of immune precipitation by peptide T-11
(0-0) and the total tryptic digest (e-e) at varying
concentrations. Calculation of inhibition was based
only on 50% hemolysis end point.
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with.25 ug-oritlarger quantities of T-11..

In order to establish that the inhibition observed here was
not ﬁniqﬁe for precipitation, inhibition tests using complement
fixation with poo]éd sera from rabBits 1 and 2 were carried.oﬁt.
With serﬁm titers at 1&80;,th¢ optimal antigen levels fell between

0.2 and'0.8 ﬁg (Fig::1)} For hapten inhibition testing,;Olg ﬂg
of CM-lysozyme was ﬁsed standardly in order to work in a region
of slight antiéen excess. In the initial test on both T-11 and
the total tryptic digest;.only two dilﬁtions of complement . (1:42
and 1:50) were ﬁsed; as thése had’previoﬁsly béeh ca]cﬁlated to
prodﬁce 50%,hémolysis in»thé réaction'of antigén and antibody.
Under these'condifions;‘the'Téilﬂpeptidéjcauséd’total inhibition
at concéntrations betWéeh 50 ana 10]ﬁg;.b0t the tryptic digést'
fécted in thé same way only at 50 andVZS_ﬁg; ‘To determine thefactﬁal
degree.of inhibition, ahother,tesf"was set up expanding thé range
of complement and hapten_lévéls;v Tests wérévrﬁﬁ cOncﬁrréntly on.
other tryptic peptidés”which had'faiiéd to caﬁsé'inhibition of the
‘precipitation reaction. These other tryptic peptides’wéré tésted'
at only one level varying betwéen 50 and 200 ug dépénding'on.thé
maximﬁm solﬁbi]ity_of thé particular peptide;' As in thé'prévioﬁs
tests, the only fractions showing inhibition were the total digest
and T-11." The results for these'tw0'préparations'aré documénted
in Figure5f111and:12;.and'aré correlated in Figﬁré 13, in which; on
\a weight basis, peptide T%11}Showéd considerably moré'inhibitory

capacity than the tryptic digest. The T-11 demonstrated detectable
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1:60 1:80 1:100 1:120
COMPLEMENT DILUTION

Inhibition of complement fixation with CM-lysozyme
and homologous antiserum by peptide T-11 at
varying concentrations; e-e, 50 yug; 4-4, 25 ug;
@8-g 10 - ug; o-o, 1.0 :Hg; A-A, 0.1 .uUg; and@-D
no hapten control. Calculation of inhibition was
based only on 50% hemolysis end point.
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1:50 1:60 70 1:80 1:90
COMPLEMENT DILUTION '

Inhibition of complement fixation with CM-lysozyme
and homologous antiserum by the total tryptic digest
at varying concentrations; e-e, 50 yug; 4-4, 25 yug;
2@, 10 ug; o-o, 1.0 wug; A-A, 0.1 .ug; andd-@3,

no hapten control. Calculation of inhibition was based
only on 50% hemolysis end point.
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Correlation of inhibition of complement fixation at
a 1:62 dilution of complement and varying concentrations
of T-11 (0-0) and tryptic digest (e-e). Calculation
of inhibition was based only on 50% hemolysis end point.
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inhibition in concentrations as low as 1.0 ug, whereas the total
digest showed only slight inhibition at 10 ug.

The testing of the specificity of the inhibition observed with
the T-11 peptide was the final control measure taken in these
experiments. For this purpose, a system of native lysozyme and its
homologous antiserum was used, since it had previously been found
that antiserum against native lysozyme did not cross-react at the
precipitation level with CM-lysozyme. The antiserum had been
prepared and titered in an identical manner to that described here
for CM-lysozyme ahtisera. No detectable inhibition was produced
by the T-11 peptide, indicating specificity for the CM-lysozyme
system, and no affinity for the antiserum against the native antigen.

From these experiments, it would appear that the T-11 region
of the CM-lysozyme molecule plays a significant role as an antigenic
determinant, by its ability to inhibit the hémologous immunological
reaction, using both precipitation and complement fixation as test
systems. The possibility that our inhibitory preparations of T-11,
contained undigested protein, or a contaminating peptide which could
be responsible for the observed reactions was discounted on several
grounds: (%) the inability of peptide preparations to precipitate
with éntibody when tested either by ring test or by the testing of
varying peptide concentrations with antiserum; (ii) the amino acid
analysis which agrees closely with Canfield's (1963a) analysis of
the peptide; (iii) the finger print analysis which demonstrated only

one hinhydrin-positive spot; (iv) the absorption scan on T-11 which
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showed no contamination with tryptophan-containing peptides; . (v)
the very low levels at which the peptide demonstrated haptenic
activity; and (vi) the lack of complement fixing capacity on the
part of the peptide fraction. Another important control was the
proof that the inhibition by the T-11 peptide was specific for the
homologoﬁs CM-Tysozyme - anti-CM-lysozyme system. This effect was
shown by the inability of.T%11ﬂto inhibit precipitation between
native lysozyme and its homologous antiserum. Early experiments
had shown that therelwas no’cross-reacffVity~between CM-lysoiymé and
native lysozyme antiserum at the precipitin levels tested, and
.fﬁrthef; that none of the tryptic peptides or whole digest showed
any capacity ‘to.act as haptens with theinative system,

On a weight basis, ft was found that the T-11 peptide was -
approximately two to three times as efficient as the tryptic digest:
as an inhibitor when tested either by precipitation or complement
fixation;' If this peptide repregented the only determinant present
in the tryptic digest, on a'weight basis, one would expect about
five times the specific activity for the peptide, since it comprises
approximately 20% :(23 amino acid residues to 129 residues in the
total molecule) of the total moieculé. However, in these experiments,"
this ‘5-fold.activity was never observed, and at most a 3-fold greater
specific activity of the peptide to the digesf was noted. This
resﬁlt does not-aiscount the probability that other regions of .
the CM-lysozyme molecule possess-antigenic properties, but rather that

the T-11 region is the only one :~retaining considerable activity after
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trypsin digestion.
Because all the other peptides isolated from tryptic digests
of CM-lysozyme on the eight-chambered gradient system recommended
by Canfield (1963a) showed no haptenic activity, a simplified four-
chambered system was set up. This used the first four buffefs used
in the original system, and permitted the’elution of T-11 as the
first shafply delineated péak. The purpose of these further peptide
separations was mainly to collect large amounts of T-11 for further study.
The fact that the sera from three different rabbits all reacted
idehtically in the systems tested, except with respect to antibody
titer, in&icated that the specificity of the system is not related
‘to individual animals. It is interesting to note that this T-11 peptide
is the largest tryptic peptide found in CM-lysozyme, containing 23
amino acid residues occupying between the 74th and 96th position in
the molecule. The sequence of the peptide is as follows: NHZ-Asn-
Leu.- CMC - Asn - Ile - Pro - CMC - Ser - Ala - Leu - Leu - Ser - Ser -
Asp - lle - Thr - Ala - Ser - Val - Asn - CMC - Ala - Lys COOH (Canfield,

- 1963b).

1l1. Carboxypeptidase Digestions .

Since T-11 is such a large peptide, the next series of experiments
involved sequential degradation of the molecule in attempts to
determine which portion of the whole peptide was responsible for its

haptenic activity.



The first éxperiments emp loyed the carboxypeptidase enzymes
whfch, as the name indicates, sequentially cleave amino acids
from<the carboxy‘tefminal of peptides and'proteins. Initially,
carboxypeptidase B was used to téét whethér of not the C-terminal
residue  (lysine) of T=11 was fmportant,to its haptenic activity.
Cérboxypeptidase B is an exépeptidase obtained from porcine pancreas
which specifically cleaves basic amino acidsl(lysine,'arginine-or
_ornithine) from the C-terminal of peptides orwproteins.' The commercial
preparations contain highly active homégeneous enzyme, essentially
devoid of carboxypeptidase A activity which preferentially cleaves -
_neﬁtral and .acidic amino.acids:séquentially from the C-terhinal.

‘After the enzyme activity ,of the preparation had been determined,
an ekperiment was set Qp for degradation of the T-11 peptide.
Simultaneously, a.substrateiqontrol, using only T-11 and no enzyme,
and an enzyme. control containing‘enzyme but no peptide, were set up-
- and treated in a manner identical to the test digest solution as
reported in ‘the Methods. The substrate control tested whether the
incubatiéﬁ:conditions had any nonspecific effect.on the haptenic
‘activity of T-11.. The enzyme control tested for any nonspecific
effect the enzyme might have on the subsequent immunological
testing of the digest, as well as for autodegradative release of .
‘amino . acids ‘from the enzyme itself rather than from the peptide.-

Samples were removed for haptenic testing ‘at 4 hr and at 18 hr,
and the addition of glacial acetic acid terminated the reaction by

denaturing and precipitating the enzyme. The substrate control was
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used as the‘positive control in testing for haptenic activity.

The enzyme control acted as the negative control and showed no
nonspecific inhibition of the precipitation between the homologous
CM-lysozyme - anti-CM-lysozyme system. Another negative control
was also set up using an equivalent amount of saline-Tris buffer
as used for the test solution to ensure that no nonspecific
inhibition could be attributéd to the enzyme control, due possibly
to products of autodigestion. All the hapten tests were done in
duplicate. The amount of T-11 present in aliquots taken for testing
were equivalent to 65 ﬁg, which from previous testing was knowﬁ
"to yield maximum inhibition.

The results are presented in Table |il. There was essentially
no loss in the haptenic activity of the T-11 peptide after COB digestion
for 18 hr. The enzyme control gave virtually no inhibition of
precipitation and therefore the enzyme was assumed to have no
nonspecific effect.

High voltage electrophoresis of test and control samples run
with a lysine standard showed fﬁét lysine had been cleaved from the
C-terminal of the peptide. There was also another ninhydrin-
positive spot in addition to that for the remainder of the peptide.
The substratg control containing only T-11 gave only one ninhydrin-
positive spot, and the enzyme control similarly gave one major spot
and a minor one which corresponded to the unknown one observed in
the test sample. Thus, the second ninhydrin-positive spot in the

digest and the enzyme control was thought to result from autodigestion



Table I11.

<Hapten inhibition of specific immune precipitation by

carboxypeptidase B digested T-11.

0.D % Percent
Digestion Time "7t 2800 A inhibition
L hr
Carboxypeptidase B digested
T-11 (65 ug = 0.026 pmoles) 0.0805 24.8
Substrate (T-11) control
(65 ug = 0.026 umoles) 0.0835 22.0
Enzyme control 0.107 0.0
(100% precipitation

level)

Saline control 0.107 0.0
18 hr
Carboxypeptidase B digested
T-11. (65 ng = 0.026 umoles) 0.078 22.0
Substrate (T-11) control
(65 ug = 0.026 umoles) 0.079 21.0
Enzyme control 0.107 0.0
(100% precipitation

level)

Saline control 0.106 0.0

)

xRepresents the mean values of the duplicate samples.
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of the enzyme.
In the second carboxypeptidase experiment, both COB and COA
were used to degrade the peptide sequentially from the C-terminal
in as far as possible, to test the limit of degradation before loss
of haptenic activity occurred. COA is stopped in its cleavage by
proline as the C-terminal amino acid. Commercial carboxypeptidase
A is the bovine enzyme and still contains considerable activity
against basic amino acids although it has been highly purified.
The COA used here had been treated with diisopropylfiuorophosphate
(DFP) to inhibit any tryptic or chymotryptic endopeptidase activity.
The COB was added first for 1 hr to ensure the removal of lysine
from the C-terminal of T-11 before the COA was added. Additional
aliquots of COA were added after 2, 15 and 24 hr since this enzyme
is known to undergo autodegradation upon prolonged incubation.
Control tubes, both a substrate control and an enzyme control
as described above, were set up énd samples of 0.3 ml were
removed from both the test and controls at 2, 6, .15, 24 and 40 hr.
The reaction in the samples'taken was terminated by denaturation
of the enzyme by the addition of 20 ul of glacial acetic acid.
Aliquots of 0.1 ml, containing 0.070 ﬂmole of peptide in the case
of the test samples, were removed from the 0.3 ml samples taken at
various times, and dried and taken up in stafting buffer for amino °*
acid analysis. Analysis on the short column of the Beckman Analyzer
shﬁwed that between 80 and 90% of the C-terminal lysine had been
removed from T-11. However, the results of total amino acid analyses

were not clear cut since an isoleucine peak and a carboxymethyl-
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cysteine were present, but none of the other expected residues (Asp,
Thr, Ser, Ala and Val respectively) were detected in equivalent
amounts. Isoleucine is nine amino acids in from the C-terminal,

and all the above mentioned amino acids would have to be cleaved
before it would be present in digests of T-11. It is also known
that S-carboxymethylcysteine is only released extremely slowly

by COA, and since this is the third amino acid in from the C-terminal,
all further degradation would be greatly reduced, so that one would
expect only trace amounts of the other amino acids. Because of the
high levels of enzyme used in this second experiment, and the fact
that some free amino acids were detected in the enzyme control on
amino acid analysis, it could not be conclusively determined how

far in from the C-terminal the COA had degraded the peptide.

The digests, upon acidification to terminate the reaction,
~gave rise to considerable precipitates which interfered with the
hapten inhibition tests. In fact, there appeared to be more
precipitation observed between the homologous antigen-antibody
system, which was used to yield thév100% precipitin level.
Therefore, the results from the COA and COB experiment were not
valid and did not give the sought-for answer. .However, the original
experiment indicated that removal of the C-terminal lysine had no
effect on haptenic activity.

Because of the technical difficulties encountered using COA
in these experiments, further work at this time involved

investigation of the N-terminal of T-11. It was decided that if
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the ‘N-terminal region of T-11.was found to be uninvolved in
antigenicity, then the carboxypeptidase experiments would be
- repeated, using more intricate techniques for purifying each

digest aliquot before testing for hapten inhibition.

Degradation of the T-11 peptide sequentially from the N-
terminal was carried out Qsing~the Edman's method. The sub-
‘tractive Edman technique was used in which the N-terminal amino
;acid is removed and an aliquot of the remaining}peptide is .
.sﬁbjected to hydrolysis and amino acid analysis. Comparison of
fhe remaining amino acids with the known analysis of the total
peptide establishes the removal of the N-terminus.

The first stage in the reaction involves the attachment of the '
thiocarbamyl group.of phenyl isothiécYanate to. the unprotonated
amino ‘group 'of the N-terminal amino acid. After the coupling
reaction has occurred and excess reagents have been removed, the
phenylthiocarbamyl group on the amino group is coupled with the
“carbamyl carbon of the amino terminal amino acid, resulting ‘in the
formation of a thiazolinone derivative. The cyclization reaction
and cleavage of the N-terminal amino acid from the peptide must be
performed under anhydrous conditions to prevent hydrolytic cleavage
of acid-sensitive bonds. After benzene extraction, to remove the

phenylthiocarbamyl amino.acids and phenylhydantoins of most acidic
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and neutral amino acids, the remaining peptide was purified on
a small Dowéx 50 column equilibrated with 0.2 Nvacetic acid.
Acetic acid was used to elute ninhydrin-negative material,
and the peptide was then eluted with 2.0 N pyridine - acetic acid
buffer at pH 5.0. The T-11 peptide contains only one basic residue,
lysine, no aromatiq residues, and the three cysteine residues are
all cérboxymethylated, and therefore not strongly acidic. Thus,
no difficulties were encountered when using this purification |
technique. The -eluted, purified remaining peptide was dried and
resuspended in 50% aqueous pyridine from which 3 samples were
taken. One sample was used for amino acid analysis after it had
been dried and hydrolyzed for 18 hr. The other two samples were
dried and redissolved in 0.9% NaCl for hapten inhibition tests.k
The amino acid analysis yielded quéntitation of the aﬁounts of
peptide present in the samples used for hapten inhibition testing.
Each time a cycle was repeated, there were losses in material
resulting from handling and the column purification step, and in
order to compensate for this, larger samples were removed each time,
as stated in the methods. Duplicate samples of T-11 were set up as
controls at three concentrations of 0.04, 0.02 and 0.01 umoles,
which were within the range of amounts of the T-11-1, T-11-2 and
T%Tl-3 samples tested. Negative controls using equivalent volumes
of 0.9% NaCl in place of peptide were also set up.

The results of amino acid analyses and the hapten inhibition

tests are shown in Tables IV and .V respectively, and demonstrate

<



Table IV. Amino acid analyses data of subtractive Edman's degradation of T-11,

Micromoles

Micromoles

Micromoles

Residues of

Amino acid T-11-1  Residues T-11-2  Residues T-11-3  Residues o 0 otide
S-CM-cysteine 0.212 3.0 0.036 3.3 0.020 1.8" 3
Aspartic acid 0.217 3.17 0.033 3.0" 0.031 2.8" b
Threonine 0.068 0.97 0.013 1.2 0.012 1.1 1
Serine 0.261 3.7 0.042 3.8 0.040 3.6 4
Proline 0.097 1.4 0.016 1.5 0.015 1.4 1
Alanine 0.242 3.5 0.035 3.2 0.037 3.4 3
Valine 0.077 1.1 0.012 1.1 0.01k 1.3 1
Isoleucine 0.151 2.2 0.022 2.0 0.022 2.0 2
Leucine 0.222 3.2 0.025 2.3" 0.024 2.2" 3
mcM in sample

analyzed 0.070 0.011

0.011

)

Amino acids removed.

Sequence of
degradation

N-terminal

cycle:

NH,-Asn t Leu 1 CMC

region of T-11 showing amino acids removed at

each Edman's

- Asn - Ile - Pro =-==--=--=--=-m- Lys-COGCH
T-11-1 Y
4
!\ / T'11_2 N
‘< 4
T-11-3 N
7

£8



Table V. Hapten inhibition of specific immune precipitation by

Edman's degradation of T-11.

0.D * Pércent

Test : '2800 A Inhibition
T-11~1 (0.07 umoles) 0.118 18.6
T-11-2 (0.011 umoles) 0.143 0.0
T-11-3 (0.011 pmoles) 0.167 0.0
Controls
A. Positive hapten

inhibition
T-11 (0.04 umoles) 0.063 57.3
T-11 (0.02 umoles) 0.067 53.8
T-11 (0.01 umoles) 0.073 49.7
B. Negative hapten

inhibition (maximum .

0.145 0.0

precipitation level)

s,

" "Represents the mean values of duplicate samples.
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that the removal of the asparagine froﬁ the N-terminal of T-11
decreased the haptenic activity by.67.5%, and'removal_of the

next amino acid, Iedcine,*caﬁsed essentially 100% loss of haptenic
activity. The T-11-3, when mixed with'antiéerum,;became insoluble
immediéte]y; which accoﬁnted for the higher readings of precipitate
after éomp]étion of the test. This was possibly caused by ‘loss of
solubility of the peptide after-the‘remOValQof'the 3 N-terminal
amino acids, or by.the'figokous manipulations involved in the
technique.

Because these résults indicated the importance of the N-
terminal region of T;11.jn'its haptenic activity, the complete.
experiment was repeated and the'results were completely comparable,
even to the loss of solubi]ifyjof the T-11-3. However, because’
Edman's degradation involves fairly rigorous treatment of
bfqlogically active materiélé, the po;sibilityﬂwas considered that
the Toss -of haptenic'activity'waé.due tovmanipulétion of the peptide
rather than to the removal of the N-terminal amino.,acids. To test
this possibility, another-series of_expefiments was'carried.ouf to
aécéftain whetHer or not these observations were valid. These
invo]ved a second method of sequential degradation of peptides from-
‘the ‘N-terminal, namely enzymatic cleavage with leucine amino-

peptidase. -
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IV. "Léucine Amino Peptidase Experiments -

Leucine amino peptidase is an exopeptidase obtained from swine
kidney; which removes amino acids sequentially from the N-terminus
of a protein or peptide. This exopeptidase is stépped in its
cleavage reaction when proline is at the N-terminus, and is slow
when asparticfacid'is in this position. Leucine is removed faster
than -all other amino.acids as the name implies. The commercial
‘preparation of this enzyme has been treated with DFP to inhibit
serine protease activity:Sﬁch as trypsin and chymotrypsin. The
enzyme preparation .must be.activated in the presence of-0.0bZ‘M
MgC1, at pH-8.5 at 40.C for 2 to 3 hr before use.

After activation and assay of the enzyme preparation, .the
experiment was set up as described in the methods. Amino acid
analysis data on the samples taken at the various times from the
LAP digest are presented in Table VI. Calculation of the percentage
'.cléaQage at thé various times was determined by comparing.the
micromolar amounts of é single free amino acid released with the
micromolar amount of the peptide present in the sample, which would"
represent the micromolar value for 100%. cleavage.

The resﬁlts‘of the hapten inhibition tests by precipitation -
are given in Table VII. In order to conserve antiserum, only
three times (8, 16 and 48 hr) were tested with the boiled LAP -

‘T-11 control, and (8, 24 and 48 hr) with the enzyme control.



Table VI. Amino acid analyses data of leucine amino peptidase digestion of T-11 peptide showing the amino

acids removed.

48 hr

: , % % % - % V3 % boiled LAP +
Amino acid 8 hr cleavage 16 hr cleavage 24 hr cleavage 32 hr cleavage 40 hr cleavage 48 hr cleavage T-11 control
S-CM-cysteine 0.0124 16.8 0.028 - 37.8 0.047 63.5 0.052 70.3 0.094 75.8 0.302 202.7 0.0
Asparagine 0.016 22.0 0.028 . 37.8 0.043 58.1 0.054 73.0 0.165 133.0 0.360 2h1.6 0.0
Threonine 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Proline 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.032 21.5 0.0
Isoleucine 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.051 34.2 0.0
Leucine 0.022 24.3 0.037 LL.6 0.057 71.6 0.058 73.0 0.102 79.0 0.163 109.4 0.004
Percent cleavage ( 0.016 )

-

Sequence of N-terminal region of T-11 showing amino acids removed by the enzyme:

NH,=Asn - Leu = CMC 1 Asn|= Ile = Pro = CMC {-=--=========-==- Lys-COOH
i 8-32 hr ~

S - 7

/ 40 hr

ﬁ .

p 48 hr ---traces-------- X

(g



Table VII. Hapten inhibition of specific immune precipitation by leucine amino peptidase

digested T-11.

Samp]};g)times O'D'ZSOO A Percent inhibition
A. Leucine amino peptidase digested T-11
(60 ug = 0.024 umoles) 8 0.175 37.7
16 0.165 41.3
2k 0.247 | . 1241
32 0.275 2.0
Lo 0.271 3.8
L8 0.280 .0

B. Boiled leucine amino peptidase + T-11
"(positive hapten control,
60 ug = 0.024 umoles) 8 0.147 47.7

16 0.162 42.2
48 0.150 L46.5
C. Enzyme (LAP) control
(no inhibition, maximum precipitation) 8 0.276 1.7
24 0.278 1.0
48 0.281 0.0
D. Positive hapten (T-11) control
(60 ug = 0.024 umoles) 0 0.146 48.0
E. Negative control (no inhibition,
maximum precipitation) 0 0.281 0.0

Lo

hRepresehts the mean values of the triplicate samples.
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These inhibition tests confirmed the results of Edman degradation,
in demonstrating the importance of the N-terminal region of T-11
in its haptenic activity. The aliquots tested for hapten activity
in triplicate were estimated to contain 60 pg of the original T-11
preparation, which should yield maximum inhibition if enzyme
cleavage at the N-terminal had no effect. The boiled LAP - T-11
control acted as a positive hapten control, but to rule out the
possibility of a nonspecific effect on precipitation by boiled
enzyme, a T-11 control at the same micromolar concentration was set
up. The negétive confrols were represented by the enzyme control
samples, and to discount nonspecific enzyme effect, a negative
control was set up using the same buffer as in the digest. This
latter negative control gave the maximum precipitation level

which was Used as the 100% figure. The results show that at

8 and 16 hr, virtually 100% of the haptenic activity remained.
This correlated with the amino acid analysis data, which indicated
that even at 16 hr, about 60% of the intact peptide was still present.
This lowered the amount of hapten in these samples to 36 pg which
still felllwithin the range of maximum haptenic activity (25 ug

or greater). The boiled LAP - T-11 controls at:comparable times
showed essentially maximum inhibition. At 24 hr, there was only
slight inhibitfon, and none was observed from 32 hr on. At 24 hr,
there was 58% cleavage of the N-terminus, and the amount increased
until at:48 hr, essentially 100% of the peptide had been degraded

with the total release of at least the first three N-terminal amino
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acids. At 48 hr, the boiled LAP - T-11 control still exhibited

maximum inhibition, as did the positive control of T-11 alone.

V. Purification of Specific Antibodies

In order to obtain highly specific antibody for the CM-
lysozyme molecule, the pooled antiserum 1 and 2 was purified by
two different techniques. Once purified specific antibodies have
been obtained, the detection of the specific immune reaction is
made more sensitive. This was especially important in the CM-
lysozyme system, since the antibody titers of the whole serum
were low. Aside from this, immunbspecific purification of anti-
bodies is an essential step in understanding immunological phenomena
at the molecular level.

In the first method (Fujio et al., 1968a), the specific anti-
bodies in the pooled antiserum were precipitated by the homologous
antigen at optimal proportions. The precipitate thus formed was
centrifuged and washed well with PBS buffer. The antigen-antibody
complex was dissociated under acid conditions, and the dissociated
mixture was passed through an escending Sephadex G-200 column.

The major antibody component has a M.W. of about 150,000, and thus

is slightly retarded under these conditions. However, any 19 S

(1gM) immunoglobins woule come out in the void volume. In our
preparations, no 19 S antibody was detected. This was expected, since

the immunization schedule used here selected for late response or



1gG (7S) antibody. IgM antibody may be obtained with very low
antigen doses and the serum should be collected within two weeks
of antigenic stimulus. |In the present instance, collection of
antisera was not started until four weeks after immunization, and
a large antigenic stimulus was given. The CM-lysozyme antigen,
represented by the third peak in figure 9, was extremely retarded
on the Sephadex G-200 column. In fact it was more retarded than
expected, possibly due to the high number of aromatic and basic
amino acid residues it contains, which are known to adsorb weakly
to Séphadex under some conditions. The IgG thus collected was
dialyzed éxhaustively against PBS and then concentrated to a final
concentration of 1.10 mg protein/ml.

Nonspecific rabbit y=globulin was also purified from nonspecific
serum by precipitation with (NHA)ZSOA and subsequent chromatography
on DEAE-cellulose (Humphrey'and Porter, 1957). This was used as
control nonspecific y-globulin in equilibrium dialysis experiments.
The y-globulin prepared in this way was lyophilfzed and stored as
.a dry powder until it was required. It was then dissolved in PBS
and dialyzed exhaustively against this buffer at 4 C immediately
before use.

The seéond method used for purification of antibodies involved
the use of a specific immunoabsorbent. There are several criteria
for an ideal immunoadsorbent: (i) it should be highly soluble; (ii)
it should bind all tHe specific antibodies under conditions at

which it will not retain other proteins; (iii) it should release
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the adsorbed antibodfes quantitatively without significant change.
in their activity; (iv) it should be stable with respect to time.
The synthesis of bromoacetyl cellulose (BAC) met the above
reqﬁirements and permitted the preparation of highly substituted
protein-cel]ﬁlose‘cOnjﬁgates which retained much of the biological
.activity of the protein. This method can be usea tovpﬁrify-anti-
hapten antibodies .which cannot be obtained by the first:-method

, given: Also, there are several examples of antibodies that do not

. form inso]ﬁble cbmp]exes(after they interact with antigen, and
therefore coﬁld not benpﬁrified by the immune precipitation method.
However, in the case of the anti-CM-lysozyme serum, whole antigen
‘was conjugated with the Bromoacetyl cellulose immunoadsorbent. .

The ‘preparation of bromoacetyl cellulose followed the modified

" method given by RobbinS'gEiel;(1967). The reaction-invol?éd mixing .
‘bromoacetic acid and powdered Whatman cellulose in absolhte.dioxane
for 20 hr, and then adding bromoacetyl bromide, and.allowing the
reaction to.continue for 10 to 12 hr. The Whatman cellulose had
been exhaustively washed with . acetone-and dioxane, and dried to.a

. constant weight before being used. The broﬁoacetyl ce]lﬁlose'(BAC7 :
cel]ﬁlose) was then precipitated by adding the reaction mixtﬁre‘to,
a large excess of deionized water which had previously. been. cooled
to.hch The BAC-cellﬁlose was then washedlwith aeionized water and
0.1 M NaHCO, over a sintered glass.funnel to get rid of excess
unreacted reagents. |

It was found that the BAC-cellulose changed in physical properties
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if it was dried out completely, and the binding capacity with
antigens was.redﬁced;,so the prepared fmmﬁnoadsorbent’was stored
in a moist state at 4~C; The :average degree,ofnsﬁbstitﬁtion
obtained by this procedure was 1.3 meq Br/g_ce]]ulose‘(the'range
was 1.0 - 1.4) and the BAC-cellulose was stable for up tbo three
months. The amount of antibody bound to BAC-protein_conjﬁgates '
‘was found to be low when compared with reports by Robbins ‘et ‘al.
(1967) on several different antigens tested in which recovery of.
specific antibody'rahged between 20 and 40% as opposed to 80- - 90%
repbrted by Robbins et ‘al.

The antibody adsorbed to.the immunoadsorbént was eluted with.
0.1 N.acetic.acid (pH 2.8) for'1 hr at 37 C, and then the cellulose-
antigen conjugate was centrf%ﬁged oﬁt,sand the .supernatant . fluid
~.containing the antibody was dialyzed exhaustively'against'O:] M
NaCl - 0.01 M Tris HC1 at pH 7.0. The purified stock antibody"
preparation was stored at 4 C after merthiolate:to a final
. concentration of 1:10;000.was added; The complement fixation
titer of the purified antibody preparation.Was.1:300 when the
‘protein concentration waslo;S_mg/m].whiéh represented only L40%
recovery but a marked increase in specific activity when. compared.
with whole serdm which had a titer of 1:80 and'contained'aboﬁt

30 mg protein/ml.
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Vi. Solid Phase Peptide Synthesis

. 1..Synthesis

Since the results from sequential degradation of the T-11
peptide indicated the impoftance of the N-terminal portion in its
haptenic activity, solid phase peptide synthesis was chosen to
confirm these results and possibly pinpoint the antigenic region.
The ultimate test for identification of an antigenic determinant
is the synthesis of the amino acid sequence thought to be haptenic
and show the demonstration of its ability to react with antibodies
directed against the natural antigen. \

The Merrifield method for.peptide synthesis was a significant
advance in peptide synthesis, because it allowed the peptide being
synthesized to be attached to an insoluble support, the chloro-
methylated copolystyrene-divinylbenzene resin, and therefore excess
reagents and amino acids of the soluble phase could be washed out
of the resin. This eliminates the necessity for extensive
puriffcation procedures at intermediate steps in the synthesis.
The reactive chloromethyl groups on the resin react with the salt
of a t-butyloxycarbonyl (t-BOC) amino acid to form an ester link
between the carboxyl group of the amino acid and the resin. The
~growth of the peptide occurs from the C-terminal amino acid toward

the N-terminal. The free amino group of each incoming amino acid



is blocked by the t-BOC leaving only the carboxyl group free to
react. Anhydrous HC1 is used to remove the t-BOC group from the
attached amino acfd so that the amino group is free to react with
the incoming protected amino acid. For the coupling reaction, which
involves the formation of a peptide bond, dicyclohexylcarbodiimide
(DCC) and a neutral pH are required in most instances, but active
esters of incoming amino acids may be used with no coupling reagent.
The t-BOC residues of Asn and Gln must be added as active p-nitro-
phenyl esters since the DCC may dehydrate the w-amide functions of
Asn and GIn to nitriles during the coupling reaction, resulting in
the permanent incorporation of a number of these w-cyano derivatives
into the peptide chain.

After completion of the synthetic cycles,.HBr gas is used
to cleave the peptide from the solid resin support. Anhydrous tri-
fluoroacetic acid is used for suspension of the peptide - resin for
cleavage. The terminal t-BOC group still present at this time is
removed by an elimination reaction, as well as the cleavage of the
peptide from the resin by a nucleophilic displacement reaction. The
side chain hydroxyls of serine and threonine and the sulfhydryl of
cysteine must be protected with benzyl groups during the synthetic
cycles. These must be removed from the peptide after cleavage from
the resin before it can be tested for biological activity. The
benzyl group on serine and threonine hydroxyls are removed by the
HBr cleavage step, but the benzyl group on the sulfhydryl of

cysteine requires a more rigorous reduction involving Na in liquid
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ammonia. When cysteine, methionine or tyrosine are present . in
synthetic peptides, ethyl methy]4sﬁlfide.must'be used to protect .
these reduced side chains from.oxidation and destrﬁction.during
this step.

After .all the side chain protecting groups have been removed,
the .cleaved pebtide is.pdrified by a suitable chromatographic
techniqﬁe. Table 1% is a flow chart for a synthetic cycle.

The peptides synthesized in this stﬁdy, which constituted
the N-terminal decapeptide of T-11, and the decapeptide plus Arg
at the N-términal (this is the next amino acid.along in.the

-sequence of lysozyme), required the sodium in liquid ammonia

reduction, since they contained 2 cysteine residues. These Synthetic

peptides required the active ester coupling reaction for the 2 Asn-
residues.  The seqﬁence of the two solid phase peptides was:-
NH, - (Arg) - Asn' - Leu - Cys - Asn' - .11é - Pro - Cys - Ser -

Ala - Leu - COOH.
-2..Reduction and alkylation .

. :Once . the benzyl'groﬁps had been removed from the cysteine
residﬁes:of the .cleaved peptide, thé synthetic. peptides were
immediately redﬁced and carboxymethylated to prevent disulfide bond
formation -between the two cysteine residues.,” The reduction step
with sodium in liquid ammonia also converts‘the nitro-arginine

residue to-arginine. Although the cysteine residues should .be.in

96



97

the reduced sulfhydryl form, 2-mércaptoethanol was added prior to

the alkylation to ensure that they were reduced. For the alkylation,
(IAC)-iodoacetic acid was used, so that later testing for the binding
of peptides with specific antibodies could be detected by the
radioactive labelling. However, it was later found that the degree

of labelling in cpm/umole was far too low for binding studies. The
large excess of iodoacetic acid reqqired for alkylation made it
impractical to use only radioactive\iodoacetic acid. Therefore,

a small amount of (14C)-iodoacetic acid was added to react with the‘
cysteine residues in the peptides for 20 min, followed by a large
émount of cold iodoacetic acid, and the reaction was continued

for another 5 min. After the excess iodoacetic acid had been

reduced by addition of 2-mercaptoethanol, the reduced and alkylated
peptides were dried by flash evaporation at 45 C, washed with distilled
water, and suspended in.10.0 ml water. The pH of the peptide mixtures
was adjusted to 2.8 with formic acid. An amino acid analysis was
done at this time on an aliquot of the peptide preparations (Tables

Viil and IX).
3. Purification of reduced and carboxymethylated peptides

The purification procedure used for the reduced and alkylated
peptides was similar to that used for whole T-11 peptide, namely
Dowex 50 cation exchange resin with the modified four-chambered

~gradient system (described in the hethods). Because of the presence



Table VIII. Amino acid analyses of NH_-Asn synthetic decapeptide from the N-terminal region of T-11,

2

A. After cleavage B. After Dowex 50 C. After Sephadex G-15

from resin purification purification

D. Expected
Amino’acid umoles Residues umoles Residues umoles Residues residues
S-CM-cysteine 0.075 0.45 0.160 1.7 0.140 2.2 2
Aspartic acid 0.512 3.0 0.250 2. 0.146 2.2 2
Serine 0.19k 1.2 0.084 0.90 0.081 1.2 1
Proline 0.167 1.0 0.093 1.0 0.065 1.0 1
Alanine 0.376 2. 0.155 1. 0.083 1.3 1
Isoleucine 0.161 0.96 0.087 0.94 0.071 1.1 1
Leucine 0.335 2.0 0.187 2.0 0.143 2.2 2

Expected sequence of correct synthetic decapeptide:

L. . NH, - Asn - Leu - CMC - Asn - Ile - Pro - CMC - Ser - Ala - Leu
position in 2
CM—]ysozyme: 7‘* . e . . e S R4 = e = = = = AP S — . A - 83

n



Table I1X. Amino acid analyses of NHZ—Arg synthetic peptide comprising arginine plus the

N-terminal region of T~11.

A. After cleavage B. After Dowex 50 C. After Sephadex G-15

from resin purification purification D. Expected
Amino acid umoles Residues umoles  Residues uUmoles Residues residues
S-CM-cysteine 0.051 2.4 0.037 2.5 0.064 2.3 2
Aspartic acid 0.048 2.3 0.036 2.4 0.054 1.9 2
Serine 0.019 ‘ 0.90 0.012 0:80 0.026 0.93 1
Proline 0.030 1.4 0.021 1.4 0.034 1.2 1
Alanine 0.021 1.0 0.013 0.87 0.030 1.1 1
Isoleucine 0.022 1.0 0.016 1.1 0.031 1.1 1
Leucine 0.048 2.3 0.033 2.2 0.051 1.8 2
Arginine 0.027 1.3 0.018 1.2 0.032 1.2 1

Expected sequence of above correct 11 amino acid synthetic peptide representing
N-terminal decapeptide of T-11 plus arginine on N-terminus:

. . NH, - Arg - Asn ~ Leu - CMC - Asn - Ile - Pro - CMC - Ser - Ala - Leu
position in 2

CM-lysozyme: ‘ 73 ==-=m-- e e e e e e e e - 83

by
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of the(

14C}-carboxymethyl group on some of the cysteine residues,
the synthetic peptides were detected by scintillation counting
rather than by alkaline hydrolysis and quantitative ninhydrin
reaétions on .aliquots of fractions. The unreacted iodoacétic
acid.eluted in the void volume of the column, and the second

major radioactive peak, coming out well separated from the
unreacted iodoacetic acid, was.shown to contain.peptide‘material
which, after amino acid analysis (Tables VIIl and IX) was shown

to contain the desired synthetic peptide. Figure 14 represents
the.elﬁtion profiles of the two synfhetic peptides. The synthetic
peptides were eluted from two sepgrate Dowex columns but the results
ére graphed.tpgéther. The material from this peak was pooled and
dried over a NaOH trap in case any’unreacte& Othiodoacetic acid
was present. The evaporated and washed peptide material was then
taken up in a known volume of .distilled water, and a sample was -
taken for hydrolysis and’amino acid analysis. -

In order to purify further the peptides, and free them from
low molecular weight contaminants which were sometimes present, the
material from the Dowex column separation was passed through a
Sephadex G=15.column equilibrated with 0.1 N acetic acid. After
reading the fractions for 2300 Aﬁfabsoﬁbing'materia] (the peptides
in these instances have molecular weights of about 1300 and only
.slightly retarded on G-15), the eluted peptide was concentrated by
.fiash.evaporation, washed and redissolved in distilled water. Then

a sample was taken, hydrolyzed, and another amino acid analysis was
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Table X. Hapten inhibition of specific immune precipitation

by varying concentrations of the following peptides.

Percent Inhibition

R (14 , ~ Arg N-terminal Asn N-terminal ,
Mig Hapten ' '€)-T-11.  synthetic peptide synthetic peptide T-11

50.0 51.9 4o.6 42.1 60.1
25.0 k6.5 34.5 314 . 59.4
12.5 37.2 . 28.6 : 26.4 56.1
6.25 30.7 30.7 - 19.3 58.6
3.0 .27.5 S 2.1 - 19.3 47 .1
1.5 . 23.6 5.0 - 10.7 - 22.0

0.4 - 15.0 0 0 3.6
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carried out (Table VIIi and 1X). There was invariably some
improveMent in the amino acid ratios.

High voltage electrophoresis at pH 6.5 confirmed that in
both cases, only one ninhydrfn positive component was present
after .purification of the peptides.

The haptenic.activity of the synthesized peptides was tested
by the precipitation inhibition ‘technique, using serum 3 as
pre;iously described. The peptfdes were»testea over a range between
50 and 0.4 @ﬁg simultaneously with Tel1,and(N-ﬁhdﬁacety]ated»T-ITf
v(see the following section). The results are presented .in Table X
and in Figﬁré.IBQ Tests were run simultaneously with the various
peptides using native lysozyme and its homologous antiserum. No
non-specific precipitin inhibition was notéd in these instances, so
- it was assumed that the inhibition observed with the CM-lysozyme
system was the result of specific haptenic activity. It can be
seen from these data that both synthetic peptides cause inhibition
of precipitation, although on a quantitative basis, ‘they do not.act

as efficiently as the T-11 peptide.

VII.'(1h0+Acetylation'of'Peptides

Because the labelling of the synthetic peptides with radio-
active iodoacetic.acid did not give high enough specific activity
for using these preparations in equilibrium dialysis studies,"

(

another radioactive label, HlOvacetic anhydride, was used. This
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(14

label adds an additionaf t}acetyl group onto the N-terminal
residue of the peptide, and also some secondary groups such as

the €-amino of lysine. However, under the conditions chosen,

and considering the amino-acid sequence of the peptides . acetylated,

heahq-

.acetic anhydride was dissolved in benzene as stated in the methods,

the N-terminal acetYlation reaction is highly favoured. T

and then layered onto the particular peptide material in 1.0 M
~ sodium acetate adjusted to pH 8.0 which is the optimum pH. for
N-terminal acety]ation;

Following.acefylation, the peptides were separated from unbound
; “hﬁ;acetate by passing the aqueous phase through a Sephadex G-15'
column equilibrated‘with 50% acefié<acid.» The .elution was .also
‘carried out with 50% acetic acid using a very s]ow.flow rate. Figure
16 shows the elution profile for the acetyla£ed synthetic peptide
(the decapeptide .plus Arg) and .also for acetylated T-11.. The synthetic
peptide had a molecular weight of about 1300. and ‘'was -slightly retarded
on Sephadex G-15. The larQer‘T%]lﬂpeptide, containing -23 amino.acid
residues and having a molecular weight of about 2700 came out with the
void and‘eluted,jﬁst ahead of the synthetic peptide. The unreacted
labelled.aceti§ anhydride, whicﬁ under these conditions would be
completely hydrolyzéd to.acetic acid, came out much later after total
exchange in the column with cold acetic acid had occurred at one
column volume. The peptide peaks were detected by scintillation
counting on:0.01 .ml samples taken from every other fraction collected.

The peptide material was pooled and flash evaporated to. remove
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acetic acid, washed with distilled water and lyophilized. A
saﬁple of whole T-11 peptide was acetyléted to test its haptenic
activity by equilibrium dialysis and hapten inhibition simultaneously
with the synthetic acetylated peptide. The lyophilized peptides
were taken up in a known volume of PBS at pH 6.0 (containing
0.02% sodium -azide) and two small samples from each were taken,‘
one for hydrolysis and amino acid analysis, and one for radio-
activity counting, so that quantitative counts per micromole of
peptide could be calculated. These data showed that the synthetic
peptide had a specific activity of 362,426 cpm/ uymole, and T-11
had 808,691 cpm/umole.

Hapten inhibition tests by the precipitin method were set
up on qcety]ated T-11 peptide. The results are réported in Table X
and Figure 15, and show that acetylation does not inhibit the

haptenic activity of T-11.

VIII. Equilibrium Dialysis

The equilfbrium dialysis method for precise measurement of
hapten-antibody interaction is the best method available in
immunochemistry because it yields a direct measurement of the
Binding of antibody with the hapten. The other methods of hapten
testing by precipitin inhibition and complement fixation inhibition
both measure a negative reaction in which there is more room for

nonspecific effects. The equilibrium dialysis method is also a
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thermodynamically sound way to obtéin measurements of the
association constants for the interaction of hapten with an
antibody combining site, since the measurements are made at
equilibrium. The following equation expresses the interaction

of a low molecular weight hapten with an antibody cémbining site,

and the equilibrium or association constant.

H + B . > HB

(HB)
) (B)

The molar quantities of antibody and of bound and free hapten

I
~

must be determined in order to evaluate K. In setting up the
equilibrium dialysis experimgnts, known amounts of antibody and
of hapten are used, and therefore the equijibrium dialysis
essentially determines the amount of bound and free hapten. The
antibody preparation is placed on one side of a dialysis membrane
and hapten on the other, and the apparatus is rocked at constant
temperature (4 C) for establishment of equilibrium. The dialysis
membrane is such that hapten can pass through but antibody
molecules cannot.

When-equilibrium “has been established, the free hapten
concentration is measured by counting the radioactivity in
samplesvfrom the hapten side of the dialysis system. At
infinite hapten concentration, if the volumes on both sides
of the membrane are equal, and also the free hapten

concentration on both sides of the membrane are equal at
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equilibrium, then the amount of bound hapten equals the total
hapten added minus twice the free hapten. Expressed on a molar
basis, it is possible to calculate the ratio of the number of
moles of hapten bound per mole of antibody at the concentration
of free hapten measured.

Controls using normal (nonspecific) y-globulin and buffer
must be set up at the same time as the test preparations containing
specific antibody. When nonspecific y-globulin is used, the hapten
should equilibrate and distribute equally between the two sides.

If any hapten is bound it is due to a nonspecific reaction. The
buffer control is important also, since a small amount of adsorption
of the hapten to the membrane occurs which may be measured by

the difference between the amounts of hapten added and the amount
recovered. Again, the hapten should distribute equally between

the two sides in the buffer control.

This method of equilibrium dialysis was used to test haptenic
activity of the acetylated 11 residue synthetic peptide and the
acetylated T%]i.peptide. Unfortunately, the levels of specific
labelling in the acetylated peptides were not particularly good.
This, coupled with the fact that the specific antibédy concentration
in the test was low (0.005 umole/ml of specific antibody to CM-
lysozyme) made this a poor experiment. However, the following
preparations were set up for equilibrium dialysis. Both the
acetylated 11 residue synthetic peptide and the acetylated T-11

peptide were tested at 0.0075 pmoles/m] and 0.0038 umoles/ml. The
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acetylated peptides were used in 4 ml quantities of the above
concentrations, and 1 ml of the antibody preparation at 0.005 ﬂmo]es
was placed in dialysis tubing and suspended in the peptide

solutions. .Controls were set up using the same two concentrations

of peptide with nonspecific y-globulin and also with PBS. After
equilibrium had been established in 4 days, as shown by essentially
equal counts inside and outside dia]ysis sac in PBS control tubes,
the peptide solutions, specific y-globulin and nonspecific globulin
tubes were counted. The results were inconclusive, with only

. 1-3% specific binding with anti-CM-lysozyme serum which is within

the limits of variability. Because the amount of specific radio=
active labelling was low in the two peptide preparations, it was

felt that possibly only 10% of the peptide material was radioactively
labelled. This would mean that 90% cold, unlabelled peptide would
compete with the 10% labelled peptide for the specific antibody
molecules. At the low conéentration of peptide used here, the counts
would not be significant to detect specific binding to anti-CM-

lysozyme antibodies.
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GENERAL DISCUSSION

In.this thesis, the antigenic properties_qf reduced and
S-carboxyhethylated lysozyme were studied, in-order to determine
the regions in the denatﬁred molecule responsible for antigenic
specificity: The results,obtainedifrom haptenic testinéyof
'tryptic.peptides of CM-lysozyme demonstrated the participation
of the T-11 peptide, on the basis of its ability to inhibit the
.homologoﬁs’immﬁnélpgical reaction by precipitin and complement
. fixation iMhibitiar >~ As discussed in.the previous section, . the
péssibility'that the T-11 peptide preparations contained'ﬁndigestéd
protein or a contaminating.peptide, was ruled out.. This haptenic
.effect was.also shown.to be specific for.the homologous CM-
lysozyme - anti-CM-lysozyme system since the peptide caused no
-inhibition of the immune reaction of native iysozyme,and its. -
homologoﬁs antiserﬁm. A11 other tryptic peptides, - even when tested
at high concentrations lacked haptenic activity. This does not .
mean . that pther regions of the CM-lysozyme molecule are not
involved in antigenicity,.bﬁt rather that other antigenic sites.
‘may be split by trypsin. The specificity of this system does not
: appéar to. be related to.individual animals, §ince the sera from

three different rabbits all reacted identically,. except with



12

respect to antibody .titer.
This haptenic peptide, T-11, is the largest tryptic peptide
found in CM-lysozyme. It contains 23 residues and encompasses the

74 96

sequence from Asn to Lys The amino acid sequence is
NH,-Asn-Leu-CMC-Asn-1le-Pro-CMC-Ser-Ala-Leu-Leu-Ser-Ser-Asp-11le-
Thr-Ala-Ser-Val-Asn-CMC-Ala-Lys~COOH (Canfield, 1963b). This
peptide shows similarities to the peptide T-8 from tobacco mosaic
virus protein demonstrated to have haptenic activity by Benjamini
et al. (1964), in that it contains no aromatic amino acids, it is
“rich in nonpolar residues and is thus sparingly soluble in aqueous
solutions.

The most interesting aspect of these observations is that,
although T-11 does not inhibit the precipitation reaction between
native lysozyme and its homologous antiserum under the condifions

74 96

used here, the sequence Asn

peptide Glh57 to Ala107

to Lys”" falls within the Tonger

demonstrated by Shinka et al. (1967) to exhibit
haptenic activity in the native system (Figure 17). These workers

used pepsin digestion of the native lysozyme molecule since it is
relatively resistant to enzymatic cleavage by more specific enzymes
such as trypsin. They were able to isolate four peptic peptides

57 107

from the region Gln to Ala which all possessed the capacity

to inhibit precipitation by 25%, and all had closely similar amino

acid compositions. |In fact, they differed only in their points of
94

cleavage within the loop between Cy580 and Cys” ', which occurred at
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_ Peptic
s o _ cleavages
Ly 57 6l 76 80 Yoy gy 107
a) NH, Gln Cys A Cys Cys 83 84 85 Cys Ala COOH
' ' : O 1
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b) gﬂQTrEFZ c>:s6l+ Arg68 COOH E52A5n7h Cys 76 Cy580 Cysgh Lys96 COOH
U Y 1
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Figure 17. Correlation of the various peptide sequences exhibiting haptenic activity.
a) Haptenic peptic peptide isolated by Shinka et al.(1967) from native lysozyme;
b) haptenic tryptic peptide isolated from peptic peptide (a); Shinka et al.(1967);
" ¢) haptenic "loop'" peptide of Arnon and Sela (1969);
d) haptenic T-11 peptide isolated from CM-lysozyme in this thesis;
q) two haptenic solid phase peptides synthesized in this thesis.
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83 8l

Leu ", Leu " and Ser

85. it should be mentioned that this

80

sequence contains two disulfide bridges between Cys'6l+ and Cys ,

and between Cys76v 94

and Cys” ', which would give this area considerable
tertiary structure.

When Shinka's group digested their larger peptide with trypsin,
they found one fragment capable of delaying precipitation in the
homologous system, but no overall inhibition was observed. From their
amino acid analysis data, it appeared that this fragment represented

74 to Ala95, and Tyr62 to Ar968 (Fig. 17), joined

thevsequences Asn
at the Cys64 and Cys80 positions. Their conclusions are in agreement
witH our findings with CM-lysozyme although, with our system, inhibition
of immunological reactivity by T%11,was‘far more pronounced.

Therefore it is possible that the determinants in this area
may be the same for native lysozyme and its reduced and alkylated
derivative, even though the two antisera do not appear to cross-
react. It is possible that radical differences in conformation
between the two antigenic preparations may be responsible for this.
However, further work on these systems is necessary before this can
be established.

In view of this latter proposal, it is interesting to note the:
work of Arnon and Sela (1969) on the native lysozyme molecule. They
prepared a synthetic conjugate by covalent bonding of a lysozyme
fragment (sequence Cys64 to Leu83,.denoted ""loop'' peptide) to a

branched poly-DL~alanine peptide, and used this to elicit in

rabbits, the formation of antibodies specifically directed
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against.this region of the lysozyme molecule. This loop peptide

is part of thé ]qngér,péptide shown by'Shinka's group.to be

haptenic (Fig. 17). These antibodies were isolated immunospecifically
on a lysoZyme-cel]ﬁlose'immﬁnoadsorbent, so ' no antibodies to the
-DL—a]aniné polypeptide portion were present. In addition, .they
obtained.antibodiés with.a similar specificity from anti-native
]ysozyme.serum; with.an immunoadsdrbentiprepared from the same

loop peptide. This loop peptide contains a disulfide bridge.

between Cyééh and CySSO,}giving it‘a rigid conformation. These:
workers demonstrated that the anti-loop antibodies were able to.
distingﬁish between the loop peptide containing a disﬁlfide bond,

and the open chain peptide derived from it, suggesting that the
antibodies may be. directed to a conformation-dependent determinant.
HowéVer; the anti-loop'an£ibodies obtained from immunization with.

the synthetic conjugate containing the loop peptide, were able to
bind haptenically with both.the loop peptide and its. reduced and’

. carboxymethylated derivative, although to a somewhat lesser degree

in the latter case; In contrast, the anti-loop antibodies derived

- from antisefum'prepared.against'native lysozyme, were able to bind
haptenically only with loop peptide containing the disﬁlfide'bridge,
thus discriminating to a greater extent between the K"'lo.op” and ''open-
chain'' form of the peptide, than antibodies obtained frém the synthetic
polypeptide cOnjugate: Therefore, these two populations of antibodies,"

directed most likely to the same region of the native protein, will
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provide an opportunity to compare them in order to learn more
on the rolé:of the antigenic carrier in.the homogeneity of
antibodies toa spécifig_detekminant.

;Foilowing*thé isolation and characterization of the haptenic
'T%11ﬂpéptide; the next series of experiments were aimed at
piﬁpointing~the'critical antigenic region of this large 23 amino
faéidipeptide;' As reported in the literature.review, with both
synthefic and'natﬁra}'protein antigens, such as the TMVP, a
seqﬁencé of five amino.acids is'fréquently-abfe to.act as an
.antigenic determinant. From the results obtained from seqﬁential'
degradation of ‘T-11 from the C- and N-terminus, it appeared that
the N-terminal region was important in haptenic activity. This -
“is interesting;'since the loop peptide prepared by Arnon and Sela
f(1969)ﬂovérlapsrthe N-terminal region of T-11 by 10 amino acid
residues:(Eig:-l7). This implied the importance:of the N-terminal
fegion; ifvthe stated hypothesis of a common antigenic determinant
in native and CM-lysozyme is correct.. Eigure-l7,illﬁstrates the
.'varioﬁs,peptide-seqﬁences foﬁnd:that exhibit haptenic activity; _
and shows .that the only seqﬁence common to:all of these is the
decapeptide comprising the N-terminal region of T-11.

‘Because of these’implications;.the-N-termina] region of T-11"
was‘synthesized by .the solid'phase method, in order to determine if
this smaller peptide would exhibit haptenicfactivjjy; The peptide
7 to Leu®

~ comprised the sequence Asn , and another peptide comprising-
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this peptide plus Arg73

, were synthesized. The latter was prepared °
to determine whether or not this Arg residue would improve haptenic
activity. It was synthesized because Sela and Mozes (1966) had shown
that a high percentage of the antibodies directed against native
lysozyme, a highly basic protein, .were present in the acidic y-
~globulin fraction isolated by DEAE-Sephadex chromatography, and an
overall positive charge might enhance the haptenic activity of
antigenic determinants. However, from the results of precipitin
inhiSition testing obtained with the two synthetic peptides, it
appeared that they were both equally haptenic within the limits of
variability of the test. When these two peptides were tested
simultaneously with native lysozyme and its homologous antiserum, no
inhibition of precipitation was detected. Therefore, the inhibition
of the CM-lysozyme system was assumed to be the result of specific
haptenic activity. On a quantitative basis, neither of the synthetic
peptides were as efficient as the T-11 peptide in causing specific
inhibition of precipitation. However, the calculation of the
micromolar quantities.of the synthetic peptides from amino acid
analysis data may not be as accurate as with the T-11 peptide.
Small amounts of biologicaliy inactive peptide material may be
present.

Another possible explanation for the greater haptenic
efficiency of T-11 might involve the greater degree of hydrophobicity

in the total sequence. In this respect, Benjamini (Benjamini,
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et al., 1968a; 1968b) has shown that, with TMVP, increasing
hydrophobicity by adding thé.(1hc)-acetyl group to the N-terminﬁs
of the haptenic pentapeptide, significantly increased its haptenic
binding to specific antibodies compared to the non-acetylated
pentapeptide. In fact, if the N-octanoyl derivatives of the C-
terminal tetra- and tripeptides were used, specific binding with
anti-TMVP serum was exhibited, whereas the non-octanoylated C-
terminal tetra- and tripeptides did not. Thus, by increasing
hydrophobicity on the end of the peptides containing the amino
acids not essential for antigenicity, increased binding with
specific antiserum was observed.

From the work of Metzger et al. (1963) on hapten-antibody
interaction, it is known that in the binding of an antigenic area
with sbecific antibody, a hydrophobic interaction is important.
The enhancement of haptenic binding may be due to the orientation
of the peptide away from water and into the antibody site, or due
to a stabilizing effect of the fatty acid (octanoic acid in
the cése of the work mentioned above) on a given conformation

exhibiting the best fit to the combining site of the antibody.
CONCLUDING COMMENTS

The following is a summary of the findings reported here

on the antigenic properties of CM-lysozyme:



1) A tryptic peptide (T-11) was isolated which exhibited
haptenic activity by causing inhibition of the immune reaction
between CM-lysozyme and its homologous antiserum when tested
by precipitation and complement fixation.

-.2) The N-terminal region of T-11 was shown to be important
for the haptenic activity of the peptide. This was demonstrated
by studies on sequentially degraded sambles of T-11, using both
enzymatic and chemical methods.

3) Ultimate proof of the importance of the N-terminal

decapeptide of T-11 for haptenic activity was established by

its synthesis using the solid phase method. The synthetic peptide

demonstrated haptenic activity by inhibition of precipitation
between CM-lysozyme and its Homologous antiserum.

L) The observation was made that CM-lysozyme did not
cross-react with antiserum prepared against native lysozyme.
It was further noted that tryptic peptides isolated from digests
of CM-lysozyme did not inhibit precipitation between native |

lysozyme and its homologous antiserum.
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APPENDIX |}

Chemicals and Materials

Acetic acid
Acetone
'(14t)-Acetic anhydride

Aluminum potassium sul fate (aiﬁm)
Ammonium chloride
Ammonium,sﬁlfate

Antisheep Hemolysin

Barbitﬁric acid

Benzene

t-B0C-amino acids

Bromoacetic acid

Bromoacetyl bromide

Butanol

Cadmium acetate

Calcium chloride

Carboxypeptidase A, DFP-treated
Carboxypeptidase B, not DFP-treated
Chloromethylated copolystyrene
divinylbenzene resin

Citric acid
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"'Place Purchased

Fisher Scientific

Fisher Scientific

New England Nuclear
Fisher Scientific

Fisher Scientific

Fisher Scientific
Difco-Bacto

British Drug House

Fisher Scientific

Mann Research Biochemicals
and Sigma Chemicals
Eastman Organic Chemicals
Eastman Organic Chemicals
Fisher Scientific

Fisher Scientific

Fisher Scientific
Worthington Biochemicals

Worthington Biochemicals

Bio-Rad

Fisher Scientific



Complete Freund's Adjuvant
DEAE-cellulose
Dicyclohexycarbodiimide
N,N-Dimethy1formamide

Dioxane

Dowex 50 x 4 cation exchange resin

Ethyl Methyl Sulfide
Filter paper
Formic acid

Glycerine

Guinea pig serum (complement)

Hipp@ryl-L-arginine
Hippury]-L-phenyIa]anine
Hydrochloric acid
Hydrogen Bromide
lodoacetic . acid
:(1hC)-iodoacetic‘acid
L-leucine-p-nitroanilidé
* Leucine amino peptidase
Liquid ammonia
Liquifluor

Lithium chloride
Lysozyme

Magnesium chloride

Bacto-Difco

Calbiochem

Eastman Organic Chemicals
Fisher Sciéntific

Fisher Scientific

Bio-Rad

Eastman Organic CHemicals
Whatman Co.

Fisher Scientific

Fisher Scientific

Hyland Co.

Mann Research Biochemicals
Mann Research Biochemicals
Fisher Scientific

Baker, Matheson

Eastman Organic Chemicals
New England Nﬁclear

Sigma Chemicals -
Worthington Biochemicals
Baker, Matheson

New England Nﬁclear
Fisher Scientific
Worthington Biochemicals

Fisher Scientific
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Merthiolate.

~ 2-Mercaptoethanol
Methanol

Methyl ce]lﬁ]ose
Methylene chloride
Nembutal

Ninhydrin

Nitrogen

Petroleum

Phosphorous pentoxide
Phenyl isothiocyanate
Pyridine

Sephadex
Sodiﬁm.acetate
'Sodiﬁm»azide

" Sodium barbitone
Sodium bicarbonate
Sodium chloride
Sodium hydroxide
Sodium metal

Sodiﬁm phosphate, dibasic
Sodium phosphate; monobasic
Stannous chloride

Toluene

British Drug'Hone
Eastman Organic Chemicals
Fisher Scientific

Fisher Scientific

Fisher Scientific

Abbott Laboratories
Pierce Chemicals -
Canadian Liqﬁid Air
Fisher Scientific

Fisher Scientific

Eastman Organic Chemicals -

Fisher Scientific
Pharmacia Fine Chemicals
Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
FisherﬁSciéntific
Fisher Scientific
Fisher-Scientific
Fisher Scientific

Fisher Scientific

. Fisher Scientific-
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p-tolhenesulfony]—L-arginine
methyl ester

Triflﬁoroacetic acid
Trimethylamine
Tris(hydroxymethyl)amino methane
Trypsipllyophi]ized

Visking ‘dialysis tﬁbing

Cellulose powder
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Sigma Chemicals
Fisher Scientific
Fisher Scientific

Sigma Chemicals

Worthington Biochemicals

Union Carbide

Whatman Co. -
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