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ABSTRACT: Antibodies from rabbits sensitized with crystalline
lysozyme were found to react with reduced and S-carboxy-
methylated lysozyme (CM-lysozyme) as well as with
lysozyme.

The titer to CM-lysozyme was about 0.1 of that to lysozyme
and decreased with time and repeated lysozyme injections
while the titer to lysozyme remained relatively constant. The
anti-CM-lysozyme antibodies found in the antilysozyme
serum were not simply antibodies to lysozyme which cross-
reacted with CM-lysozyme. This was evidenced by two ob-
servations: (1) the reaction between CM-lysozyme and anti-
lysozyme could be inhibited only with very high concentra-
tions of lysozyme (2000-fold excess); (2) following absorption
with lysozyme, the antilysozyme serum contained all of the

Hen egg white lysozyme is valuable for use as a model
protein antigen since it has a well-known amino acid
sequence and three-dimensional configuration (Phillips, 1966;
Chipman and Sharon, 1969). In addition, it is @ good immuno-
gen, is enzymatically active, and is one of many structurally
related bird egg white lysozymes.

The antigenic determinants of hen egg white lysozyme have
been studied comprehensively by Shinka et al. (1967), Fujio
et al. (1968a, 1968b), and Imanishi er a/, (1969) of Osaka
University. In addition, Gerwing and Thompson (1968) have
studied antigenic regions of the reduced and alkylated mole-
cule, CM-lysozyme.! Bonavida (1969) and Bonavida er al.

* From the Laboratory of Medical Entomology, Kaiser Foundation
Research Institute and Allergy Research Division, Allergy Department,
Kaiser Foundation Hospitals, San Francisco, California 94115, Re-
ceived September 18, 1969, This work was supported in part by a grant
from the United States Public Health Service (AI 06040). A preliminary
report of this study has been published (Young and Leung, 1969).

1 Abbreviation used, but not listed in Biochemistry 5, 1445 (1966),
is: CM-lysozyme, S-carboxymethylated lysozyme, obtained by
carboxymethylation of lysozyme after reduction of the disulfide bonds
to cysteine.
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CM-lysozyme binding activity, Complement fixation by the
lysozyme-antilysozyme complex could not be inhibited by
chymotryptic or tryptic peptides of CM-lysozyme or by two
cyanogen bromide peptides of CM-lysozyme representing
residues 1-12 and 106-129. The CM-lysozyme-antilysozyme
reaction, however, could be inhibited by the tryptic digest of
CM-lysozyme, the C-terminal cyanogen bromide peptide
(residues 106-129), and, to a lesser extent, by the N-terminal
cyanogen bromide peptide (residues 1-12). The chymotryptic
peptides did not inhibit this reaction. The complement fixation
reaction by CM-lysozyme-anti-CM-lysozyme could be in-
hibited by the same cyanogen bromide peptides obtained from
CM-lysozyme, the C-terminal peptide being more inhibitory
than the N-terminal one.

(1969) have compared the immune response of cyanogen
bromide treated lysozyme with native lysozyme. Habeeb and
Atassi (1969) and Atassi and Habeeb (1969) have studied the
immunological changes obtained by chemical modification
of tryptophan and tyrosine residues in lysozyme.

The present paper presents the results of our investigation
of the lysozyme-antilysozyme system and the reaction of
CM-lysozyme with antilysozyme and with its homologous
antibody. The inhibition of these antigen-antibody reactions
by tryptic, chymotryptic, and cyanogen bromide peptides of
CM-lysozyme utilizing complement fixation and radioim-
munoassay techniques is presented.

Experimental Section

Hen egg lysozyme (Lots 19 and 2X, Pentex Inc., Kankakee,
I1l.) was used without further purification. Reduced and S-car-
boxymethylated lysozyme (CM-lysozyme) was prepared by the
method of Canfield and Anfinsen (1963) where only the cys-
teine residues obtained by reduction were found to be alkyl-
ated. Tobacco mosaic virus (TMV) protein, which was used
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FIGURE 1: G-50 Sephadex elution pattern of a chymotryptic digest
of CM-lysozyme (31 mg) (O----0O) and a tryptic digest of CM-
lysozyme (172 mg) (@——-@); eluting solvent, 577 acetic acid, 0.15 M
ammonium acetate; 6 ml/tube; 36 mi/hr; column size 2.5 X 70 cm.

as a control antigen, was obtained from TMV? by 66 %7 acetic
acid treatment (Fraenkel-Conrat, 1957).

CM-lysozyme was digested with chymotrypsin and trypsin
as described by Jolles er al. (1963). The CM-lysozyme, 5
mg/ml, was solubilized at pH 10.8, then brought to pH 7.8
and digested with either chymotrypsin (Worthington, chro-
matographically homogeneous, Lot CDC31) or trypsin
(Sigma Chemical Co., Lot 105B.2280) at 37° for 4 hr at an
enzyme to CM-lysozyme weight ratio of 1:100. The digest
was brought to pH 4 using 20 %] acetic acid and then lyophil-
ized. The digests were fractionated on a (G-50 Sephadex
column (2.3 -X 70 cm) using 57 acetic acid in 0.15 a1 am-
monium acetate as the eluting solvent (see Figure 1).

The low molecular weight 1aterial from the G-50 separa-
tion of the tryptic digest was lyophilized, dissolved in a pyr-
idine—collidine-acetic acid buffer, pH 8.8, and fractionated
on a Dowex 1-X2 column using the eluting gradient described
by Funatsu (1964) (see Figure 2).

CM-lysozyme, 5 mg/ml, was cleaved with 2.5 mg/ml of
cyanogen bromide in 709 formic acid overnight at room
temperature as described by Steers er al. (1965). Ten volumes
of water were added and the contents of the flask dried by
rotary evaporation. The cleaved product was dissolved in
169, formic acid and fractionated on a G-50 Sephadex column
using 16%, formic acid in 0.15 M ammonium acetate (see
Figure 3).3 The low molecular weight material was dissolved
in 0.2 N acetic acid and brought to pH 8.8 just prior to appli-
cation to a Dowex 1-X2 (1 X 150 cm) column. The column
was equilibrated with a pH 8.8 collidine--pyridine-acetic
acid buffer (40:40:0.25 ml, in 4 1.) and eluted with a Varigrad
(Technicon) containing 135 ml of the following solvents in

2 The TMV was generously supplied by Dr. C. A. Knight of the
Department of Molecular Biology, University of California, Berkeley,
California.

3 We have found that the cyanogen bromide cleaved CM-lysozyme

peptides are easier to fractionate on Sephadex uvsing 0.2 ~ acetic acid
instead of 16 97 formiec acid as the solvent.
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FIGURE 2: Dowex 1-X2 elution pattern of G-50 peak II of a tryptic
digest of 43 mg of CM-lysozyme (see Figure 1) using the gradient of
Funatsu (1964); 3 ml/tube; 45 ml/hr; Folin color in 1.2 ml using
0.1 ml from alternate tubes. Fractions were pooled as indicated by
the arrows ($).

chambers: 1-3, pH 7.3, collidine-pyridine-acetic acid buffer
(40:40:8 ml, in 4 1.); 4 and 5, 0.02 N acetic acid; 6, 0.2 N acetic
acid; 7, 0.35 N acetic acid; 8, 0.5 N acetic acid; 9, 0.65 N acetic
acid (see Figure 4).

Amino acid analyses were performed on carefully evacuated
6 M HCI hydrolysates using a Beckman/Spinco 120B amino
acid analyzer.

Proteins used in the radioimmunoassays were iodinated
according to the method of Greenwood er al. (1963). Iodina-
tion was performed using 0.1-2 mg of protein and 0.04 ml
of [*#]]Nal (5 mCi/0.1 ml, New England Nuclear Corp.,
Boston, Mass.)in 0.1 N NaOH. The ['#5]]protein was separated
from [*2I]iodide on a G-25 Sephadex column (1.5 X 75 cm)
eluted with 0.1 M NaHCOs. The [*®I]proteins were frozen in
0.1 M NaHCO; containing 1%, bovine serum albumin and
aliquots were diluted with cold protein to approximately
1000 cpm/0.1 pg of protein before use.

Antisera. Rabbits were sensitized by three intramuscular
injections at weekly intervals using 10 mg of lysozyme in 1 ml
of saline with 1 ml of Freund’s complete adjuvant per injec-
tion. Rabbits were sensitized to CM-lysozyme by one intra-
muscular injection of 200 pg in 1 ml of saline and 1 ml of
Freund’s complete adjuvant followed 1 month later by three
intravenous injections of 100 pg in 1 ml of saline on alternate
days. The CM-lysozyme was solubilized in 0.04 N~ HCI and
adjusted to pH 7, and NaCl added to give a final concen-
tration of 0.15 M. In all cases, antisera were obtained from
the ear vein at 2 week intervals. Occasional booster shots
were administered 10 days before bleeding. The control
anti-TMYV protein serum was obtained as previously described
by Benjamini ez al. (1964).

The antilysozyme globulin preparation noted in Table II
was prepared by three 509 ammonium sulfate precipitations
of an antiserum obtained 3 months after the first injection
(Benjamini ez al., 1965). The equivalence point of the globulin
preparation was determined by mixing various amounts
of lysozyme with 0.1-ml portions of the globulin preparation
and allowing the mixtures to stand overnight at 4° prior

to .centrifugation. The supernatant obtained at the equivalence
point (0.3 ug of lysozyme/0.1 ml of globulin) was used as the
lysozyme absorbed globulin preparation.
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FIGURE 3: G-50 Sephadex elution pattern of cyanogen bromide
cleaved CM-lysozyme (84 mg); eluting solvent, 16 7, formic acid in
0.15 M ammonium acetate; column size 2.5 X 70 cm; 6 mi/tube;
12 ml/hr (see footnote 3).

Immunoassays. Complement fixation inhibition assays were
performed as described by Benjamini ez al. (1964) using
titrated complement and hemolysin. The diluent was a
barbital buffer containing NaCl, Mg?*, and Ca?" (Campbell
et al., 1963). Decomplemented diluted antisera, 1 ml, and
inhibitors, 1 ml, were incubated 15 min at 37° before adding
the antigen, 0.5 ml, and complement, 1 ml, and the mixture
was incubated 30 min at 37°. Red blood cells, 227, 0.5 ml, and
hemolysin, 0.5 ml, were then added and the mixture was incu-
bated until the controls lacking antigen or antibody showed
1009 lysis (usually about 15 min). The tubes were centrifuged
and the optical density of the supernatants was read at 542 nm.

Radioimmunoassays were performed by mixing diluted
antisera, 0.1 ml, inhibitors, 0.1 ml, and 1% bovine serum
albumin in 0.1 M NaHCO; to a total volume of 0.4 ml in
1-ml conical centrifuge tubes. After incubation at 37° for
30 min [!2:I]antigen, 0.1 ml, and goat antirabbit globulins,
0.5 ml, were added and the mixtures left overnight at 4°.
The precipitates were packed by centrifugation at 3500
rpm in a 7-in. radius swinging bucket head for 1 hr. The
precipitates were washed twice with 1.0 ml of 1% bovine
serum albumin in 0.1 M NaHCO; and transferred to test
tubes with 1 ml of 0.1 N NaOH for the radioactivity measure-
ment. Using this method of assay, 80-100%; of the [12°]]-
lysozyme could be precipitated by antilysozyme. The amount
of [12[JCM-lysozyme precipitated by antilysozyme varied
with the particular antisera and the particular preparation
of [1*I]CM-lysozyme. In Figure 9, some of the antisera
shown could precipitate as much as 809 of the [1%IJCM-
lysozyme, whereas in Figure 8, only 46% of the ['#IJCM-
lysozyme could be precipitated. Neither [12]I]lysozyme nor
[125[]CM-lysozyme precipitated with the control anti-TMV
protein serum.

Results

Fractionation and Analysis of Peptides. The separation
patterns obtained from chymotrypsin, trypsin, and cyanogen

inal
Tde

5
C-ter
‘pept
A ATA

04 by
N-terminal
peptide

r=3
w

18

o
a

Absorbancy {700 am )

o

i1 £ 50 500
Efflent Volume {mi}

FIGURE 4: Dowex 1-X2 elution pattern of G-50 peak II from cyano-
gen bromide cleavage of 60 mg of CM-lysozyme (see Figure 3).
The eluting gradient is given in the text with other conditions the
same as in Figure 3.

bromide cleavage of CM-lysozyme on Sephadex G-50
columns are given in Figures 1 and 3. The low molecular
weight components (peaks II of Figures 1 and 3) from the
trypsin and cyanogen bromide cleavage were chromato-
graphed on Dowex 1 as shown in Figures 2 and 4. Amino
acid analyses of some of the peptide fractions are given in
Table 1. Analysis of fraction 1, Table I, indicated it was
tryptic peptide T-9 comprising residues 62-68, Trp-Trp-CM-
Cys-Asp-Asn-Gly-Arg as designated by Canfield (1963).
Cleavage of CM-lysozyme at the two methionines at positions
12 and 105 by cyanogen bromide treatment are expected
to yield three peptides (Gross, 1967): an N-terminal
peptide containing residues 1-12, Lys-Val-Phe-Gly-Arg-CM-
Cys-Glu-Leu-Ala-Ala-Ala-Homoser; a C-terminal peptide
containing residues 106-129, Asn-Ala-Trp-Val-Ala-Trp-Arg-
Asn-Arg-CM-Cys-Lys-Gly-Thr- Asp-Val-Gln- Ala-Trp -1le-
Arg-Gly-CM-Cys-Arg-Leu; and a large peptide containing
residues 13-105 with 105 converted into homoserine. The
amino acid analysis of fraction 2 shown in Table I agreed
with the expected analysis for the large cyanogen bromide
peptide representing residues 13-105. The analysis of fraction
3 indicated a mixture of the expected N- and C-terminal
cyanogen bromide peptides. Dowex 1 chromatography of
fraction 3 resulted in two major peaks, fractions 4 and 5,
which gave amino acid analyses corresponding to the expected
C-terminal and N-terminal cyanogen bromide peptides,
respectively. Peak IB (Figure 4) was not characterized. The
yield was a mixture of 2.6 umoles of the N-terminal and 2.6
umotles of the C-terminal peptides, fraction 3, from 4 umoles
of CM-lysozyme. Fraction 3 then yielded 1.2 umoles or
46 % of the C-terminal peptide, i.e., fraction 4, and 2.6 ymoles
or 100 % of the N-terminal peptide, i.e., fraction 5.

Bonavida et al. (1969) used disulfide exchange to open the
disulfide bonds both before and after cyanogen bromide
cleavage of lysozyme. The expected peptides were then
obtained using a G-25 Sephadex column.

Antilysozyme Serum Reactions. EFFECT OF PEPTIDES ON
COMPLEMENT FIXATION BY LYSOZYME-ANTILYSOZYME. Comple-
ment fixation by the lysozyme-antilysozyme complex was
performed by incubating 2 ul and 1.33 ul of antisera (obtained
4.5 months after initial sensitization) with 0.1-1 pug of
lysozyme (Figure 5). In all cases, a 30 ug of CM-lysozyme
equivalent? of each peptide was used. With this amount of

¢ A CM-lysozyme equivalent is here defined as the weight of CM-
lysozyme starting material from which the digested peptide fraction
was obtained. If the particular peptide was analyzed, the CM-lysozyme
equivalent is defined more precisely as the molecular weight of CM-
lysozyme containing this molecular weight of pepiide.
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TABLE I: Amino Acid Ratios of Peptide Fractions.

Peptide Fractionss

1 2 3 4 5
Ex- Ex- Ex- Ex-
pected pected pected pected Ex-

(62— (13~ (1-12) 4+ (106— pected
Amino Acid Found 68)° Found 105) Found (106-129) Found Found- 129) Found (1-12)
Lys 3.85 4 1.8 2 1.03 1.04 1 0.91 1
His 0.85 1 0.2 0
Arg 0.90 1 6.20 6 4.2 5 4.02 3.98 4 1.00 1
S5-CM-Cys 1.044 1 5 3 1.67 2 1
Asp 1.99 18.2 18 3.7 3 .91 3.17 3
Thr 5.96 6 1.1 1 1.03 1.11 1
Ser 9.81 10 0.5 0
Glu 3.57¢ 3 2.2 2 1.05 1.06 1 1.44 1
Pro 1.94 2
Gly 1.00 1 9.19 9 3.7 3 2.12 2.21 2 1.04 1
Ala 7.29 6 5.4 6 2.86 3.24 3 3.00
Val 3.03 3 2.5 3 1.90 1.95 2 0.64 1
Ile 4.66 5 0.8 1 0.93 0.62 1
Leu 5.99 6 2.1 2 1.07 10.7 1 1.04 1
Tyr 2.06 3
Phe 2.09 2 0.9 1 0.90 1
Trp 2,297 2 3 2.92f 3
Homoser 0.71e 1 0.25 1 0.55 1

e Peptide fractions obtained from CM-lysozyme were as follows: (1) tryptic G-50 peak III material, Figure 1; (2) cyanogen
bromide cleaved high molecular weight material, G-50 peak I, Figure 3; (3) cyanogen bromide cleaved low molecular weight
material, G-50 peak II, Figure 3; (4) Dowex 1 -X 2 fractionation of fraction 3 of this table, fraction IA, Figure 4; (5) fractionation
on Dowex 1 -X 2 of fraction 3 of this table, fraction II, Figure 4.® The expected peptide of CM-lysozyme is designated in paren-
theses by residue numbers. ¢ This analysis was generously performed by Dr. Hirohsi Matsubara of the Space Science Laboratories,
University of California, Richmond, Calif. ¢ S-CM-cysteine was not found unless the hydrolysis was performed in carefully
evacuated tubes. e Homoserine eluted with glutamic acid which accounts for the high value for glutamic acid. The homoserine
was estimated as the amount of glutamic acid found over that expected times 1.25. The 1.25 corrects for the difference in constants
of the two amino acids. / The tryptophan analyses were performed on separate hydrolysates containing thioglycolic acid as

described by Matsubara and Sasaki (1969).

each peptide, and a range of lysozyme from 0.1 to 1 ug,
a 300- to 30-fold molar excess of peptide was achieved.
None of the low molecular weight fractions from chymo-
trypsin, trypsin, or cyanogen bromide digests (Figures 1 and 3,
peaks II and III) inhibited the antigen-antibody interaction.

EFFECT OF PEPTIDES ON COMPLEMENT FIXATION BY CM-
LYSOZYME-ANTILYSOZYME. Complement fixation by the CM-
lysozyme-antilysozyme complex is shown in Figures 6 and
7. In these experiments, the same serum and the same range
of concentration, 0.1-1 ug, of the CM-lysozyme antigen
were used as in Figure 5. Approximately ten times more
antibody, 20 and 13.3 ul, was required to obtain the same
degree of complement fixation. The peptides in peaks II
and III of Figures 1 and 3 were tested with a 4 ug of CM-
lysozyme equivalent for their ability to inhibit this reaction
(figure not shown). The cyanogen bromide fraction (peak
II, Figure 3) and the tryptic fraction (peak II, Figure 1)
were both inhibitory, whereas the chymotryptic fractions
(peaks II and III) and the tryptic fraction (peak III) were

2758 B1OCHEMISTRY, VOL. 9, No. 14, 1970

not inhibitory. Tryptic peptide fractions from the Dowex-1
column (Figure 2) were tested for their ability to inhibit
complement fixation by this system. A 19-ug equivalent of
each of the CM-lysozyme peptides was used in the tests.
Some of the results of the complement fixation experiments
using these fractions are shown in Figure 6. The fractions
having little or no inhibitory activity were I, III, and X
(Figure 2); those having some inhibitory activity were II,
V, VI, IX, and XI; and those having the greatest inhibitory
effect were IV, VII, and VIII. A mixture of the most inhibitory
fractions, IV and VII, as well as a pool of all the fractions,
was tested. More inhibition was obtained with the mixtures
than any single fraction. The N-terminal cyanogen bromide
peptide (fraction -5, Table I) and the C-terminal cyanogen
bromide peptide (fraction 4, Table I) inhibited the CM-
lysozyme-antilysozyme complement fixation reaction as
shown in Figure 7. A 40-ug CM-lysozyme equivalent of
these cyanogen bromide peptides was used in this experiment.
These experiments were repeated using lesser amounts
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FIGURE 5: Complement fixation of lysozyme-antilysozyme. The anti-
lysozyme was obtained from a bleeding 4.5 months after the initial
lysozyme injection, and was assayed at dilutions of /500 and /75
which represent 2 and 1.33 ul of antiserum in each assay tube,
respectively. See text for method of assay.

of the peptides. The smallest amount of C-terminal cyanogen
bromide peptide exhibiting maximum inhibition was a 5-ug
equivalent of this peptide. The N-terminal cyanogen bromide
peptide exhibited significant inhibition using a 5-ug equivalent
with little demonstrable below this concentration. The
specificity of the inhibitory peptides was ascertained from
the fact that the peptides did not inhibit the complement
fixation reaction of either the lysozyme-antilysozyme system
or the TMV protein-anti-TMV protein system.
RADIOIMMUNOASSAY WITH LYSOZYME AND CM-LYSOZYME.
The reaction of [**I]lysozyme (0.1 pg) with antilysozyme
(0.25-2 ul) is shown in Figure 8. The antilysozyme serum
used in these experiments was the same as that used in the
experiments illustrated in Figures 5, 6, and 7. This reaction
is inhibited by 10 ug of unlabeled lysozyme but not by 10
ug of unlabeled CM-lysozyme. The reaction of 0.05 ug of
[125[]CM-lysozyme and 0.54 ul of antilysozyme is also
shown. This reaction is completely inhibited by unlabeled
CM-lysozyme but only slightly by 10 ug of unlabeled lyso-
zyme. TMV protein (10 zg) had no effect on the binding
of either ['*I]antigen with antilysozyme. In another experi-
ment (not illustrated) [!#IJCM-lysozyme (0.05 upg) was
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FIGURE 6: Complement fixation of CM-lysozyme—-antilysozyme
(20 ul) and its inhibition by tryptic peptide fractions obtained by
Dowex 1-X2 chromatography (see Figure 2). Each tryptic peptide
fraction was assayed at 19 ug equivalent of CM-lysozyme. The
pool was prepared by combining a portion of the 11 fractions ob-
tained by Dowex chromatography. The antilysozyme was from the
same bleeding as used in Figure 5.
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FIGURE 7: Complement fixation of CM-lysozyme-antilysozyme (20
ul) (@———@) and its inhibition with a 40-ug CM-lysozyme equiva-
lent4 of each CNBr peptide; N-terminal peptide ()X——X); C-term-
inal peptide (A——-a4). The antilysozyme was from the same bleed-
ing as in Figure 5.

completely inhibited from binding with antilysozyme (1-5
ul) by 100 ug of lysozyme.

BmNDING OF [!#]JCM-LYSOZYME WITH ABSORBED SERUM.
An antilysozyme globulin preparation (serum obtained
3 months after sensitization) was assayed for its ability to
bind with [1%[JCM-lysozyme both with and without prior
absorption with lysozyme. The data in Table II show that
the binding of antilysozyme globulins following absorption
with lysozyme was the same as in the unabsorbed antibody
preparation,

CHANGE OF TITER TO CM-LYSOZYME WITH TIME. Figure 9
compares the reaction of antilysozyme sera, obtained from
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pi Anti-Lysozyme

FIGURE 8: The binding of 0.1 ug of [1%I]lysozyme with antilysozyme
(@——=@) and its binding in the presence of 10 ug of unlabeled
lysozyme (H- - - -m) or 10 ug of unlabeled CM-lysozyme (A- - - -A).
The binding of 0.05 ug [1®I]CM-lysozyme with antilysozyme
(0——0) and its binding in the presence of 10 ug of unlabeled CM-
lysozyme (O----0) or 10 ug of unlabeled lysozyme (A----A).
TMVP (10 ug) had no effect on the binding on either the [1#I)lyso-
zyme with antilysozyme or the [12IJCM-lysozyme with antilysozyme
at the concentrations used above, The antilysozyme was from the
same bleeding as that used in Figure 5.
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FIGURE 9: Per cent of [12*])JCM-lysozyme (0.05 pg) or [1#]]lysozyme
(0.1 ug) precipitated by 2 ul of antilysozyme serum at various times
of bleeding. Sensitizing doses are noted with arrows (§) on the
abscissa.

various bleedings, with CM-lysozyme using the radioimmuno-
assay method. Booster injections are indicated on the figure.
The titer to lysozyme did not appreciably change since
1-2 ul of each antiserum was required to precipitate 0.1
ug of [1¥]lysozyme. However, the amount of serum (2 ul)
that would totally precipitate this amount of lysozyme
bound 80% of the [12I)]CM-lysozyme (0.05 ug) at the third
month after the initial injection. By the 17th month, no more
than 5% of the [L*I[JCM-lysozyme was bound by 2 ul of
antilysozyme.

Effect of Cyanogen Bromide Peptides on Complement
Fixation by CM-lysozyme-Anti-CM-lysozyme. Complement
fixation by 0.2-1 ug of CM-lysozyme and 10 ul of anti-CM-
lysozyme is shown in Figure 10. Also shown in Figure 10 is
the complete inhibition of this reaction by a 40-ug equivalent
of either the C-terminal or N-terminal cyanogen bromide
peptide. On further testing, the C-terminal peptide completely
inhibited the reaction with a 1-ug equivalent and exhibited
significant inhibition using a 0.5-ug equivalent of the peptide

TABLE II: Binding of [!2*I]JCM-Lysozyme to Antilysozyme
Globulins.=

o7 [125J]CM-Lysozyme (0.05 ug)

Bound
Antibody
Unabsorbed Absorbed with

ul of” Antibody Antibody Lysozyme
5 29 24
2.5 20 20
1.7 16 16
1.2 14 13

+ Control globulins, anti-TMVP, did not bind any [!#I]CM-
lysozyme.
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FIGURE 10: Complement fixation on CM-lysozyme-anti-CM-lyso-
zyme (10 ul) and its inhibition by various amounts of the N-terminal
(X——X)and C-terminal (A——a) CNBr peptides of CM-lysozyme
expressed in ug-equiv of CM-lysozyme.* The anti-CM-lyso-
zyme was from a bleeding taken 2 months after the first sensitizing
injection.

with 0.2-0.45 ug of CM-lysozyme. Similarly, the N-terminal
cyanogen bromide peptide significantly, though not com-
pletely, inhibited the reaction at the 8-ug equivalent level.
As mentioned before, the peptides specifically inhibited
the CM-lysozyme-anti-CM-lysozyme reaction since they
had no inhibitory effect on either the TMV protein-anti-
TMYV protein or the lysozyme-antilysozyme complement
fixation reaction.

Discussion

The data presented in this paper show that tryptic, chymo-
tryptic, and cyanogen bromide cleavage products of CM-
lysozyme do not inhibit the reaction of lysozyme with rabbit
antilysozyme. This confirms the findings of Gerwing and
Thompson (1968) and Shinka et al. (1967). There were,
however, in rabbits injected with lysozyme, antibodies which
bind CM-lysozyme. These antibodies could be inhibited
with trypsin and cyanogen bromide cleaved peptides of
CM-lysozyme and were found to bind preferentially to
CM-lysozyme rather than lysozyme.

1t is possible that the antibodies reacting with CM-lysozyme
were produced by the presence in the immunogen of small
amounts of denatured lysozyme more similar to CM-lysozyme
than to native lysozyme. Lysozyme preparations are known
to chromatograph heterogeneously on IRC-50 resin columns
(Tallan and Stein, 1953). Alternatively, the lysozyme could
be altered either by Freund’s adjuvant or by in vivo degrada-
tion. The altered lysozyme molecules could evoke antibodies
to determinants more similar to those exposed on the CM-
lysozyme molecule than on the lysozyme molecule.

The presence of CM-lysozyme specific antibodies in rabbits
injected with lysozyme illustrates that absorption of an
antiserum with the immunizing antigen does not necessarily
remove all antibodies evoked by the antigen.

Since the CM-lysozyme binding antibodies disappear
with time and with continued lysozyme booster injections
in one animal (Figure 9), other animals are now under study.
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The observation that several components from Dowex 1
fractionation (Figure 2) of the tryptic peptides were active
and that combinations of these were more inhibitory than
the individual fractions indicates the presence of antibodies
which recognize several areas of the CM-lysozyme primary
sequence.

The cyanogen bromide peptides of CM-lysozyme, repre-
senting residues 1-12 and 106-129, respectively, were found
to inhibit the complement fixation reaction of CM-lysozyme-—
antilysozyme. As seen in Figure 7, the C-terminal cyanogen
bromide peptide gave more inhibition with less material
than the N-terminal peptide. Although not reported here,
the [***[JCM-lysozyme-antilysozyme reaction was also inhib-
ited by those cyanogen bromide peptides.

There is a similarity in specificity between the anti-CM-
lysozyme antibodies and the antibodies in antilysozyme
sera which react with CM-lysozyme. Both antibodies are
inhibited in their reaction with CM-lysozyme by the N- and
C-terminal cyanogen bromide peptides. As noted, the C-
terminal peptide (Figures 7 and 10) was more effective.

Gerwing and Thompson (1968) found that anti-CM-
lysozyme reacted with only one tryptic peptide of CM-
lysozyme, namely tryptic peptide T-11, representing residues
74-96. We have not tested the inhibition of individual tryptic
peptides with our anti-CM-lysozyme sera. In preliminary
experiments, the C-terminal cyanogen bromide peptide
inhibited CM-lysozyme-anti-CM-lysozyme more than the
unfractionated tryptic peptides (peak II, Figure 1).

The antigenic determinate areas of CM-lysozyme and lyso-
zyme are depicted in Bragg’s drawing of lysozyme in Figure
11. The CM-lysozyme determinate region, residues 74-96,
falls within one of the two determinate regions of lysozyme,
residues 57-107. The cyanogen bromide peptides which are
also determinants of CM-lysozyme are in the region of the
other lysozyme determinant, i.e., residues 1-27, 122-129,
These correlations between the determinate regions of
CM-lysozyme and lysozyme may be due to the fact that the
combined determinate sequences of lysozyme involve 67 %
of the amino acids in the molecule. We are presently engaged
in the synthesis of peptides in the N- and C-terminal areas,
which when combined through the appropriate disulfide
bridges will provide a more precise definition of the lysozyme
and CM-lysozyme determinants in this region of the two
molecules.
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FIGURE 11: Schematic drawing of lysozyme molecule based on
Bragg’s drawing in Blake er al. (1965). The numerals refer to the
residue number in the amino acid sequence. The blacked sequences
are determinant areas found for lysozyme (Fujio er al., 1968a,b).
The dotted line between residues 83 and 84 represents a break in the
peptide chain in the lysozyme determinate area contained in residues
57-107. The red lines depict the determinate areas for CM-lysozyme
reported by Gerwing and Thompson (1968) (residues 74-96) and
reported in this paper (residues 1-12 and 106-129).
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Immunological Studies on Peptides from the Haptenic C-Terminal

Octapeptide of Clostridium pasteurianum Ferredoxin”

Barbara Mitchell and Julia Gerwing Levy

ABSTRACT: Various sequences of a haptenic octapeptide of
Clostridium pasteurianum ferredoxin were synthesized and
tested for their haptenic activity with purified rabbit antiserum
to performic acid oxidized ferredoxin. Sequences between the
C-terminal tripeptide and the whole octapeptide were N-14C-
acetylated and tested for their ability to bind directly to
antisera from two rabbits. In one instance, the tri- and tetra-
peptide showed limited capacity to bind, and the penta-
through octapeptide bound to an equivalent extent. The

It has generally been accepted that the minimum size at
which antigenic determinants consisting of oligopeptides from
protein antigens will combine appreciably with antibody is in
the region of five to six amino acid residues. This was demon-
strated graphically by Benjamini and his coworkers with a
pentapeptide which formed the C-terminal portion of a
haptenic eicosapeptide from tobacco mosaic virus protein
(Young et al., 1967). They also showed that some rabbits
produced antibody which could bind the pentapeptide,
whereas others produced antibody which could only bind the
hexapeptide (Benjamini er al., 1968a). These workers (Ben-
jamini et al., 1968b) postulated that the hydrophobicity of
the amino acid residues at the N-terminal region of this penta-
peptide played a more important role in antibody binding
than did their actual configuration. To test this, they octanoy-
lated the C-terminal di-, tri-, and tetrapeptides of their penta-
peptide and showed that while the octanoylated dipeptide did
not bind significantly to antibody, the octanoyl derivatives of
both the tri- and tetrapeptide did. They concluded that the
N-terminal residues of the pentapeptide contributed stability
to the hapten—antibody complex by their hydrophobic nature,
and that the specificity was designated by the C-terminal
residues.

* From the Department of Microbiology, The University of British
Columbia, Vancouver 8, British Columbia, Canada. Received March
20, 1970, This work was supported by a grant from the Medical Research
Council of Canada.
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second antiserum tested showed no binding with the tripeptide,
but showed appreciable binding with the tetra-, penta-, and
octapeptide.

The various peptides were also tested for their ability
to inhibit complement fixation between purified anti-
serum and oxidized ferredoxin. These tests indicated that the
tripeptide had no haptenic activity, the tetrapeptide had
limited capacity, whereas the penta- and octapeptide had close
to equivalent haptenic activity,

Using peptides isolated from silk fibroin, Cebra (1961)
showed that a tetrapeptide was capable of inhibiting immune
precipitation between silk fibroin and specific antisera from
several rabbits. In one serum tested, a dipeptide comprising the
probable C-terminal of the haptenic peptide was shown to
produce marginal inhibition.

In this laboratory, it was shown that the C-terminal octa-
peptide of the ferredoxin of Clostridium pasteurianum con-
stituted an antigenic determinant of this molecule (Mitchell
et al., 1970). The work reported here involves examination of
the tri-, tetra-, penta-, hexa-, and heptapeptide of this octa-
peptide for haptenic properties. Each peptide was tested,
after N-'‘C-acetylation, for its ability to bind directly to
purified rabbit antiserum against performic acid oxidized
ferredoxin (O-Fd) and for its ability to inhibit complement
fixation between this antiserum and its homologous antigen.

Materials and Methods

The ferredoxin was prepared and purified as described by
Tanaka et al. (1964) and Mortenson (1964). Performic acid
oxidized ferredoxin was prepared according to previously
described methods (Mitchell er al., 1970). Antiserum to O-Fd
was raised in two rabbits as described previously (Nitz er a/.,
1969). These animals had been immunized over a period of
18 months and had received booster shots intramuscularly
of 1.0 mg of O-Fd in a 509 saline suspension of Freund’s
adjuvant (total volume was 0.2 ml) at 6-month intervals. In



