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ABSTRACT In the course of examining the etiology of the Lucké renal
adenocarcinoma of the frog, Rana pipiens, it was found that organs of the nor-
mal adult contain bacteriolytic enzymes. These enzymes all satisfied the six
criteria for the identification of lysozymes and at least eight forms were separa-
ble by polyacrylamide gel electrophoresis. Their qualitative and quantitative
distribution was organ-specific. All eight isozymes were found in normal kidney,
while liver and spleen contained seven forms; skin, six; ovarian egg, five; and
serum, two.

In quantitative assays using a radial diffusion test, spleen had the greatest
lysozyme concentration, followed in descending order by kidney, liver, skin, and
ovary. Serum contained very low amounts. In terms of enzyme activity per
animal, ovary was the highest ranking organ. As such a large number of lyso-
zyme isozymes has not been reported in any other organism, their origins and

functions are considered in the context of their presence in an ectotherm.

The discovery of an antigen with a dif-
ferential distribution in Rana pipiens kid-
ney and the Lucké renal adenocarcinoma,
and the determination that this was a
highly basic protein which possessed bac-
teriolytic action first suggested the pres-
ence of a lysozyme-like enzyme in frogs. It
was hypothesized that this enzyme may be
related to the etiology of the Lucké tumor
(Nace, 61, '62; Nace and Suyama, '65;
Nace et al, ’65). This hypothesis was
based on: (1) the presence of lytic enzyme
in normal kidney and its apparent absence
from the tumor (Nace et al., ’65); (2) the
presumed viral etiology of the Lucké tumor
(Rafferty, '64; Mizell, '69; McKinnell, '73);
(3) the antiviral activity of lysozyme in
general (Ferrari et al., '59; Arimura, ’'73);
(4) the antiviral activity of certain forms
of R. pipiens lytic enzyme in particular
(Rubin et al., '66); and (5) seasonal and
local variations in lytic enzyme level which
were related to the life cycle of the tumor
and its virus (Nace and Suyama, ’65).

Investigation of this hypothesis was com-
plicated by evidence for multiple forms
of lytic enzyme (Nace and Suyama, ’65;
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Amano, Iwata, Izaka, unpublished), but
gained significance in view of the discov-
ery of differences in the antiviral activity
of lytic enzyme preparations from various
species of frogs, and from different organs
of R. pipiens (Rubin et al., '66).

These observations prompted a more de-
tailed study of the specific identification of
the enzyme and the distribution of the
enzyme among organs of the leopard frog.

Since a variety of enzymes are capable
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of hydrolyzing bacterial cell walls (Strom:
inger and Ghuysen, '67) the lysis of sus-
pensions of Micrococcus lysodeikticus (M.
luteus) by frog material is, by itself, insuf-
ficient evidence for its classification as
lysozyme. To be classified as lysozyme, a
protein should satisfy certain criteria: (1)
be a basic protein; (2) possess a “low”
molecular weight; (3) be stable at acid pH
even at high temperatures; (4) be unstable
at alkaline pH especially at high temper-
atures; (5) be active against suspensions
of M. lysodeikticus; and (6) be capable of
releasing specific amino sugars from ap-
propriate substrates (Jolles, '67). The frog
lytic enzyme was tested against these cri-
teria and, as described here, was shown to
be lysozyme.

The available techniques for the qual-
itative and quantitative assay of lysozyme
were unsatisfactory for frog material. This
necessitated the development of new pro-
cedures suited to both the characteristics
of the enzyme and to the limited quantities
available. Electrophoretic resolution on
polyacrylamide gels with detection using
appropriate exposure to the substrate per-
mitted qualitative assay. Radial diffusion
in agar-substrate base permitted quanti-
tative assay (Nace et al., ’65). The advan-
tages of this quantitative method over
turbidimetric procedures were that it (1)
required a smaller volume of sample, (2)
could be used with samples which con-
tained colored materials, (3) allowed simul-
taneous assessment of a large number of
samples, and (4) was more sensitive to
frog lysozymes.

Applying these procedures, frog lysozyme
proved to be present in multiple forms
which were found to have organ specific
properties in terms of the variety and con-
centration of isozymes present. Among
normal organs, the eye, skin, tongue, skel-
etal muscle, heart, spleen, serum, gastro-
intestinal tract, lung, liver, kidney, testis,
and gravid ovaries were examined. How-
ever, of these organs, only skin, spleen,
liver, kidney, gravid ovaries, and serum
were found to contain sufficient amounts
of lysozyme for qualitative analysis.

The present communication establishes
the identity of the frog lytic material as
lysozyme, demonstrates its presence in
eight isozyme forms, and describes the dis-
tribution of these isozymes among normal
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adult organs. Changes among these lyso-
zyme isozymes during development are de-
scribed in Ostrovsky (70) and Ostrovsky
and Nace ('76).

MATERIALS AND METHODS
Animals and tissues

The organs analyzed were from wild-
caught R. pipiens supplied in the fall by
C. H. Mumley, Alburg, Vermont. These
adult animals were used immediately or
were maintained in the University of Mich-
igan Amphibian Facility until the time of
use (Nace, '68; Nace et al., ’74). The or-
gans were excised from freshly killed ani-
mals, washed in saline, and stored at 20°C.
Blood was collected and serum prepared
in the manner described by Hejmadi (70).

Extraction of lytic material

Lysozymes are stable at low pH (Jolles,
’63). On this basis, a partial purification
was achieved by acidifying tissue homo-
genates. For each acid extraction 5 gm of
organ were homogenized in a chilled, pow-
er-driven, glass-teflon homogenizer. A small
amount of deionized water was added,
when necessary, to facilitate the process.
Skin was frozen in dry ice and triturated
in a Vollrath Tissue Pulverizer. These ho-
mogenates were brought to pH 1.0 with
1.0 N HCl and separated into residue (R
1.0) and supernatant (S 1.0) fractions by
cold centrifugation at 30,000 g for 40 min-
utes. Three times, the R 1.0 residue was
resuspended in HCI, centrifuged and the
supernatants added to the S 1.0 fraction.
The combined S 1.0 fractions were dialysed
against deionized water, effective volume
ratio 1:104, using tubing heated at 80°C
for 24 hours to decrease its pore size (Cal-
lanan et al., ’57), brought to pH 6.6 with
0.1 N~ NaOH and centrifuged to yield pre-
cipitate (P 6.6) and supernatant (S 6.6)
fractions. The S 6.6 fraction was reacidified
and centrifuged, neutralized and centri-
fuged three additional times to yield the
final S 6.6 fraction. The residues from the
reacidification and the precipitates from
the reneutralization of the S 6.6 fraction
were added to the R 1.0 residue and P 6.6
precipitate, respectively. These pools were
each dialysed, neutralized and centrifuged
to yield final soluble fractions RS 6.6 and
PS 6.6, respectively.
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The S 6.6, RS 6.6 and PS 6.6 fractions
were assayed for lysozyme. The initial
analyses were conducted on unconcen-
trated extracts (Ostrovsky, '70), while later
analyses were conducted on extracts which
were concentrated either by dialysis against
Carbowax 20-M (Union Carbide brand of
polyethylene glycol) or by ultrafiltration
(Snyder, '71).

Preliminary analyses (Ostrovsky, ’70)
indicated that the greatest quantity of the
enzyme was present in the S 6.6 fraction
and that all fractions were qualitatively
identical. Thus, the qualitative data re-
ported here were from analysis of the con-
centrated S 6.6 fraction and the quanti-
tative data from analysis after pooling
aliquots of the three fractions.

Qualitative assay

Polyacrylamide gels used for the quali-
tative assay of lysozyme were made with
30% acrylamide monomer solution, 0.077 %
TEMED (N, N, N', N, tetramethylethylene-
diamine) catalyst in glycine buffer, 0.64 m,
pH 7.3, and 0.14% aqueous ammonium
persulfate catalyst. The electrophoresis
buffer was a 0.01 M Tris (hydroxymethyl)
aminomethane — 0.08 M glycine solution,
pH 8.3, selected as optimal for frog lyso-
zyme.

Samples to be analyzed were first dia-
lyzed against a 1:5 dilution of electropho-
resis buffer to maximize the “stacking” of
proteins prior to their entry into the poly-
acrylamide gel (Hjerten et al., ’65). Horse
cytochrome ¢ (Sigma brand, Type III), 0.08
mg per 100 ul of sample, served as a
marker for the characterization of lysozyme
forms. The marker was occasionally omitted
to check the possibility of artifact produc-
tion through an interaction with lysozyme.
Sucrose was added in the proportion of
5 mg per 100 ul of sample to increase
sample density.

Monomer solution, buffered TEMED
catalyst, and ammonium persulfate cata-
lyst were combined in 1:1:1 proportions to
vield a 10% gel which was polymerized in
9.5 cm lengths of 4.5 mm ID glass tubing.

Measured amounts of sample, covered
with the pH 8.3 buffer, were subjected to
electrophoresis at room temperature (22—
26°C) for 25 minutes at 350 v and an ini-
tial current of 3 mA/gel. Upon completion
of each run, the distance from the origin
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to the middle of the cytochrome ¢ band was
recorded, and the gels were removed for
detection of the lysozyme.

Lysozyme in the gels was detected (Os-
trovsky, ’70) by allowing the enzyme to
diffuse into a surrounding agar-substrate
sheath. For this purpose, the polyacryla-
mide gels were inserted into thin-walled
glass tubes containing a molten agar-sub-
strate mixture of the following description.
Lyophilized Difco M. lysodeikticus (M. lu-
teus) was homogenized in Sorensen’s phos-
phate buffer, 0.067 m, pH 6.6, and added
to a 2% Bacto-Difco agar solution, pre-
pared in the same buffer, to yield a final
substrate concentration of 1.25 mg/ml
and an agar concentration of 1.67% .

The polyacrylamide gels were thus en-
sheathed in a thin coating of quickly jell-
ing agar substrate mixture. The tubes were
then sealed in Saran Wrap and incubated
at 37°C. They were examined at 15-minute
intervals for lysis bands in the agar (fig. 1).

The distance from the origin to the cen-
ter of each lysis band was used to calculate
the mobility of each band relative to cyto-
chrome c.

Ten to 17 pooled samples of a given
organ, each sample containing tissue from
at least two animals, were examined. Each
lysozyme sample was tested simultaneously
on ten replicate gels. The average relative
mobility value for each lysis band from
these ten replicates was determined. There
was no significant difference at the 95%
confidence interval in the relative mobility
of a given isozyme among tissue samples.

To determine whether the electropho-
resis of frog lysozyme was affected by am-
monium persulfate (Brewer, '67; Mitchell,
'87), this catalyst was replaced by an equal
volume of riboflavin (2.5 mg per 100 ml
water) in test gels which were polymerized
by 60-minute exposure to light from 15-
watt daylight fluorescent bulbs.

Quantitative lysis assay

The intra-agar lysis assay used as a
quantitative test for lysozyme was similar
in principle to antibiotic assay procedures
(Cooper, '63), and was a modification of a
lysozyme assay described by Amano ('62)
and further modified by Nace et al. (65).
It resembles the assays reported by Osser-
man and Lawlor (66) and Bonavida and
Sapse ('68).
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In this assay, lysozyme, placed in a well,
diffused through a plate of agar-substrate
mixture. This mixture consisted of lyo-
philized Difco M. lysodeikticus (M. luteus),
homogenized in 2 ml of Sorensen’s phos-
phate buffer, 0.067 M, pH 6.6. This ho-
mogenate was combined with 2% Bacto-
Difco agar solution, prepared in the same
buffer, to yield a final substrate concen-
tration of 1.5 mg/ml and agar concentra-
tion of 1.95% . As the lysozyme diffused,
it lysed the substrate and produced a clear
lysis disc (fig. 14 of Nace et al., '65). With-
in a given concentration range there was,
in accordance with Fick’s law of diffusion
as applied to radial diffusion through agar
(Cooper, '63; Ryan, '67), a linear relation-
ship between the square of the radius (R?)
of these lysis discs and the log concentra-
tion of lysozyme in the wells.

In practice, 10 ml aliquots of agar-sub-
strate mixture were pipetted into each
leveled 100 X 15 mm Falcon plastic Petri
dish. After solidification, a grid of 4.5 mm
diameter wells was punched into this 1.5
mm thick plate of agar-substrate mixture.
Care was exercised to standardize the ori-
entation and pattern of these wells.

After each sample was pipetted into
three different wells dispersed over a plate,
the Petri dish was covered, sealed in Saran
Wrap, and incubated at 37°C for ten hours.
On completion of incubation, each lysis
disc was measured to the nearest 0.1 mm
on three diameters using a Vernier caliper,
and the radius was calculated from the
average of these three measurements.

Lysozyme concentration in the test sam-
ples was expressed in terms of commercially
available (Sigma) chicken egg-white lyso-
zyme (CEWL) units and frog lysozyme
units. This dual system was necessitated
by an observed difference in the slopes of
plots of lysis disc R? vs. log lysozyme con-
centration for lysozyme from the two
sources. The CEWL served as a universal
standard and frog lysozyme provided a
valid comparison among the enzyme con-
centrations in different organs.

Fig. 1 Lysozyme isozymes of kidney. After
electrophoresis, the polyacrylamide gel was incu-
bated with substrate for three hours. The anode
was at the top of the tube. The numbers identify
isozymes of lysozyme. The marker protein is not
seen as only the lysis bands were visualized pho-
tographically.
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CEWL standards were prepared by se-
rial dilution in deionized water of stock
solutions containing 10 mg/ml. A 1 mg/ml
concentration was arbitrarily assigned an
activity of 1,000 CEWL units/ml. Since the
commercial CEWL was not pure, different
lots varied in activity per unit weight; thus
new lots were calibrated against previous
lots and corrections in calculations were
made when appropriate.

Frog lysozyme standards were prepared
from acid extracted liver, a plentiful tissue
rich in lysozyme. Frog standards producing
lysis disc R? values of 37.5 mm? were ar-
bitrarily assigned an activity value of 1,000
frog lysozyme units/ml. This R? value was
the same as that produced by 1,000 CEWL
units/ml. As the concentration of the frog
standards was not uniform from prepara-
tion to preparation, their concentrations
were adjusted to this value. Dilutions of
such standards vyielded curves against
which test extracts were evaluated.

RESULTS AND CONCLUSIONS
Characterization as a basic protein

The original observation suggesting the
presence of bacteriolytic substances in
frogs was the immunoelectrophoretic de-
tection of basic proteins (Nace et al., '65).
The basic protein character of each of the
eight forms of lytic material found in the
frog was further confirmed by their chro-
matographic behavior (Nace et al., '65),
their cathodal migration during agar or
acrylamide gel electrophoresis carried out
under conditions for the separation of
basic proteins, and by their failure to mi-
grate to the anode under conditions for
the separation of acidic proteins.

Molecular weight

Nace et al. (65) presented some evi-
dence from dialysis that the frog lytic ma-
terials were in the low molecular weight
range characteristic of lysozyme. This was
confirmed by gel filtration (Andrews, '64).

In this case, the gel filtration behavior
of horse ferritin, chymotrypsinogen A,
chicken egg-white lysozyme, and ribonu-
clease A used as marker proteins was com-
pared with that of frog lytic materials
extracted from liver and ovarian egg. Liver
and ovarian egg were the main organs used
for the characterization of the frog bac-
teriolytic enzymes as lysozymes, because
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they are plentiful and between them they
contain all of the electrophoretically sepa-
rable forms. Sephacex G-75 retards mate-
rial with a molecular weight below 70,000;
thus, ferritin, with a molecular weight
higher than this figure, was eluted in the
void volume. All of the other proteins were
present in the eluent volume. The Kd values
(Kd = (Ve—Vo)/Vi; Ve the elution vol-
ume, Vo the void volume, and Vi the inner
volume of the gel) for liver and ovarian
egg lysozymes were 0.91 and 0.76 respec-
tively. This indicated a molecular weight
of 15,000 for liver lysozyme and 17,500 for
ovarian lysozyme. Among the marker pro-
teins, chymotrypsinogen A had a Kd of
0.46; chicken egg-white lysozyme, 0.97;
and ribonuclease A, 1.33.

The lytic proteins from both frog organs
were of sufficiently low molecular weight
to satisfy the lysozyme criterion. In each
case, the sample applied to the column
contained all of the lytic isozymes normally
found in the organ, and, between the two
organs, all those found in the frog. There-
fore, the values obtained were an average
for all of the forms, though liver contained
three forms not found in the ovary, and
the ovary one form not in the liver.

Heat stability at pH extremes

To confirm earlier observations on the
heat stability of frog lysozyme (Nace et al.,
’65), a sample each of chicken egg-white
lysozyme and lytic material from frog
kidney was divided into two portions. One
portion of each sample was dialyzed against
sodium acetate-acetic acid buffer, 0.067 M,
pH 4.5; the other portion was dialyzed
against boric acid-sodium hydroxide buffer,
0.067 M, pH 9.1. After dialysis for 12 hours

TABLE 1
Heat stabilities of frog (kidney) lytic material and

chicken egg-white lysozyme (CEWL)
at pH extremes

Activity
Activity (units/
Preparation (units/ ml)
ml) 100°Cy %
pH 22°C 3 min recovery
Kidney lytic
material 4.5 1,300 700 54
Kidney lytic
material 9.1 1,300 0 4}
CEWL 4.5 900 500 55.5
CEWL 9.1 1,050 250 23.8
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at an effective volume ratio of 1:104, ali-
quots of the samples were quantitatively
and qualitatively assayed without heating
or after heating to 100°C for three minutes.

The quantitative results shown in table
1 indicate that at 100°C frog lytic mate-
rial and egg-white lysozyme were unstable
at pH 9.1 but stable at pH 4.5. Electro-
phoretic results similarly showed the loss
of lytic activity after heating at pH 9.1,
and its retention after heating at pH 4.5
for all eight forms of lysozyme in frog ex-
tracts.

Lysis of bacteria

The initial evidence that the basic ma-
terial found in frog preparations might be
lysozyme was based on its ability to lyse
M. lysodeikticus substrate (Nace et al.,
’65). The efficacy of the intra-agar and
electrophoretic techniques confirmed this
for each of the eight forms of lytic mate-
rial found in the frog.

Action on chitobiose

The action of frog lytic materials on
chitobiose was examined using a modified
Morgan-Elson procedure in which a colored
product of free N-acetyl-glucosamine is
measured at 585 mgyu (Reissig et al., 55,
Ghosh and Roseman, '62; Wheat, '66).
After 24-hours incubation at 22°C the
absorbance of chitobiose solution plus de-
ionized water was 0.675, of chitobiose
solution plus chicken egg-white lysozyme
was 2.00, and of chitobiose solution plus
frog kidney lytic preparations was 0.146.

Comparison with the two controls shows
that frog kidney lytic materials produced a
decrease instead of the expected increase
in free amino sugars. Synthesis may have
masked the effect of degradation. Sharon
(’67) reported a similar observation when
his paper chromatographs of lysozyme di-
gests of an N-acetylhexosamine tetrasac-
charide indicated that tri, tetra, and penta
oligomers were formed in addition to the
expected disaccharide. These observations,
together with similar ones by Kravchenko
(67), suggested that lysozyme catalyzed
transglycosylation as well as hydrolysis
reactions.

Thus, these preliminary tests of the ac-
tion of frog kidney lytic material on chito-
biose, while suggesting synthesis rather
than cleavage, were not inconsistent with
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the identification of this material as ly-
sozyme.

R. pipiens lytic material as lysozyme

All six criteria for lysozyme were met
by preparations of frog lytic material, with
the reservation that its synthesizing activ-
ity under certain conditions appeared to
be more rapid than its hydrolytic activity.
Thus, there is little room for doubt that the
frog lytic material is lysozyme.

As seen below, frog lytic material can be
resolved into at least eight forms. That
these lytic substances are each lysozymes
was indicated by a consideration of the
tests for the criteria. All forms showed
electrophoretic properties of basic proteins;
all lytic activity was in the low molecular
weight effluents; all were active against
M. lysodeikticus in the qualitative assay;
all escaped destruction at high tempera-
tures under acid conditions; and none es-
caped destruction at high temperatures
under alkaline conditions. Confirmation
of the activity of each form against specific
molecular substrates must await their iso-
lation and individual evaluation. Thus,
with the exception of the confirmation of
individual specific action on molecular
substrates, each of the eight forms of lytic
material found in R. pipiens meets the
criteria for lysozyme, and may be consid-
ered as a form of lysozyme.

Qualitative assay

A total of eight separate lytic band
groups migrating toward the cathode was
resolved in frog tissues by polyacrylamide
electrophoresis (fig. 2). The mean relative
mobilities of these bands ranged from 0.13
to 0.87. Their identity among tissues was
confirmed by the electrophoresis of mix-
tures of extracts of different organs. All
eight lytic bands were present in normal
kidney; liver and spleen had seven forms;
skin, six; ovarian egg, five; and serum,
two forms. The time sequence of the ap-
pearance of these bands in concentrated
samples (fig. 3) demonstrated marked
quantitative differences among the various
lytic substances in a given tissue. These
quantitative differences, as well as the
isozyme complement, were characteristic
of each organ.

Untreated homogenates of tissues had
multiple lysozyme forms which were iden-
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Fig. 2 Summary of the lysozyme isozymes in adult frog tissues. Each isozyme is desig-
nated by number, starting at the origin (1-8), and mean relative mobility (RM).

tical in number and relative mobilities to
those of tissues which had been acid ex-
tracted; however, the bands were wider
and not as sharply delineated. Neither
elimination of cytochrome ¢ nor substitu-
tion of riboflavin for ammonium persulfate
as gel catalyst changed the number of
bands.

The electrophoresis system described
above exposed the frog lysozymes to a run-
ning pH of 6.6 which is not sufficiently
acidic to prevent aggregation of chicken
egg-white lysozyme molecules (Sophiono-
polous and Van Holde, '64; Deonier and
Williams, ’70). Two tests were applied to
determine whether any of the observed
bands were attributable to such a phenom-
enon. First, acid extracted frog lysozyme
samples were subjected to the discontinu-
ous electrophoresis system of Reisfeld et
al. (62), at a running pH of 4.3. This pH
is below that at which a lysozyme would
be expected to polymerize. The frog acid
extracts were resolved into the same num-
ber of lytic bands under these conditions
as was described above; however, they were
not as sharply delineated.

The second test for aggregation was
based on the principle that polyacrylamide
gel pore size is inversely proportional to
the gel concentration and that by taking
advantage of this property electrophoresis

can be used to demonstrate molecular
weight differences among a series of po-
lymers (Davis, '64). The higher the molec-
ular weight of a protein, the greater the
degree of its retardation as pore size de-
creases; consequently, the mobilities of
proteins of different molecular weights
change relative to one another as gel con-
centration is increased (Raymond and
Nakamichi, '64; Zwaan, '67).

Using this procedure, frog skin lysozyme
was subjected to electrophoresis in 5%,
7.5% , and 10% polyacrylamide gels. The
mobility of each isozyme was calculated
relative to the fastest moving band. As an-
ticipated, there was a decrease in the ab-
solute mobility of all bands as the concen-
tration of the polyacrylamide increased.
However, no differential change occurred
in the relative mobilities of the frog lyso-
zymes. This indicated that these lysozymes
were of similar molecular weight and were
electrophoretically resolved primarily on
the basis of charge differences.

These observations supported the con-
clusion that the observed multiple forms
of frog lysozyme were not artifacts.

From these data we concluded that: (1)
R. pipiens contains electrophoretically sep-
arable lysozymes; (2) these several forms
of lysozyme are not artifacts; (3) the con-
stancy of their relative mobilities is suf-
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Fig. 3 Electrophoretic patterns of lysozyme isozymes in fractions of adult frog tissues at
various times after the beginning of incubation with substrate.
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TABLE 2

Lysozyme content ! of R. pipiens tissues

Units Units Units
Material per per g per mg
animal wet wt dry wt

(chicken egg-white lysozyme units)

Ovarian egg 32,800 2,600 5
Skin 13,800 2,500 10
Liver 15,200 13,700 52
Spleen 700 54,900 419
Kidney 8,700 39,000 212

(frog liver lysozyme units)

Ovarian egg 7,800 610 1

Skin 3,600 700 3
Liver 6,100 5,500 21
Spleen 190 14,400 100
Kidney 2,800 12,500 68

1 Both chicken egg-white and frog liver standards were
adjusted to yield lysis disc R? values of 37.5 mm? at
arbitrarily assigned activity values of 1,000 units/ml.
Differences between tissue values as shown for the two
standards arose because the slopes of plots of R2 vs. log
concentration of the standards were different. The rea-
sons for this difference in slopes have not been fully
evaluated.

ficient to permit grouping them into a
minimum of eight isozymes; and (4) the
distribution of these isozymes among the
several organs is specific for each organ,
both in total number and in relative con-
centration.

Quantitative lysis assay

Intra-agar lysis assays of tissues pooled
from nine mature R. pipiens females are
summarized in table 2.

The lysozyme content of untreated frog
serum was extremely low, and an accurate
concentration value could not be deter-
mined. However, values which were ob-
tained indicated that serum could ac-
count for no more than 0.2% of the total
extracted lysozyme in the assayed tissues
of an adult animal.

Both liver and kidney contained high
concentrations of lysozyme (units/g wet wt
and units/mg dry wt). However, spleen
was richest. It remains to be determined
whether the enzyme is concentrated in
erythrocytes or phagocytes, both of which
are major components of the spleen. Glynn
and Parkman ('64) have demonstrated that
rat phagocytes contain large amounts of
lysozyme.

Though the greatest quantity of lyso-
zyme per animal was extracted from ovar-
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ian eggs, they contained the lowest con-
centration on the basis of units per mg
dry weight. Ovarian eggs were also unique
in that the largest proportion of their ly-
sozyme was found in the first residue re-
sulting from acid extraction (fraction RS
6.6) rather than in the supernatant (frac-
tion S 6.6). This may be related to the
binding of lysozyme to specific egg proteins.

DISCUSSION

Since its discovery by Fleming ('22) ly-
sozyme has undergone intensive investiga-
tion, and enzymes sharing its six proper-
ties have been found in a large number
of animal and plant species. Thus, its pres-
ence in an amphibian is not surprising.
Further, it is not unusual to find isozymes
of this enzyme. Lysozyme has been shown
to exist in two or three forms in rabbit
spleen (Jollés, '62), duck egg-white (Jolles
et al., '65), snail (Takeda et al., ’66), mi-
gratory quail egg-white (Baker and Man-
well, ’67), chicken lung (Jolles, '67) and
polymorphonuclear leukocytes (Hinden-
burg et al., ’74), swan egg-white (Arnheim
and Steller, '70), and Embden goose bone
marrow (Hindenburg et al., '74). Thus we
may readily accept evidence that lytic ma-
terials found in R. pipiens are lysozymes
and that they occur in multiple molecular
forms. What is unusual is the number of
these forms.

The demonstration of eight isozymes in
R. pipiens, as well as of isozymes of lyso-
zyme in other species, leads to inquiry
concerning the genetic control of their
synthesis. In the case of duck egg-white,
the three forms are distributed among in-
dividual eggs in a manner indicating that
they are products of alleles at a single
locus (Prager and Wilson, '71), and immu-
nological cross reactivity among them in-
dicates structural homology. On the other
hand, the two forms seen in swan egg-
white, in chicken leukocytes, and in Emb-
den goose bone marrow are immunolog-
ically distinct, perhaps indicating that they
are products of two non-allelic genes which
arose either by gene duplication followed
by mutation or by convergent evolution of
originally distinct genes (Arnheim and
Steller, "70; Hindenburg et al., ’74).

Conclusions concerning the genetic con-
trol of the eight isozymes of lysozyme in
R. pipiens must be deferred until the puri-
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fied isczymes are examined {Snyder, in
preparation) and genetic tests have been
conducted (Nace et al., ’70). However, the
gel filtration studies described in this paper
suggest that the predominant isozymes of
frog liver and egg differ in size, suggesting
in turn, rather large differences in primary
structure between at least two of the
forms. Such differences would indicate the
presence of a set of genes each coding for
individual isozymes.

A second question which arises con-
cerning this system of isozymes is that of
evolutionary significance and function. If
one assumes that their retention in the
frog is a result of selective advantage
(Asher and Nace, '71) through differences
in substrate specificity, catalytic efficiency,
or other properties (Arimura, ’'73), one
may expect to find functional variation
among the forms. Such variation was sug-
gested by preliminary work (Rubin et al.,
’66) which indicated that frog kidney ly-
sozyme preparations possessed greater an-
tiviral activity than did skin lysozyme
preparations. A selective advantage for
such variation was imbedded in the pro-
posal of Nace et al. (65) that the enzyme
may play a role in protecting the frog from
the virus implicated in the etiology of the
Lucké renal adenocarcinoma.

Other evidence which is relevant to the
significance of such large numbers of iso-
zymes of lysozyme in frogs arises from a
consideration of the pattern of bacterial
colonization in these animals (van der
Waaij et al., '74). This pattern of coloniza-
tion differs from that of mammals (van
der Waaig et al., '72) and may be related
to differences in defense mechanisms used
by endotherms and ectotherms. The vari-
ety of isozymes of lysozyme may provide
the frog with a wide spectrum of defense
against bacteria. Such a defense would
compensate for the relatively unreliable
antibody defense of these animals and
could explain the retention of multiple
forms of lysozyme.

The high lysozyme concentration found
in frog spleen may be related to the en-
zyme’s antibacterial role since that organ
is a site of phagocyte proliferation in the
adult R. pipiens (Noble, 31; Cowden and
Dyer, ’71). The skin is an important inter-
face with a bacteria-laden environment;
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tnus the lysozyme of that tissue may also
be primarily associated with antibacterial
activity (van der Waaij et al., ’74).

The function of lysozyme in several
other locations in metazoans remains an
enigma. It is found in high concentrations
in human earwax, yet many bacteria flour-
ish there (Petrakis et al., ’71). It is equally
difficult to explain the lysozyme found in
specific areas of pre-osseous cartilage on
the basis of an antibacterial function
(Kuettner et al., 70). Further, it has been
reported that human lysozyme has little
or no effect upon a number of bacteria
normally found in humans (Neu et al., '68)
and that no substrate degradable by lyso-
zyme has been identified in animal cells
(Jolles, '69). It is possible that frog kidney,
liver and ovarian egg are included among
those animal tissues which contain lyso-
zyme whose function, though not yet un-
derstood, is not exclusively antibacterial.
It is noteworthy that at least one mammal
has a tissue distribution of lysozyme
(Klockars and Osserman, '74) in striking
contrast to that reported here for R.
pipiens. The adult rat has little or no lyso-
zyme in liver, spleen, skin, and ovary;
while kidney, small intestines, and lung
are areas of high concentration.

The significant amount of lysozyme in
mammalian kidney is attributed to filtra-
tion from the blood rather than to endo-
genous production (Perri et al., '64; Cap-
puccino et al., ‘64). However, this would
not seem to be the case in the frog as its
serum contains very little lysozyme and its
two isozymes, forms 7 and 8, do not match
those of the kidney which contains all
eight, with form 4 predominant.

The lysozyme found in ovarian eggs may
indeed be maternally contributed rather
than being synthesized under the direction
of oocyte genes. Hejmadi (70) and others
have demonstrated that maternal serum
proteins can be transferred intact to frog
oocytes and since the predominant isozymes
of serum and egg are identical and egg
contains relatively low quantities of lyso-
zyme, transfer of these enzymes seems rea-
sonable. Whatever the source of egg lyso-
zyme, however, its function remains only
a topic of speculation aside from noting
that these eggs develop outside the protec-
tive environment of the female.
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