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In recent years molecular heterogeneity
of proteins has often been observed, par-
ticularly for enzymes, where the existence
of multiple molecular forms has been
extensively domumented (Wréblewski,
’61). Markert and Mgller (59) introduced
the concept of an isozyme, which they
defined as one of the “molecular forms in
which proteins may exist with the same
enzymatic specificity” within a single or-
ganism. This term has gained wide popu-
larity and has been used in an operational
sense to cover any series of enzymes with
roughly similar properties regardless of
genetic relationship. In nearly all cases
the genetic relationships are not known.
However, where the genetic relation-
ships are known, informative distinctions
among degrees of relationship can be
drawn (Allen, Misch, and Morrison, ’63a,
’63b). In this paper, I shall use the term
isozyme to apply to one of a series of
molecular forms of an enzyme controlled
by a single gene. Two examples of this
type of isozyme are the alkaline phospha-
tases of Escherichia coli (Bach et al., 61;
Levinthal, Signer, and Fetherolf, ’62) and
certain esterases of variety 1 of Tetra-
hymena pyriformis (S. L. Allen, ’60, ’61a).

In T. pyriformis the esterase isozymes
are resolved by electrophoresis in starch
gels (S. L. Allen, ’60). There are two
groups of isozymes that are discontinu-
ously distributed among the various in-
bred strains. Each group is controlled by
an allele at the E-1I locus (S. L. Allen,
’61a) and the E-1 locus is linked to the
mt (mating type) locus (S. L. Allen, '64).
Both groups of isozymes are present in
heterozygotes.

Clonal analysis indicated that all the
isozymes of a group are present in single

J. Exp. Zoovr.,, 155: 349-370.

cells of each homozygote, and all isozymes
of both groups are present in a hetero-
zygous cell before phenotypic drift begins
(S. L. Allen, 61a). However, the activity
of an isozyme is sensitive to its environ-
ment and varies in cells grown under dif-
ferent conditions. The most striking en-
vironmental variable was the age of the
culture, and changes in the pattern of
activities were recorded as a function of
the growth cycle (S. L. Allen, ’60). A
detailed study of these changes is reported
in this paper.

Preliminary observations suggested that
these isozymes might be localized to dif-
ferent cellular components (S. L. Allen,
’61a, '61b). One of the isozymes in each
group appeared to be restricted to a small
particle fraction, and early experiments
suggested that the site of localization
might be the cilia. These observations are
extended in this report. Using several
experimental approaches the distribution
of the esterase isozymes was examined in
isolated components of cells in the station-
ary phase. These experiments indicate
that the small particles with which one of
the isozymes is associated are not the cilia
but are the microsomes. This microsomal
localization is supported by certain growth
cycle data.

These results are discussed with respect
to the genetic control of these esterases
and their homology between different
genotypes. The thesis is developed that
the microsomal isozyme may represent the
molecular form of the newly synthesized
esterase and that the other isozymes may
be derived from this form.

1 Supported by Research Grant CA-03545 from the
National Cancer Institute, Public Health Service, and

by Institutional Grant IN-40C to the University of
Michigan from the American Cancer Society.
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MATERIALS AND METHODS

Material. Stock cultures of three inbred
strains of variety 1 of T. pyriformis served
as the source of the experimental material.
Strains A and B are E-18/E-1® and strain
C is E-1°/E-1°. The origins of these in-
bred strains and a detailed description of
their genotypes may be found elsewhere
(S. L. Allen, '60, '64; Nanney, ’59).

Growth conditions, Most experiments
employed cultures grown in 1% proteose-
peptone (pH 7.0) at 30°C for five days.
Higher concentrations of proteose-peptone
(2% or 4% ) were used in some experi-
ments. In the growth cycle experiments
cultures were harvested after varying num-
bers of days. In a few experiments other
media were used: Cerophyl rye grass in-
oculated with Aerobacter aerogenes (desig-
nated “bacterized” medium), a skimmed
milk medium (Allen, Hegenaur, and Licht,
unpublished) or a synthetic medium of
known composition (Elliott, Brownell, and
Gross, ’54).

Harvesting of cells. Cells were collected
by low-speed centrifugation and washed
by one or more changes of glass distilled
water. In most experiments cell concen-
tration was controlled by measuring the
volume of cell packs after centrifugation
at 200-1,000 X g in a Constable protein
tube and then diluting with the appropri-
ate medium to the desired concentration.
All whole cell extracts and cell fractions
were disrupted by repeated rounds of
freeze-thawing before electrophoresis. No
changes have been observed in extracts
stored in a deep-freeze at — 20°C for over
three years.

Identification of the E-1 esterases. Ex-
tracts were inserted in starch gels and
electrophoresis was carried out in the hori-
zontal position for five hours at room tem-
perature (23-26°C), as previously de-
scribed (S. L. Allen, ’60; Allen, Misch,
and Morrison, ’63a). Recently boric acid-
Tris (hydroxymethyl) aminomethane buf-
fers of similar molarities were substituted
for the boric acid-NaOH buffers previously
used. Separations of E-1B were carried
out in starch gels of pH 8.0 and of E-1C
in gels of pH 7.5 or pH 7.8. The end tray
buffer was pH 7.5 in all electrophoretic
runs. The E-1 esterases were identified by
incubating the starch slices for one-half
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to four hours at room temperature in pans
in a reaction mixture containing 0.01%
a-naphthyl propionate (synthesized by Dr.
Robert L. Hunter, Department of Anat-
omy, Medical School, Stanford University),
0.01 M sodium taurocholate (Nutritional
Biochemicals Corporation), and 0.1%
Fast Blue RR (4’-amino-2’, 5-dimethylben-
zanilide, C. 1. no. 37155; Carbic-Hoechst
Corporation) in 0.1 m Sérensen’s phos-
phate buffer at pH 7.4.

Differential centrifugation. A variety
of schedules was used to separate cell
fractions. The most satisfactory was one
modified after that developed by Hogg and
Kornberg (’63). The cells were collected
by low-speed centrifugation, using a con-
tinuous flow attachment to the Servall
refrigerated centrifuge, and were washed
with Ryley’s Ringer-phosphate (Ryley, ’52).
All operations were carried out at 4°C.
A brei was prepared by passing a 5%
suspension of cells in 0.25M mannitol
(or 0.25M sucrose) through a sintered
glass filter (“M” porosity, Corning Glass
Company). Dense (Px) and fluffy (PIl)
pellets were obtained after centrifugation
at 2,000 X g for ten minutes in a Servall
refrigerated centrifuge (Model RC-2, rotor
SS-34). Successive pellets were obtained
at 18,000 X g for ten minutes (P2) and
at 37,000 X g for 30 minutes (P3). The
wash from Pl (PIW) and the final super-
natant (S) were saved. This schedule is
depicted in a diagram (fig. 2).

Analytical methods. The protein con-
tent of various cell fractions was deter-
mined by Dr. J. F. Hogg (Department of
Biochemistry, The University of Michigan)
using the biuret procedure of Weichsel-
baum (’46). Assays of citrate condensing
enzyme and succinate dehydrogenase were
also performed by Dr. Hogg (see Dixon
and Kornberg, ’59; Hogg and Kornberg,
’63).

Electron microscopy. Samples of the
various cell fractions were prepared for
electron microscopy by Drs. I. J, Bak and
A. M. Elliott (Department of Zoology, The
University of Michigan). Pellet material
was concentrated at 37,000 X g for 30
minutes in the Servall refrigerated centri-
fuge and the concentrate was fixed in
1% osmium fixative buffered with Ver-
onal acetate. The pellets were imbedded
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in Epon 812 and the sections were stained
with uranylacetate (see Bak and Elliott,
62).

Preparations of cilia. Three methods
were used for preparing cilia, although
only one appears satisfactory for variety 1
of T. pyriformis. The salt-ethanol method
of Preer and Preer ("59) and the versene-
ethanol-CaCl. method of Watson, Hopkins,
and Randall (’61) resulted in much cell
breakage; thus, the “cilia” fractions were
heavily contaminated with other cellular
components. The most satisfactory method
was one developed by F. M. Child (59 and
personal communication). Washed cells
from 500 ml of culture were suspended
by gentle stirring in 10 ml of 0.15 M CaCl.
in 0.05 M sodium acetate buffer at pH 5.4.
Approximately 30 ml of cold (— 7°) 25%
(v/v) glycerol was added, and the mix-
ture was stirred vigorously once a minute
for 12 minutes with a blunt glass rod. The
“bodies” were sedimented at 1,000 X g
for ten minutes in the Servall refrigerated
centrifuge. The supernatant containing
clean cilia was then spun at 12,000 X g
for 20 minutes.

Microscopic examination. Preparation
of the various types of cell fractions was
followed by phase contrast microscopy.

RESULTS

Electrophoretic resolution
of isozymes

The number of isozymes that can be
separated electrophoretically is dependent
upon the pH of the buffers used (S. L.
Allen, '61a; Allen, Hegenaur, and Licht,
unpublished). At maximal resolution six
isozymes are visible in zymograms of
whole cell extracts of both E-12/E-1® and
E-1°/E-1° genotypes, although the pH at
which maximal resolution occurs is
slightly different (fig. 1). In an earlier
report (S. L. Allen, ’61a) a numbering
system was adopted. These are the “old”
numbers on the diagram. A “new” num-
bering system will be used in the present
discussion. For example, E-1B refers to
the E-1B group and B-1, 2, 3, 4, 5, and 6
refer to specific isozymes. These numbers
are useful as references. They are tenta-
tive, since it is clear that each group con-
tains additional isozymes in purified en-
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Fig. 1 The E-1 esterases of extracts of (a)
E-18/E-18 cells and of (b) E-1¢/E-1¢ cells. The
cathode is at the top, the anode is at the bottom
and “O” refers to the origin in this diagram and
in the subsequent photographs. On the left ap-
pear the old band numbers (S. L. Allen, ’6la).
On the right appear the new band numbers that
identify each isozyme. Distances from the
origin are recorded in c¢cm for each isozyme.
Electrophoretic separations were achieved using
boric acid-Tris buffers, the end tray buffer being
0.3 M and pH 7.5. The bed buffer was 30 mM
and pH 8.0 for (a) and pH 7.5 for (b). This
diagram is based on drawings of the actual gels.
Band 12 (old number), often seen in the photo-
graphs apposed to C-3, is not an E-1 esterase and
does not appear on this diagram; it is found in
extracts of all strains of T. pyriformis, variety 1.

zyme preparations (Allen, Hegenaur, and
Licht, unpublished).

Separation of isozymes by differ-
ential centrifugation

In attempting to separate distinct types
of cell fractions of T. pyriformis by differ-
ential centrifugation, several steps in the
procedure were varied: the manner in
which the cells were broken; the suspend-
ing medium; and the g forces used in
separating the fractions. Even though a
satisfactory schedule was finally adopted,
it should be noted that the fractions con-
tained a population of cellular compo-
nents, that the average size of these com-
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ponents decreased in fractions obtained
by increasing centrifugal forces, but that
most fractions contained more than one
type of component, although statistically
more of one type than another.

In breaking the cells the sintered giass
filter resulted in less damage to cellular
components than other methods, ie.,
homogenization or forcing cells through a
hypodermic needle. Some difficulty, how-
ever, was encountered in using the sin-
tered glass filter for bulk preparations or
for very concentrated suspensions of cells.
In this case a stainless steel filter (Mesh
size 20 u; Will Corporation, grade F) was
an effective substitute. When neither of
these is available, a French pressure cell
may be used, although less effectively.

The ease with which cells break varied
between different strains. Several C stocks
were used, and all were considerably more
fragile than the A or B strain cultures.
C-strain breis were more viscous than the
A or B strain breis, especially in higher
concentrations of sucrose (or mannitol).
This led to a technical problem: separa-
tion of distinct types of C strain cell frac-
tions was much more difficult. This dif-
ference in viscosity and in the ease with
which distinct fractions could be separated
was reflected in a difference between the
strains in protein distribution among the
cell fractions. If the amount of protein in
the filtrate is taken as 100% , the per cent
protein found in P2, P3 and S was around
40% in the A and B strains. This per-
centage was consistently lower (30% ) in
the same fractions prepared from the C
strain.

With the schedule of differential centri-
fugation outlined in figure 2, the mito-
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Piltrate (5% Cells in 0.25M Mannitol or Sucrose) % Protein

Extracted from filter 5

Pellet 2,000 x g for 10 minutes

Py - Dense Mitochondria + Cilia 5
Pl - Light Mitochondria + Cilia 45
PIW - Wash from Light Mitochondris 8

Pellet 18,000 x g for 10 minutes
P2 - Membranes + Cilia

Pellet 37,000 x g for 30 minutes
P3 - Ribosomes + Kinetosomes 36
$ - Pinal Supernatant

Fig. 2 Schedule of cell fractionation,

chondria were removed in Py and P1. P2
consisted of membranes and cilia, and P3
consisted of small granules. This distribu-
tion of cellular components was confirmed
by biochemical and morphological identi-
fication.

The mitochondrial enzymes, citrate con-
densing enzyme and succinate dehydro-
genase, were largely restricted to Py and
P1 (table 1). Over 80% of citrate con-
densing enzyme was found in these frac-
tions. Over 90% of succinate dehydrogen-
ase was found in these fractions derived
from the A strain, while 74% was found
in C strain fractions. The lower value ob-
tained with C strain material may reflect
a strain difference, or it may result from
the poor separation achieved with this
material.

Electron microscopy was also used to
identify the cellular components of these
fractions (fig. 3). Mitochondria were pre-
dominant in Py and P1, although mem-
branes and cilia were also found in these
fractions. P2 contained membranes of as-
sorted sizes, cilia and pieces of cilia. Small
granules occurred in P3. Some may be
ribosomes, and others may be kinetosomes.

TABLE 1

Distribution of citrate condensing enzyme or succinate dehydrogenase in cell fractions !

Citrate condensing enzyme

Succinate dehydrogenase

B Strain A Strain C Strain
Specific o Specific Y Specific %%
activity Relative activity Relative activity Relative
uM/mgP/Hr distribution uM/mgP/Hr distribution uM/mgP/Hr distribution
Py 7.7 34.1 2.3 20.5 < 0.2 12
P1 1.0 48.2 2.4 71.8 3.5 62
S1 0.5 18.7 0.2 7.7 < 0.2 26

1 These assays were performed by Dr.
Michigan.

James F. Hogg, Department of

Biochemistry, The University of
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The esterase isozymes of these cell frac-
tions were analyzed by starch gel electro-
phoresis. Isozymes 1, 2, 3, 4, 5, and 6
were usually present in the whole cell ex-
tracts of these strains (fig. 4), but occa-
sionally only isozymes 1, 2, 3, and 4 were
present (fig. 5). The discordancy in the
number of isozymes present in the starting
material apparently resides in differences
in composition of the media used (see be-
low). In the illustrated experiments, the
A and C strain cultures were grown in 1%
proteose peptone (fig. 4), while the B strain
culture was grown in a higher concentra-
tion of peptone (fig. 5). With the schedule
of differential centrifugation outlined in
figure 2 one of the isozymes was enriched
in small particles (P2 and P3). A second
isozyme seemed to be associated with P2,
and the other isozymes sedimented in the
lowest speed fractions (Px and P1). The
final supernatant and the wash from P1
were largely devoid of esterase activity
(fig. 5). The principal isozyme associated
with small particles was B-3 or C-3. Since
the A and B strain fractions were more
cleanly separated than the C strain frac-
tions, the distinctness of the separation of
B-3 in small particles is much more strik-
ing than that of C-3. B-5, when present
(fig. 4, A strain), sedimented less rapidly
than B-4. It may be associated with inter-
mediate sized particles.

This pattern of distribution was ob-
served repeatedly using other schedules of
differential centrifugation. When homog-
enates were prepared in buffered saline
and the schedule of Preer and Preer (’59)
was followed, B-3 and C-3 were enriched
in pellets sedimented at 25,000 X g for
two minutes. This fraction is their micro-
somal fraction. When 0.88 M sucrose was
used as the suspending medium, B-3 and
C-3 were not enriched in pellets sedi-
mented at 18,000 X g for ten minutes, but
they were enriched in pellets sedimented
at 37,000 X g for 30 minutes. Pellets ob-
tained after centrifugation at 105,000 X g
for 60 minutes (in a Spinco preparative
ultracentrifuge, Model L, rotor no. 40)
were largely devoid of esterase activity.

These experiments suggest that a partial
separation of the esterase isozymes has
been achieved. One of the isozymes (B-3
or C-3) appears to be associated with cellu-
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lar components of small size. These may
be small pieces of membranes, cilia, ribo-
somes, or kinetosomes. Decision as to
which of these components is involved is
not easy, but supporting evidence from
other types of experiments suggests that
the microsomes (membranes with attached
ribosomes) may be the source of this
isozyme.

Lack of Association of
esterases and cilia

The possible association of one of the
esterase isozymes (B-3 or C-3) with cilia
was reported previously (S. L. Allen, '61a).
These preparations of cilia were made ac-
cording to the salt-ethanol method of Preer
and Preer (’59). Living cells were sus-
pended in NaCl-ethanol, buffered to pH
7.0, and were mechanically agitated by re-
peated pipetting, thereby causing the cilia
to break at their point of entry in the pel-
licle. The “bodies” were removed by low-
speed centrifugation, and the “cilia” were
sedimented from the supernatant by cen-
trifugation at 25,000 X g for two minutes.
Intensive study of this procedure made it
clear that it was not the cilia but other
contaminating components in this fraction
that were responsible for the enhancement
of B-3 and C-3. Evidently Tetrahymena is
far more fragile than Paramecium; even
gentle stirring in the salt-ethanol mixture
will effect considerable disruption of the
cells. Several experiments were performed
in which the amount of mechanical agita-
tion was varied. A correlation was ob-
served between the degree of disruption
and the degree of enhancement of B-3 or
C-3 in the high-speed pellets. Washing ex-
periments confirmed this observation.
With successive washings of the low-speed
fraction, a progressive loss of B-3 or C-3
was observed accompanied by an increase
of B-3 or C-3 in the high-speed fraction.

Other methods for preparing cilia were
sought. The technique of Watson, Hop-
kins, and Randall (’61) was also unsatis-
factory because of cell disruption. The
glycerol procedure of Child (°59 and per-
sonal communication) was satisfactory,
and preparations of cilia could be obtained
that were free of other cellular compo-
nents. When such cilia preparations were
examined electrophoretically, they were
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devoid of esterase activity; therefore, the
source of B-3 or C-3 cannot be the cilia.

Changes in activity of isozymes
during the growth cycle

Variations in isozymic activity of cells
in different stages of the growth cycle were
observed some time ago (8. L. Allen, '60).
B-3 was found to be intensely active in
logarithmic cells. In stationary cells it de-
creased in activity relative to the other
isozymes and B-2 increased in activity. No
apparent homologies seemed to exist in the
behavior of isozymes between the E-1B and
E-1C groups. At this time the electropho-
retic resolution of the E-1C isozymes was
poor. Since then, conditions for the maxi-
mal resolution of the isozymes of each
group have been found to be slightly dif-
ferent. This being the case, a repetition
of the growth cycle experiments seemed
in order. This study was extended to in-
clude the effects of enriched media and of
other types of media on the pattern of iso-
zymic activities.

In the first series of experiments 1%
proteose-peptone was employed as the
growth medium. Samples of cells were
taken from cultures grown for 0.5, 1, 2, 3,
4, 5, 7, and 10 days at 30°C and extracts
of equivalent cell concentration were pre-
pared. Although the total enzymatic activ-
ity may rise slightly in older cells, the dis-
tribution of activity among the isozymes
was different in cells of different age. Each
isozyme of a group showed a sequence of
activities that progressed during the growth
cycle, and similar isozymes in different
groups (B-3 and C-3) showed similar be-
havior (fig. 6). Isozymes 3, 5 and 6 were
very active in logarithmic cells, Isozymes
2 and 4 were very active in stationary
cells, and Isozyme 1 changed little with
age, possibly being more active in loga-
rithmic cells. The actual time schedule
varied with the stock, but the pattern of
change was similar in different stocks of
the same strain and in different strains.
These experiments suggested that the iso-
zymes could be divided into two sub-
groups, regardless of genotype. Isozymes
1, 3, 5, and 6 form one group (logarithmic
isozymes) and Isozymes 2 and 4 form the
other group (stationary isozymes). These
differences seemed to reflect real differ-
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ences in the metabolism of the cell. The
influence of extracts of cells that were
different metabolically was tested in
mixing experiments. Intra-strain and inter-
strain mixtures of logarithmic and station-
ary extracts were prepared in all combina-
tions. Each mixture was the sum of the
individual extracts, and no influence of
one extract upon another was evident.
Thus, the differences in activity between
isozymes of logarithmic and stationary
cells seem to be stable.

Attention was next focussed on ways of
extending the logarithmic phase of the
growth cycle in time so that a more de-
tailed analysis of this phase might be pos-
sible. This was accomplished by using en-
riched media. When cultures were grown
for one day in 1%, 2% or 4% proteose-
peptone, a depression of Isozymes 5 and 6
was observed in the higher concentrations
of peptone (fig. 7a); whereas, the activ-
ities of Isozymes 3 and 1 were similar in
these cultures. When cultures were grown
for a varying number of hours or days in
higher concentrations of peptone or in
skimmed milk, a temporal sequence in the
appearance of each isozyme was observed
(fig. 7b, ¢). In peptone Isozymes 3 and 1
appeared first, then 5 and 6, and finally
2 and 4. In some skimmed milk cultures
harvested earlier than five days, Isozyme 3
was predominant, with only trace activities
of other isozymes. Some variation occurred
in the temporal sequence of Isozymes 4
and 5. Usually Isozyme 5 appeared ear-
lier than 4 in peptone (figs. 6, 7a, b)
but the order may be reversed both in
peptone (fig. 4) and in skimmed milk (fig.
7¢). The peak activity of Isozyme 5 was,
however, at an earlier stage than that of
Isozyme 4, the latter being very active in
stationary cells. This observation empha-
sizes the point that two aspects of isozymic
activity can be studied by using enriched
media and by varying the amount of
growth: the time of first appearance of
an isozyme during logarithmic growth;
and the time of peak activity of an isozyme
during the growth cycle. Analysis of first
appearance was facilitated by the use of
enriched media that effectively extended
the logarithmic phase of the growth cycle.
Presumably, the longer this period is ex-
tended, the finer will be the resolution of
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the temporal relationships of the isozymes.
First appearance and peak activity were
frequently correlated for a particular iso-
zyme. This was usually the case for Iso-
zymes 2 and 4: they appeared last and
they reached peak activities last. How-
ever, Isozyme 4 could appear early. In the
higher concentrations of peptone Isozymes
2 and 4 never seem to reach the levels of
activity observed in 1% peptone, and
the level of activity of Isozyme 3 did not
decrease in the older samples (compare
figs. 7b and 6).

The isozymic pattern reflected the meta-
bolic state of the cell. Thus, other growth
media were used in order to ascertain if
gross compositional differences resulted in
variations in isozymic pattern. Cells grown
in synthetic medium or bacterized medium
had the same array of isozymes as those
grown in peptone. The same sequence of
change in pattern was observed, although
it was somewhat delayed in time. These
observations suggest that gross differences
in the activities of the isozymes do not
arise as a result of wide variations in the
composition of the medum. Of more im-
portance is the influence of the medium
on the stage of growth of the cells, and
changes in activity of the isozymes occur
as the cells age. These changes appear to
follow a certain sequence during the course
of the growth cycle, although minor varia-
tions in sequence may occur in different
media. In rich media the logarithmic
phase is extended so that these changes
are delayed. The sequence of change ap-
pears to be similar in different E-1 geno-
types.

DISCUSSION

A partial separation of the esterase iso-
zymes has been achieved by differential
centrifugation. In each genotype one iso-
zyme appears to be localized to the micro-
somes, another may be present in some-
what larger particles, while the remaining
isozymes appear in fractions that sediment
rapidly and contain predominantly mito-
chondria. Similar intracellular distribu-
tions are observed in the two genotypes.
Although most experiments were made on
cells in the stationary phase of the growth
cycle, a few experiments employed cells
that were in logarithmic growth. Such
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fractions showed a distribution of isozymes
similar to that observed for stationary
cells. These intracellular distributions in-
dicate a compartmentalization of the en-
Zyme.

While the significance of such compart-
mentalization is largely unknown, multi-
ple forms of an enzyme may be distributed
in different parts of the cell. J. M. Allen
(’61a) localized a lactate dehydrogenase
(LDH) in the apex of certain cells in
mouse epididymis. This LDH may be
similar to the LDH-X of Blanco and Zink-
ham (’63) Zinkham, Blanco, and Kupchyk,
(’63) and Goldberg ('63). Vesell and Bearn
(’62) found that LDH-5 could be enriched
in a nuclear fraction prepared from duck
erythrocytes; the other LDH’s remained in
the supernatant. Two electrophoretically
distinct malate dehydrogenases can be
separated by differential centrifugation (J.
M. Allen, ’61b). Two sites of localization
of beta-glucuronidase are implied by the
studies of Paigen (°61) in the mouse. In
this case an interesting genetic influence
on the attachment of the enzyme to these
sites was suggested. In strain DBA/2 an
enzyme of similar properties was present
in both lysosomes and microsomes, while
in C3H/Ha a less stable enzyme was found
only in the lysosomes. Paigen concluded
that mutations in the structure of the en-
zyme resulted in changes in the morphol-
ogy of these cellular components.

Often significant differences in function
can be assigned to the various molecular
forms of an enzyme. LDH is a classic ex-
ample, where responses to oxygen tension
alter a cell’s repertoire (Markert, '63; Daw-
son, Goodfriend, and Kaplan, ’64). Un-
fortunately, the function of the esterase
isozymes is not understood; even the na-
tural substrate of the enzyme is unknown.
Attempts to classify this esterase accord-
ing to conventional schemes have not been
satisfactory, although at the moment it is
suspected of being an aliesterase (Allen,
Hegenaur, and Licht, unpublished ). These
esterases are probably not associated with
food vacuoles and lysosomes, since they
were similar in cells grown in media that
differ in provoking vacuole formation (see
Seaman, '61; Allen, Misch, and Morrison,
’63a).
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Striking variations in the first appear-
ance and in the activities of the isozymes
are observed in cells at different stages in
the growth cycle. All isozymes appear in
logarithmic cells, but they appear in a
certain sequence. Isozyme 3, which is
found in the microsomal fraction, appears
first, sometimes with Isozyme 1. Certain
isozymes have peak activities in loga-
rithmic cells (Isozymes 3, 5 and 6), and
others have peak activities in stationary
cells (Isozymes 2 and 4). Since homolog-
ous behavior is observed in different geno-
types, that portion of the enzyme molecule
which is sensitive to factors associated
with the growth cycle must be similar in
the two genotypes. It follows that differ-
ences in individual isozymes must some-
how be secondarily acquired.

The isozymes appear to be under single
gene control (S. L. Allen, ’61a), and each
group of isozymes is homologous in intra-
cellular distribution and in behavior dur-
ing the growth cycle. In heterozygotes
both groups of isozymes are present. B-3
and C-3 are found in the microsomes ob-
tained by differential centrifugation, and
they are also the most active isozymes in
logarithmic cells. The other isozymes in
these groups also undergo the sequence of
changes observed during the growth cycle
that was found in homozygotes. So far,
there is no genetic evidence for additional
genes influencing these esterases, but they
would not be detected if mutations of
such genes are not present in the available
stocks of Tetrahymena.

Assuming single gene control, the pri-
mary gene product must in some manner
be changed. Mutations thus far observed
in the E-1 gene do not affect the active
site of the enzyme, since enzymatic activ-
ity is comparable in the two genotypes.
Nor do they affect the associations that
the primary gene product makes in elab-
orating the isozymes, because the isozymes
in different groups are homologous. The
primary gene product may form associa-
tions with several types of molecules: for
example, with another protein, as in the
case of the LDH’s (Markert, '61; Cahn et
al.,, ’62); or with a polysaccharide, as in
the case of the human transferrins (Parker
and Bearn, '62). The nature of the associa-
tions that are pertinent to the esterase iso-
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zymes is not known. It is possible that
the isozyme found in the microsomal frac-
tion and which appears early in logarithmic
growth may represent the newly synthes-
ized form of the enzyme and be closest in
structure to the primary gene product. The
other isozymes could arise by modifica-
tion of this molecular form. Addition or
loss of charged groups would result in the
formation of macromolecules that differ
in net charge. Experimental manipula-
tion of these isozymes has been success-
fully carried out (Allen, Hegenaur, and
Licht, unpublished). New forms differ-
ing in mobility from the native forms can
be generated, and, as they are generated,
the native forms disappear.

If changes in molecular form normally
occur during the genesis of these isozymes,
the manner in which these changes occur
in the cell is not known, nor is the rela-
tionship to structure understood. Presum-
ably certain configurations and certain at-
tachments to structure are favored at the
expense of others under a given environ-
mental condition. The repeatability of the
isozymic pattern and its response to a
changing cellular environment suggest
that the changes are not random, what-
ever their nature.

ACKNOWLEDGMENTS

1 would like to acknowledge the assis-
tance of Mr. Keith A. Arnold, Mrs. Barbara
Morrison Licht, and Mr. John C. Hegenaur.

SUMMARY AND CONCLUSIONS

The esterase isozymes of variety 1 of T.
pyriformis can be separated by electro-
phoresis is starch gels. At maximal resolu-
tion there are two groups of six isozymes
and these groups are under the control of
alleles at the E-I locus. In this study cell
fractions were prepared by differential
centrifugation. In each genotype one iso-
zyme (Isozyme 3) appears to be localized
to the microsomes, another may be present
in somewhat larger particles, while the re-
maining isozymes appear in fractions that
sediment with low centrifugal forces. In-
tensive analysis of the isozymes in cells of
different age and in cells grown in en-
riched media suggests that each isozyme
has a characteristic time of appearance
during logarithmic growth and a character-
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istic time of peak activity during the
growth cycle. Certain isozymes have peak
activities during the logarithmic phase
and others have peak activities during the
stationary phase. Homologous behavior is
observed in different genotypes. Since Iso-
zyme 3 is the first to appear during loga-
rithmic growth and is present in micro-
somes, the molecular form of Isozyme 3
may be close to that of the newly synthes-
ized enzyme. The other isozymes may be
derived from this form during their incor-
poration into cellular structures.
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PLATE 5
EXPLANATION OF FIGURE 7

Zymograms of E-1B/E-1B cells grown in enriched media. (a) Ex-
tracts of 1-day cultures grown in 1%, 2% or 4% proteose-peptone.
(b) Extracts of cells grown for 4 or 8 (h) hours, or 1, 2, 3, 4, 5, 6,
7, or 9 (d) days in 4% (top) or 2% (bottom) proteose-peptone.
(c) Extracts of cells grown for 5, 6, 7, or 9 days in skimmed milk
medium. In (a) and (b) cells were grown in 100 ml of medium in
250 ml Erlenmeyer flasks; in (c¢) cells were grown in 1 L of medium
in 3 L Erlenmeyer flasks. Cell concentrations were 35-40% in (a)
and (b). Volumetric estimates of plateau cell populations were made
in the various media. Compared to 1% peptone, these populations
were roughly 2 X in 2%, 3 X in 4% and 6 X in skimmed milk. Each
isozyme is identified by number. Electrophoretic separations were
achieved in boric acid-Tris buffers as described in figure 1. Two ex-
tracts were inserted in each gel. The gels were incubated in the sub-
strate solution for 2-3 hours (a, b) or one-half hour (¢). Zymograms
of E-1€¢/E-1¢ cells grown in enriched media were also prepared. The
results were comparable to those shown above.
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Isozymes In Cells Grown In Enriched Media
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