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ABSTRACT

	

A biochemical assay employing DNase-I affinity chromatography, two-dimensional
peptide analysis, and SDS polyacrylamide gel electrophoresis was used to isolate, identify, and
assess the amount of actin from gonial cells of the crane fly, Nephrotoma suturalis. Based on
the analysis of cell homogenates under conditions in which all cellular actin is converted to
the monomeric DNase-binding form, actin comprises ^-1% of the total protein in homogenates
of spermatocytes and spermatids . SDS gel analysis of mature sperm reveals no polypeptides
with a molecular weight similar to that of actin . Under conditions that preserve native
supramolecular states of actin, -80% of the spermatocyte actin is in a sedimentable form
whereas only -30% of the spermatic! actin is sedimentable . These differences could be
meaningful with regard to structural changes that occur during spermiogenesis . A comparative
analysis of two-dimensional peptide maps of several radioiodinated actins reveals similarities
among spermatocyte, spermatid, and human erythrocyte actins . The results suggest the general
applicability of this approach to other cell types that contain limited amounts of actin .

Actin has been found in a variety of nonmuscle cells (31) and,
on that basis, many investigators have suggested that it may be
a ubiquitous structural protein involved in several processes
including cell locomotion (7, 39), the maintenance ofcell shape
(6, 35), and cell cleavage (33) . Included in the list of actin-
containing cells are crane-fly gonial cells (spermatocytes, sper-
matids, and sperm of Nephrotoma suturalis) which have been
reported by Forer and Behnke (11, 12) to contain decorated
microfilaments after treatment with glycerol and heavy mero-
myosin (19, 20) . Those results raised the possibility that actin
may be involved in the morphogenetic events of spermiogen-
esis . In addition, Forer and Behnke observed microfilaments
in spindles of dividing spermatocytes (11) . That finding has
been cited frequently as evidence in support of the idea that
actin may play a role in the mechanism of chromosome trans-
port (l0) .

In an attempt to corroborate and extend the findings of
Forer and Behnke (11, l2), we have conducted a biochemical
analysis of the amount and supramolecular organization of
actin in crane-fly gonial cells. Homogenates first were prepared
in buffers that either stabilized actin pools in their native state
or converted all cell actin to the monomeric DNase-binding
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form (3) and then were analyzed by a combination of DNase
affinity chromatography and SDS polyacrylamide gel electro-
phoresis (PAGE) . This approach takes advantage ofthe specific
interaction between actin and DNase I (27) and is especially
applicable to cell types that contain limited amounts of actin .
43,000-dalton polypeptides that were isolated with DNase were
characterized further by two-dimensional peptide mapping
techniques .
We have confirmed the presence of actin in crane-fly sper-

matocytes and spermatids and determined that its distribution
between monomeric and polymerized states changes during
spermiogenesis. Polypeptides with molecular weights similar to
that of rabbit muscle actin were not detected in SDS gels of
mature sperm . Thus, in contrast to the findings of Forer and
Behnke (12), our biochemical assay indicates that actin is not
a component of crane-fly sperm .

MATERIALS AND METHODS

Crane flies, N. suturatis, were cultivated in the laboratory according to the
methods previously described by Forer (9) . Cultures were maintained at 25°C on
a long-day (17 h light/7 h dark) light cycle, and under these conditions, a
complete life cycle (adult -" larva -+ pupa - adult) took -2 mo . The time
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required for a fourth instar larva bearing spermatocytes to molt into a pupa
containing spermatids was -4 d . Adults emerge from pupae --7-8 d after the
pupal molt.

Cell Preparation

Unless otherwise stated, all procedures were performed on ice or in a 4 °C
cold room . Preparations of spermatocytes, spermatids, and sperm were obtained
applying criteria described in Table I from larvae, pupae, and adult virgin males,
respectively by first dissecting the organisms in Belar's Ringer solution (2.4 mM
NaHC0,, 150 mM NaCl, 3 mM KCI, 2 mM CaCI_, 22 mM dextrose, pH 7 .2)
and then removing the intact organ containing gonial cells with watchmakers'
forceps . Spermatocytes and spermatids were obtained from testes (Table I), and
sperm were obtained from vas deferens. Adult testes, which contain other
components in addition to sperm, were included in our analysis. However.
because of the smallness and fragility of the testes at this stage, no attempt was
made to purify the sperm from these preparations.

Cell preparations were made by rupturing the testes or vas deferens on acid-
cleaned coverslips and then separating the cells from the surrounding epithelial
and adipose tissue . Isolated cells were collected in I-ml conical glass test tubes
and pelleted by centrifugation for 3-5 min at high speed (-1,500 rpm) in a
clinical centrifuge . Cell pellets to be assayed for actin were resuspended in either
buffer (i or buffer S, described below. Cell preparations intended for direct SDS-
PAGE analysis were made by resuspending untreated cell pellets in cold protein
sample buffer containing 0.1%: Triton X-100 . All samples were denatured at

I (N)°(' for 5 min . In the case of spermatocytes, the cells were solubilized within
10-15 min . Spermaticis and sperm preparations required longer periods (up to I

h), with solubilization of axonemal components occurring during the 5-min
denaturation period at 100 ° C .

The buffer systems used to assay for DNase-binding protein (monomeric
actin) in spermatocyte and spermatid homogenates have been described by
Blikstad et al . (3) . The experimental protocol is illustrated in Fig . I . Triton X-100
was included in the preparation of homogenates to aid in the disruption of cells .

We have considered the possible influence of detergent-activated proteolysis on
our results but doubt that it would be significant in the presence of the protease

inhibitor phenylmethyl sulfonylfluoride (PMSF) . This conclusion is also sup-
ported by our unpublished observations that there are very few lysosomes in
these nonphagocytosing cells.

Cells to be assayed for total actin were resuspended in buffer G : 10 mM Tris-
H('l, 0.75 M guanidine hydrochloride, 0 .5 M sodium acetate, 0.5 mM CaCl,, 0 .5
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Flow chart of experimental protocol for actin assay .

mM ATP, 0.5% Triton X-100, 0 .01 mM PMSF, pH 7 .6 . Mildly chaotropic buffer
G denatures polymerized actin and results in its depolymerization into free
monomers that retain the DNase-binding property (3) . The final protein concen-
tration of these preparations was 0.5-0 .8 mg/ml (-60 testes/0.4 ml of buffer G) .
Spermatocytes were extracted in buffer G for 2 .5 h at 0-4°C to allow for cell lysis
and depolymerization of supramolecular forms of actin . Spermatid preparations
were not completely solubilized after 2 .5 h and therefore were centrifuged for 3
h at 150,000 g to remove insoluble components. Buffer G-treated spermatocyte
homogenates and high-speed supernates of buffer G-treated spermatid homoge-
nates were applied directly to DNase-agarose columns.

Cells to be assayed for the presence of native monomeric actin were resus-
pended in buffer S, which stabilizes actin pools in their native state (3) . Buffer S :
5 mM Tris-HCI, 0 .15 M NaCI, 2 mM MgCI2, 0.2 mM ATP, 0.2 mM dithiothreitol
(DTT), 0 .5% Triton X-100, 0.01 mM PMSF, pH 7 .6. After extraction for 2 .5 h at
0-4 ° C, buffer S-treated spermatocyte and spermatid homogenates, containing
0.5-0 .8 mg/ml of protein (-60 testes/0 .4 ml of buffer S), were centrifuged for 3
h at 150,000 g to pellet supramolecular forms of actin . The efficiency of this

centrifugation step was calculated from the relation S = k/t, where S is the
theoretical sedimentation coefficient (in Svedbergs) of the smallest particle ca-
pable of being sedimented during time, t, in a rotor characterized by constant k .
For a rotor speed of 40,000 rpm and t �, � , - t � = I cm (Sorvall 865 rotor with a
0.4-ml sample [DuPont Instruments-Sorvall, DuPont Co ., Newtown, Conn .]), the
k factor corresponds to 21 . Theoretically, at the end of a 3-h spin, particles larger
than 7S should be in the pellet . Using Halsall's equation for the approximation
of the molecular weight ofa protein from its sedimentation coefficient, S_1�� =
0.00242 M"' (16), a 7S globular protein has a molecular weight of -150,000
daltons. Under these conditions, all actin oligomers, polymers, and aggregates of
four monomer units in size or larger should be in the pellet .

High-speed supernates of buffer S-treated spermatocytes and spermatids were
applied to DNase-agarose columns . High-speed pellets were not applied to
columns but instead were resuspended to the original volume ofhomogenate (0.4
ml) with the appropriate buffer used to prepare the homogenate and then
denatured with 80 pl of 5x protein sample buffer (see below). By using these
volumes to resuspend pellets, gel scans of these fractions could be compared
quantitatively to scans of high-speed supernates,

DNase-Agarose Affinity Chromatography
Cyanogen bromide activation of Sepharose 411 (Pharmacia Fine Chemicals,

Div . of Pharmacia Inc ., Piscataway, N . J .) was performed essentially as described
by March et al . (29). The washed, activated agarose slurry was transferred to a
DNase-I solution (10 mg DNase I . Worthington type 2006D (Worthington
Biochemical Corp ., Freehold, N . J .) in 10 ml of 0 .1 M sodium bicarbonate, pH
9.0) and coupling was allowed to proceed with gyrotory agitation for 24 h at 0-
4°0 . The DNase-agarose was then washed initially with 100 vol of0.1 M sodium
bicarbonate, 0 .5 M NaCl, pH 9 .0, followed by 100 vol of 0.1 M acetic acid, 0 .5 M
NaCl, pH 3 .6, and finally 10 mM Tris-HCI, 0.2 mM CaCl, 0 .5 mM ATR 0.5
mM DTT, pH 8 .0, in which the DNase-agarose was stored at 0-4'C . The amount
of DNase coupled per milliliter of agarose was determined by passing a known
amount of muscle G-actin through a known volume of DNase-agarose . Assuming
a binding stoichiometry of I :1, --0.5 mg of DNase was coupled to I ml of agarose .
For a binding assay on crane-fly homogenates, DNase-agarose was loaded into
plastic syringes (0 .8 x 2 cm with a 0 .4-ml bed volume) and equilibrated with 10

bed volumes of the appropriate buffer . Samples containing 150-3501ig of protein
in a 0.4-ml volume were applied to the column and eluted at a flow rate of 0.2

ml/min with either buffer G or buffer S . Because components with a molecular
weight below the fractionation range of Sepharose 4B are usually eluted at a
volume approximately equal to the total bed volume, fractions of one bed volume
each were collected . All unbound protein was collected in the second fraction .
After elution of unbound protein, the column was washed with 10 bed volumes
of the appropriate buffer containing I M NaCI . Both the unbound protein

fractions and the salt wash fractions were dialyzed against distilled water for 10
h at 0-4 °C after which time 80 pt of 5x protein sample buffer was added and the
sample was denatured by heating for 5 min at 100°C . To recover bound material
from the column, residual traces of guanidine hydrochloride or NaCl were first
removed by washing the column with 10 bed volumes of 5 mM Tris-HCl, 0 .2
mM CaCl .,, 0.2 mM ATP, 0 .2 mM DTT, 0 .01 mM PMSF . pH 7 .6. Bound protein
was then removed by applying one bed volume of 2x protein sample buffer and
incubating the agarose-sample buffer slurry for 5 min at 25 ° C . All denatured
protein fractions were analyzed directly with SDS-PAGE .

SDS-PAGE
Analysis of polypeptides was performed on 101'x- SDS polyacrylamide slab gels

with 5% stacking gels according to the procedure of Laemmli (24) using ultrapure
reagents from Bio-Rad Laboratories (Richmond . Calif.). Samples were prepared



in a protein sample buffer containing 0.06 M Tris-HCI, 2% SDS, 10% glycerol,
5% fl-mercaptoethanol, and 0.001% bromophenol blue, pH 6.8, and denatured
for 5 min at 100°C. After the 3-4-h run at 25 mA, gels were fixed and stained in
a 50% methanol, 10% acetic acid solution containing 1%Coomassie brilliant blue
R (Sigma Chemical Co ., St . Louis, Mo .) (21) for 30 min and destained overnight
in 10% methanol, 7% acetic acid . Destained gels were scanned directly on a
double-beam recording microdensitometer MK IIIC (Joyce, Loebl and Co., Ltd.,
Gateshead-on-Tyne, England) . The amount of protein in a particular band was
assessed by comparing the weight of the densitometer scan of that band to the
weight of the densitometer scan of the entire gel .

Those approximations were based on the assumption that the dye-to-protein
ratio for actin is the same as that for all other polypeptides in a particular gonial
cell preparation .

Peptide Mapping
Two-dimensional tryptic mapping of "'I-labeled polypeptides was performed

as described by Elder et al . (8), as modified by Kidd et al . (23) and Luna et al .
(28) . Coomassie blue-stained bandscontaining --0. l-3 fig of protein were excised
from 10% SDS-polyacrylamide gels . Slices which were mapped included : creatine
kinase (Worthington Biochemical Corp .) and ovalbumin (Sigma Chemical Co.,
grade 111), both used without further purification, bovine brain 6S tubulin dimer,
prepared by phosphocellulose chromatography (34) of crude microtubule protein
obtained by cycles of polymerization and depolymerization (43), purified rabbit
skeletal muscle actin (36), humanerythrocyte actin extracted at low ionic strength
(2), and Dictyostelium discoideum actin purified by polymerization from a P6
cytosolic extract fraction according to the method of Hellewell and Taylor (17) .
Crane-fly p43 polypeptide bands were excised from gels as described in the text .

Electrophoresis of tryptic peptides was carried out for 60 min at 0-2°C and
was followed by chromatography in the second dimension for -3.5 h in the
solvent mixture described by Elder et al . (8) . Maps were autoradiographed using
no screen x-ray film (Eastman Kodak Co., Rochester, N. Y.) with exposures
ranging from 4 to 24 h. Only those peptides containing amino acid residues,
which can be labeled with "''I in the presence ofchloramine-T (tyrosine and, to
a lesser extent, histidine and phenylalanine), are visualized by these methods
(28) .

RESULTS

Micrographs illustrating the different types ofcells used in this
investigation are included in Fig . 2, and information regarding
the composition of these preparations is summarized in Table
I . Homogeneous preparations of spermatids and sperm were
obtained from pupae and adult males, respectively . Sperma-
tocyte preparations, however, were not homogeneous . Because
the meiotic process within the larval testes is not completely
synchronous, there were always some spermatids in spermato-
cyte preparations . Most of the testes that were used for bio-
chemical analysis had a composition similar to that illustrated
in Fig. 2 a . Some of the testes that met the size criteria (Table
I) applied in selecting larval testes contained more spermatids,
but even in the most extreme of these cases, not >20% of the
total testicular content was occupied by spermatids. Because
the volume contribution made by spermatids always was far
smaller than that made by spermatocytes, it was unlikely that

TABLE I

Summary of Data on Composition of Cell Preparations

contamination by spermatids could have had a significant
influence on the results obtained with spermatocytes .

Examination of the content of adult testes revealed many
unidentified vesicular and rod-shaped components, and signif-
icantly fewer sperm than one would expect based on the
abundance of spermatids in the pupal testes . The paucity of
sperm in adult testes can be explained by the finding that
sperm in adult crane flies, like other insects (44), are transported
from the testes and held in a vas deferens before ejaculation .
Preparations of adult testes were included in our analysis for
comparison with results obtained with sperm isolated from vas
deferens.
SDS-PAGE analysis ofgonial cells revealed that both sper-

matocyte and spermatid homogenates contained polypeptides
that co-migrated with rabbit skeletal muscle actin (Fig . 3 a and
b) . On the basis of its apparent molecular weight of 43,000
daltons, we refer to this band, as well as fractionated subsets of
this band, as p43 . A prominent p43 band was also detected in
homogenates of adult testes (Fig . 3 d), but it was not detected
in homogenates of sperm (Fig . 3 c) . These results suggest that
actin could be present in preparations of spermatocytes, sper-
matids, and adult testes. However, the absence of a detectable
p43 band in our sperm preparations indicated that actin was
not a component of sperm .
DNase affmity chromatography was used to isolate actin

from spermatocytes and spermatids . Spermatocyte homoge-
nates (Fig. 4a) were prepared in buffer G and then applied to
DNase-Sepharose 4B columns. SDS-PAGE analysis of un-
bound fractions showed a significant reduction in the density
of the p43 band (Figs. 4 and 5) . Other differences between
unfractionated homogenate and the unbound fraction were
observed but they are not considered significant because it is
believed they are the result ofresidual traces ofguanidine . This
reagent probably remained bound to protein subsequent to
dialysis and therefore, altered the mobility of SDS-denatured
protein . The specific removal of p43 from the homogenate is
indicated by the absence of detectable amounts of protein in
buffer G fractions containing 1 M NaCl (data not shown) and
by the prominent p43 polypeptide found in the fraction re-
moved with 2% SDS (Fig. 4c). Components in the 60,000-
70,000-dalton range that are present in the SDS fraction in
trace amounts have not been identified. Additional polypep-
tides in the 15,000-31,000-dalton region were derived from
noncovalently bound DNase I and cyanogen bromide break-
down products of DNase I .

Analysis of gel scans of unfractionated spermatocytes (Fig.
5 a) has shown that p43 amounts to -1.6% of the total protein.
The residual p43 band remaining after DNase chromatography
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Cell type Source Amount Purity

Spermatocytes (Fig . 2 a) Testis of fourth instar larva ---7 x 103 cells/testis >80% spermatocytes with <20% slightly
(Diameter <0.6 mm) (3 gg protein/testis) elongated spermatids

Spermatids (Fig . 2 b) Testis of pupa -2 .5 x 10° cells/testis 100% spermatids -
(Diameter 50.9 mm) (51ig protein/testis)

Sperm (Fig . 2 d) Vas deferens of adult 100% sperm
(2 pg protein/vas deferens)

Sperm (Fig . 2 c) Adult testis Mainly residual components 10% sperm
(Diameter <0.5 mm) (0.61tg protein/testis)



FIGUat 2 Micrographs of the four types of cell preparations that were used for SDS-PAGE analysis . (a) A phase-contrast
micrograph illustrating a representative field of a typical spermatocyte preparation. Most of the cells are in prophase of meiosis I,
but some are undergoing the first meiotic division, e.g ., cytokinesis in the center and anaphase at the top. There are also a few
young spermatids in this field (arrows) . (b) Spermatids obtained from a pupa just after the pupa[ molt . At this stage, cell lengths
range between 800 and 1,500 [im, the nuclei (arrow) are elongated, and surface blebs are apparent along the tails . (c) Fhe contents
of an adult testis containing sperm, refractile vesicles, and rod-shaped structures (shown in inset) . (d) A fluorescence micrograph
of sperm that were isolated from vas deferens, fixed in 4% glutaraldehyde in 0.1 cacodylate buffer, and stained for 10 min in 0.1%
acridine orange . The needle-shaped nuclei appear extremely fluorescent. Mature sperm have no surface blebs and may be as long
as 1,800 jm . All micrographs were made with a 16/0.40-neofluar objective. a, b, and cx 400. Bar in b, 50 turn . d x 6t>n . Bar, 30 /Am.

(Fig . 5 b) represents -0.7% of the total homogenate protein.
The difference between unfractionated p43 and residual p43,
0.9%, is the fraction of the homogenate that was bound by
DNase (Table 11) .

Buffer G-treated spermatid homogenates (Fig. 6a) were
centrifuged for 3 h at 150,000 gto remove guanidine-insoluble
particulate components that were present after the 2.5-h ex-
traction period (Fig . 6 b) . Only high-speed supernatant frac-
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tions were applied to the column (Fig . 6 c) . All of the p43 in

the supernate (0.8% of the total protein) was bound to the
column (Figs. 6 and 7, Table 11). DNase-bound spermatid
protein was recovered as described above for spermatocytes.
Gels of DNase-bound proteins from spermatids were identical
to those from spermatocytes.
We also applied spermhomogenates prepared in buffer G to

DNase affinity columns. Underthe conditions ofour assay, no



sperm polypeptides were observed to bind specifically to the

DNase (data not shown) .
To further characterize the p43 components isolated with

DNase, we prepared two-dimensional peptide maps of radioi-

odinated DNase-isolated p43 bands and compared them with
peptide maps of known actins and with maps of other proteins
having molecular weights similar to actin. Although no pair of

FIGURE 3

	

Results of SDS-PAGE analysis of preparations illustrated
in Fig. 1 . (a) Spermatocytes. (b) Spermatids. (c) Sperm . (d) Adult
testes . (e) Rabbit muscle actin. About 101Lg of protein was loaded
per lane . a, b, c, and e were taken from the same slab gel . Molecular
weight standards were myosin (210,000), phosphorylase a (100,000),

bovine serum albumin (68,000), rabbit muscle actin (43,000), DNase
I (31,000), and myoglobin (16,000) .

TABLE II

Summary of Results of Densitometer Scans of SDS Gels

FIGURE 4

	

Gels of buffer G-treated spermatocyte homogenates: (a)
before DNase chromatography, (b) after DNase chromatography
(there is a residual p43 band), and (c) DNase-bound material that
was removed from the column with 2% SDS.
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FIGURE 5

	

Densitometer scans of gels of buffer G-treated sperma-
tocyte homogenates: (a) before DNase chromatography (there is a
p43 band) and (b) after DNase chromatography (there is a reduction
in the intensity of the p43 band) . In this figure, and all subsequent
gel scan figures, the arrows indicate the p43 band . Direction of
electrophoresis is from left to right.

Data are expressed as the approximate percentage of total cell protein .
Cells were homogenized in either buffer G or buffer S, centrifuged for 3 h at 150,000 g when required, and the resulting solubilized preparations were run on
DNase affinity columns. The amount of p43 was estimated densitometrically from gels of homogenates and fractionated homogenates run before (total p43) and
after (nonactin polypeptides) DNase chromatography . The composition of each p43 was determined as outlined in Results .
On the basis of results obtained from the spermatocyte-buffer S unfractionated homogenate experiment (Results), we conclude that the pellet consists of

sedimentable actin and that residual polypeptides present in the supernate after DNase chromatography correspond to nonactin polypeptides identified in
residual p43 of the buffer G experiments.
$ Peptide analysis of the p43 polypeptide found in buffer G high-speed pellets reveals that 0.5% of the total homogenate protein contains nonactin and
guanidine-insoluble actin . Because these components are also expected to pellet in the presence of buffer S, the increase in the amount of protein in buffer S
pellet p43 band is concluded to be the result of sedimentable actin .
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Cell type/treatment
Total p43 (actin plus nonactin

polypeptides) Nonactin polypeptides
Actin (p43 minus nonactin poly-

peptides

Spermatocyte-buffer G
Homogenate 1 .6 ± 0.1 (14) 0.7 ± 0.1 (6) 0.9

Spermatocyte-buffer S
Homogenate 1 .4 ± 0.1 (14)
Pellet 0.7 ± 0.1 (8) None* 0.7
Supernate 0.7 ± 0.1 (8) 0.5±0 .1 (5)* 0 .2

Spermatocyte-buffer S
Unfractionated 1 .5 ± 0.1 (3) 0.7 ± 0 .1 (12) 0.8
homogenate

Spermatid-buffer G
Homogenate 1 .5 ± 0 .2 (13)
Pellet 0 .5 ± 0 .1 (6)$ Not determined Not determined
Supernate 0.8 ± 0.1 (6) None detected 0.8

Spermatid-buffer S
Homogenate 1.6 ±0.1 (8)
Pellet 0.9 ±0.1 (8) Not determined 0.4f
Supernate 0 .7 ± 0 .1 (8) None detected 0 .7



FIGURE 6 Gels of buffer G-treated spermatic! homogenate and
homogenate fractions: (a) homogenate, (b) high-speed pellet, (c)
high-speed supernate before DNase chromatography, and (d) high-
speed supernate after DNase chromatography showing the removal
of p43.
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FIGURE 7

	

Densitometer scans of gels of buffer G-treated spermatid
homogenate and homogenate fractions: (a) homogenate, (b) high-
speed pellet, (c) high-speed supernate, and (d) high-speed super-
nate after DNase chromatography depicting the removal of p43.
Only the 35,000-70,000-dalton region of the gel scan is illustrated .
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these maps was identical, many similarities were observed
among the peptide maps of the known actins (Fig . 8a-c). No
such homology was observed between any two maps of the
other proteins investigated (Fig. 8 e-g) nor was there a signifi-
cant likeness of any of these maps to a peptide map of a known
actin. The peptide map of DNase-isolated spermatid p43 (Fig .
8 d) did, however, resemble the actin peptide maps. Because
the tryptic peptide map of DNase-isolated spermatid p43 is
virtually identical to the map of DNase-isolated spermatocyte
p43 (Fig . 9 b) and because the peptide maps of both polypep-
tides seem to share some structural homologies with peptide
maps of three previously characterized actins (36, 27, 30, 41,
37, 42), henceforth we will refer to these as spermatocyte and
spermatid actin .
To determine the composition of the residual p43 band in

unbound column fractions of spermatocyte homogenates, we
prepared peptide maps of residual p43 for comparison with
maps of spermatocyte actin and of unfractionated homogenate
p43. The maps of spermatocyte actin (Fig . 9 b) and residual
p43 (Fig. 9 c) were different and both appeared to be repre-
sented in the map of unfractionated p43 (Fig . 9 a) . These results
are important from three standpoints : (a) they suggest that
residual p43 contains polypeptides other than actin (which we
refer to as nonactin), (b) they show that all spermatocyte actin
is converted to a form that binds DNase, and (c) they show

FIGURE 8 Autoradiograms of tryptic peptide maps of 'Z 51-labeled
proteins : (a) rabbit skeletal muscle actin, (b) human erythrocyte
actin, (c) actin extracted from D. discoideum, (d) DNase-isolated
spermatid p43, (e) ovalbumin, ( f) creatine kinse, and ( g) a- and
R-tubulin. The origin spots are at the lower left; peptides were
electrophoresed in the horizontal and chromatographed in the
vertical direction . Selected spots common to the actin maps are
labeled with arrows . The acrylamide control for these maps is
included in Fig . 9.



FIGURE 9 Autoradiograms of tryptic peptide maps of ' 25 1-labeled
spermatocyte proteins ; (a) homogenate p43, (b) DNase-isolated
p43, (c) residual p43, and (d) a 10% polyacrylamide gel slice not
containing a polypeptide. For d, a chromatogram was spotted with
twice the largest volume used for extracts from a polypeptide-
containing slice and electrophoresed, chromatographed, and auto-
radiographed as described (28) . If a much larger sample volume is
spotted or if autoradiographic exposures are longer (5-6 d instead
of 12 h), distinct spots associated with acrylamide contaminants are
visualized (see fig. 2 of reference 28). However, this acrylamide map
is very different from all the peptide maps presented here . Therefore,
we conclude that the major spots and smears observed in the
peptide maps are the result of polypeptides and are not caused by
labeled acrylamide contaminants .

that treatment with mildly chaotropic buffer G does not ad-
versely affect the binding properties of actin to DNase. A
peptide map of the p43 band in high-speed pellets of buffer G-
treated spermatids was similar to the map of the nonactin
component of spermatocyte preparations (data not shown) .
However, unlike those of spermatocytes, maps of spermatid
pellet p43 contained a trace amount of actin. This actin was
not solubilized by treatment with 0.75 M guanidine and re-
mained associated with other insoluble components during
centrifugation . The basis for this apparent resistance to solu-
bilization is not known. Because the amount of actin present in
spermatid-buffer G pellets was difficult to assess by our meth-
ods, we have operationally defined the amount of assayable
actin in spermatids to be 1% . This was determined by subtract-
ing pellet p43 (0.5% of total protein and containing both
nonactin polypeptides and guanidine-insoluble actin) from p43
of unfractionated homogenate (1 .5% oftotal protein; Table II) .
Having determined that -1% of the total spermatocyte and

spermatid protein is actin (Table II), we wanted to assess how
much of the actin that we had isolated with buffer G actually
existed in the monomeric form in vivo. To do that, we prepared
homogenates in buffer S, which has been shown by Blikstad et
al . (3) to provide ionic conditions which stabilize supramole-
cular forms of actin in their native state. Two control experi-
ments were performed to test the possible effects ofbuffer S on
actin polymerization and stability under the conditions that
were used for our analysis . First, we wanted to know whether
actin monomers might be induced to polymerize in buffer S
during the 2.5-h extraction period at 4°C used to solubilize the
cells . Viscometric analysis of rabbit muscle actin (Fig. 10)
indicated that the polymerization of G-actin did not occur at
concentrations <0.8 mg/ml, which is at least two orders of
magnitude greater than the actin concentration in our cell
homogenates (5 [Eg/ml for spermatocytes and 8 pg/ml for
spermatids) . It is important to emphasize that our data were
obtained after only a 2.5-h incubation and thus are not com-
parable to values for the equilibrium critical monomer concen-
tration reported by other investigators (14). Another consider-

ation is that we used muscle actin in our control experiments .
Because the polymerization properties of purified muscle and
nonmuscle actin have been shown to be qualitatively similar
(14), it seems unlikely that artefactual polymerization of gonial
cell G-actin could have occurred under the conditions that we
used in our analysis .

Since there have been reports that F-actin maydepolymerize
at low temperatures under certain ionic conditions (1, 13), we
also investigated the effects of low temperature on preformed
F-actin in buffer S (Fig. 11) . We did not detect any decrease in
the viscosity of rabbit muscle F-actin during a 2.5-h incubation
at 4°C. Blikstad et al. (3) reported a similar stability for
polymerized nonmuscle actin in buffer S. Taken together, the
results suggest that low temperature effects under the condi-
tions of our assay are negligible . Another detail that we consid-
ered was the possible influence of Triton X-100 on F-actin, but
the results of other researchers (40, 5) indicate that this is
unlikely .

0.5

FIGURE 10

	

The polymerization of G-actin in buffer S during a 2.5-
h incubation at 0-4°C. Lyophilized G-actin, prepared from rabbit
skeletal muscle acetone powder (36), was first dialyzed for 24 h at
0-4°C against 500 vol of 5 mM Tris-HCI, 0.2 mM ATP, 0.2 mM DDT,
pH 7.6 . After a 3-h centrifugation at 100,000 g, the clarified G-actin
supernate was diluted to the indicated protein concentration with
the buffer just described and made 0.15 M in NaCl and 2 mM in
MgC1 2 . After a 2.5-h incubation at 0-4°C, the viscosity of the actin
was measured in a size 150 Cannon-Manning semi-microviscometer
(Cannon Instrument Co ., State College, Pa .) .
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FIGURE 11

	

The effect of low temperature on F-actin prepared in
buffer S. A 1 .4-mg/ml solution of G-actin, prepared as described in
fig. 10, was polymerized to F-actin in buffer S for 7 h at 27°C, after
which the viscosity of the F-actin was measured at various times
during a 2.5-h incubation at either 25°C (") or 4°C (") .
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FIGURE 12

	

Gels of buffer S-treated spermatocyte homogenate and
homogenate fractions : (a) homogenate, (b) high-speed pellet, (c)
high-speed supernate, and (d) high-speed supernate after passage
through DNase (there is a residual p43 band).

Our assay for native monomeric actin included a high-speed
centrifugation step to clarify homogenates of supramolecular
forms of actin that might bind to the DNase (18, 3) or collect
nonspecifically in the agarose bead matrix of our columns.
Details regarding the efficiency of the centrifugation step are
presented in Methods. Three fractions were collected for anal-
ysis : (a) the high-speed pellet, which contained sedimentable
actin and was not applied to DNase columns, (b) the high-
speed supernate, which was applied to DNase columns, and
(c) the unbound column fraction, which represented the high-
speed supernate after passage through the affinity column.
Nonsedimentable actin that was bound to the column under
the conditions ofour assay was assumed to be in the monomeric
state.
The polypeptide composition ofthe three fractions described

above is illustrated in Fig. 12 (spermatocytes) and l4 (sper-
matids). Analysis of gel scans of both spermatocyte and sper-
matid pellet fractions (Figs. 12 b and 13 b, 14 b and 15 b)
indicated that -0.7% of the spermatocyte homogenate and
0.9% of spermatid homogenate was sedimentable p43 (Table
1I) . The high-speed supernatant fraction (Figs. 12 c and 13 c,
14c and 15 c) of both cell types contained p43 polypeptides
before DNase chromatography (0.7% in both cell types), but
only the unbound spermatocyte column fraction contained p43
after DNasechromatography (cf. Figs . 12 c and dwith 14 c and
d, 13 c and d with 15 c and d; refer to Table II) . Although this
suggested that all ofthe p43 ofspermatid high-speed supernate
was monomeric actin, the p43 band remaining after DNase
chromatography of high-speed supernates of spermatocytes
indicated that only a fraction of the p43 in the supernate,
amounting to ^-0.2% of the total homogenate protein, was
monomeric actin . Gel scans revealed that the amount of un-
bound p43 present in spermatocyte column fractions was 0.5
± 0.1%, which was comparable to the amount of residual p43
(0 .7 ± 0.1%) estimated in buffer G experiments . Whereas these
results tended to support the possibility that the unbound p43,
in column fractions of spermatocyte high-speed supernates
could represent nonactin polypeptides identified in peptide
maps of buffer G residual p43 (Fig. 9 c), it was also possible
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FIGURE 13

	

Densitometer scans of gels of buffer S-treated sperma-
tocyte homogenate and homogenate fractions : (a) homogenate, (b)
high-speed pellet, (c) high-speed supernate showing a prominent
p43 band, and (d) high-speed supernate after passage through
DNase (a residual p43 band is observed) . Only the 35,000-70,000-
dalton region of the gel scan is illustrated .

FIGURE 14 Gels of buffer S-treated spermatid homogenate and
homogenate fractions : (a) homogenate, (b) high-speed pellet, (c)
high-speed supernate, and (d) high-speed supernate after passage
through DNase (there is no p43 band).
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FIGURE 15

	

Densitometer scans of gels of buffer S-treated sperma-
tid homogenate and homogenate fractions : (a) homogenate, (b)
high-speed pellet (comparison of this scan with scans obtained
from buffer G experiments [Fig . 7 b] reveals that considerably more
protein is obtained in the buffer S pellet fraction when compared
with pellets obtained from homogenates prepared in the more
chaotropic buffer G . For example, compare the peaks to the left of
p43 in Figs . 15 b and 7 b), (c) high-speed supernate, and (d) high-
speed supernate after passage through DNase (all p43 is removed
by this treatment) . Only the 35,000-70,000-dalton region of the gel
scan is illustrated .

that unbound p43 represented a nonsedimentable form ofactin
that did not bind DNase under the conditions of our assay.
Because buffer S provides ionic conditions that stabilize supra-
molecular forms of actin, we would expect that interactions
between actin and accessory proteins should be preserved.
Likewise, it also seems reasonable that nonsedimentable actin
could be complexed with accessory proteins that could steri-
cally inhibit the interaction between actin and DNase (32) . It
seems unlikely that the actin in the unbound fraction could be
denatured actin, because actin treated with 0.75 M guanidine
retains its DNase-binding activity . The actual identification of
unbound column fraction p43 and spermatocyte pellet p43
required further investigation .
To approach the question of whether there may be an

inhibitory factor in buffer S-treated spermatocyte homogenates
that could affect the DNase-binding activity of actin under the
conditions of our assay, we analyzed unfractionated buffer S-
treated spermatocyte homogenates using DNase affinity tech-
niques. In this experiment, homogenates first were loaded onto
the DNase column and eluted with buffer S . Then, to insure
against nonspecific binding of p43 to the column, one bed
volume of buffer G was applied to the column and the column
flow was stopped for 2 .5 h before elution with additional buffer

G . The density of p43 in the unbound fraction eluted with
buffer S was reduced significantly (Fig . 16 a and b) . As was
observed in buffer G experiments after DNase chromatogra-
phy, 0.7 ± 0.1% of the total protein was found in p43 of the
unbound fraction . Analysis of fractions eluted with buffer G
revealed no additional p43 polypeptides (Fig. 16c) . Passage of
2% SDS through the column resulted in the removal ofDNase-
bound actin (Fig . 16d) . We conclude from these results that
the composition of unbound p43 in experiments with buffer S-
treated spermatocytes (Figs . 12 and 16) represents nonactin
polypeptides identified in buffer G experiments and that p43
in high-speed pellets of buffer S-treated spermatocytes is sedi-
mentable actin . In addition, it is apparent that accessory poly-
peptides that may be associated with sedimentable and/or
nonsedimentable actin in buffer S-treated spermatocyte ho-
mogenates do not preclude the binding of actin to DNase
under conditions of our assay .

In conclusion, a comparison ofthe results from buffer G and
buffer S experiments suggests that the amount of monomeric
actin in spermatocytes is different from that in spermatids
(Table II) . About 0.2% of the total spermatocyte homogenate
was bound to DNase after the homogenate had been fraction-
ated by centrifugation and the supemate passed through a
DNase column . Under identical experimental conditions, sper-
matid p43 was found to contain a greater proportion of mon-
omeric actin; 0.7% of the homogenate was capable of binding
DNase . Because our analysis of gel scans indicates that actin
comprises -1% of the total cell protein in both cell types, the
above differences suggest that only --20% of the actin of
spermatocytes is monomeric and that ^-70% of the assayable
spermatid actin is monomeric .

DISCUSSION
We have described in this report an approach that combines
DNase affinity chromatography and two-dimensional peptide

FIGURE 16 Gels of buffer S-treated spermatocytes that were not
fractionated by centrifugation before DNase chromatography : (a)
homogenate, (b) homogenate after DNase chromatography (there
is a reduction in the amount of p43), (c) buffer G fraction (elution
after incubation for 2 .5 h at 4°C removes no additional p43 poly-
peptides), and (d) DNase-bound polypeptide that was removed
from the column with 2% SIDS .
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mapping to assess the actin content of crane-fly gonial cells .
This method has enabled us to identify the polypeptide com-
ponents of gel slices that contain as little as 0.1 Fig of protein .
This procedure may be applicable to other systems in which
only submicrogram amounts of protein are available for anal-
ysis .
Our data not only confirm some of the previous ultrastruc-

tural findings presented by Forer and Behnke (11, 12) but they
also provide new information on the amounts and organization
of actin in these cells . In contrast to Forer and Behnke's report
(12), we did not detect any protein co-migrating with rabbit
muscle actin in our SDS gels of mature sperm. The apparent
discrepancy between the results of our analysis of sperm and
those of Forer and Behnke can be explained simply in terms of
the materials used . Our preparations of sperm were obtained
from vas deferens whereas Forer and Behnke used adult testes
as their source of sperm. Because adult testes contain numerous
vesicular and rod-shaped components, in addition to sperm,
and because SDS gels of adult testes reveal a prominent p43
band, we suggest that the actin detected by Forer and Behnke
probably was derived from other components .
Although we have not characterized all of the components

in adult testes, the morphological similarity between the vesic-
ular components found in the adult testis (Fig . 2c) and the
vesicular blebs observed along the tails of spermatids (Fig . 2 b)
suggests that testicular vesicles actually may be spermatid
components that were eliminated during spermiogenesis (4) .
Accordingly, on the basis ofthe absence of both vesicular blebs
and actin in sperm and the presence of a large p43 band in
SDS gels of whole adult testes preparations, we believe it is
reasonable to suggest that the vesicular components of adult
testes contain actin .

Actin comprises ---1% of the protein of both spermatocyte
and spermatid homogenates and is present in both cells in
sedimentable and nonsedimentable forms. Because nonsedi-
mentable actin which binds DNase under the conditions ofour
assay is assumed to be monomeric, the results of our actin
assay indicate that there is proportionately more monomeric
actin in spermatids than in spermatocytes. The presence of
significant amounts of sedimentable actin in spermatocyte
homogenates suggests that it is in either a polymerized or an
aggregated state . Although the significance of these differences
between the two cell types is not clear, they may be related to
the physiological requirements of these cells during spermio-
genesis . For example, spermatocytes undergo two rounds of
cytokinesis before becoming spermatids . In view of the well-
documented role of actin in cytokinesis (33), it seems reason-
able that spermatocyte actin may be organized into supramo-
lecular structures that facilitate the cleavage process. The mat-
uration of spermatocytes into spermatids is accompanied by an
increase in the amount of monomeric actin . This change may
be related to dynamic molecular events associated with the
morphological changes observed at this stage of spermiogene-
sis . A characteristic feature of spermatids is the existence of
numerous blebs along their tails . Actin could play an active
role in the formation and/or transport of these blebs. It is also
possible that unpolymerized actin could be sequestered within
the blebs and eliminated along with other extraneous cytoplas-
mic components as an inactive by-product of spermiogenesis
(4) . Clearly, more information regarding the intracellular lo-
calization and precise organization of actin in these cells is
needed before conclusions regarding the significance of these
differences can be drawn.

Our finding that only -I% of the total spermatocyte and
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spermatid protein is actin imposes certain limitations on its
intracellular distribution . If we assume that (a) actin is distrib-
uted evenly among all the cells of a homogenate and that (b)
the sedimentable actin we detected with the selective actin
assay is F-actin, then it should be possible to make a theoretical
estimation of the F-actin content per cell . Confining this dis-
cussion to primary spermatocytes, there would be 6.7 x 10-17

mot of sedimentable actin per cell . This would correspond to
1 .1 x 10' pm of F-actin, or 4,400 filaments each having the
length of the cell (25 p,m). Indeed, actin filaments have been
observed in spermatocytes after treatment with glycerol and
heavy meromyosin (11) . However, based on the values pre-
sented above, the apparent absence of dense arrays of actin
filaments in either conventionally prepared spermatocytes (11)
or in spermatocytes fixed without osmium (25, 26) suggests
that if actin filaments are present in these cells, they must be
sparsely distributed and not readily visualized unless back-
ground cytoplasm is extracted with glycerol . Alternatively, it is
possible that sedimentable actin may be organized in a more
labile, amorphous state, such as a gelled meshwork, which
could be transformed into free, recognizable filaments by treat-
ment with either glycerol or heavy meromyosin . In view of the
potentially complicating influences that glycerol (22) and heavy
meromyosin (45, 38) could have on G-actin or labile states of
actin (41), we currently are attempting to approach questions
concerning the intracellular distribution of actin in spermato-
cytes and spermatids using alternative, less perturbing tech-
niques .

Finally, results from our two-dimensional peptide analysis
have shown that although homologies are apparent between
maps of different actins, each pattern displays unique aspects
as well . In view of these differences, the similarity between the
maps of actin from spermatocytes and spermatids and the map
of human erythrocyte actin is most striking . As a step toward
understanding the relationship between peptide maps and pro-
tein function, we plan to extend our peptide analysis to include
actins from other sources . The similarity of maps of gonial cell
actin to erythrocyte actin, which is a major component of' the
erythrocyte cortex (41, 15), has led us to explore the possible
association between actin and the cell cortex of spermatocytes
and spermatids . Using a combined structural and biochemical
approach, including scanning electron microscopy and the use
of photoactivated cross-linking reagents, we are hopeful that
results obtained with these techniques will be useful in resolv-
ing both the distribution and the precise state of organization
of actin in these cells .
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