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Interactions of Actin, Myosin, and an Actin-Binding

Protein of Chronic Myelogenous Leukemia Leukocytes

LAURENCEA. BOXERand THOMASP. STOSSEL

From the Division of Hematology-Oncology, Children's Hospital Medical
Center, The Sidney Farber Cancer Center, Department of Pediatrics, Harvard
Medical School, Boston, Massachusetts 02115

A B S T R A C T Actin, imyosin, and a high molecular
weight actin-binding protein were purified from chronic
myelogenous leukemia (CML) leukocytes. CML leuko-
cyte actin resembled skeletal muscle and other cyto-
plasmic actins by its subunit molecular weight, by its
ability to polymerize in the presence of salts, and to
activate the Mg2+-ATPase activity of rabbit skeletal
muscle myosin. CML leukocyte myosin was similar to
other vertebrate cytoplasmic myosins in having heavy
chains and two light subunits. However, its appar-
ent heavy-chain molecular weight and Stokes radius
suggested that it was variably degraded during puri-
fication. Purified CML leukocyte myosin had average
specific EDTA- and Ca2+-activated ATPase activities of
125 and 151 nmol Pi released/mg protein per min, re-
spectively and low specific Mg2+-ATPase activity. The
Mg2+-ATPase activity of CML myosin was increased
200-fold by rabbit skeletal muscle F-actin, but the spe-
cific activity relative to that of actin-activated rabbit
skeletal muscle myosin was low. CMLleukocyte myosin,
like other vertebrate cytoplasmic myosins, formed fila-
ments in 0.1 M KCl solutions. Reduced and denatured
CML leukocyte-actin-binding protein had a single high
molecular weight subunit like a recently described actin-
binding protein of rabbit pulmonary macrophages which
promotes the polymerization and gelation of actin.

Cytoplasmic extracts of CML leukocytes prepared
with ice-cold 0.34-M sucrose solutions containing Mg2+-
ATP, dithiothreitol, and EDTA at pH 7.0 underwent
rapid gelation when warmed to 250C. Initially, the gel
could be liquified by cooling to ice-bath temperature.
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With time, warmed cytoplasmic extract gels shrunk
("contracted") into aggregates. The following findings
indicated that CMLleukocyte actin-binding protein pro-
moted the temperature-dependent gelation of actin in
the cytoplasmic extracts and that CML leukocyte myo-
sin was involved in the contraction of the actin gels:
(a) Cytoplasmic extract gels initially contained actin
as their major polypeptide component and consisted of
tangled thin filaments; (b) Contracted aggregates of cy-
toplasmic extract gels contained large quantities of myo-
sin as well as actin; (c) Purified actin-binding protein
underwent a temperature-dependent, reversible aggre-
gation and caused low concentrations of purified muscle
or CML leukocyte actins to gel in sucrose solutions;
(d) The gels formed from purified actin plus purified
actin-binding protein slowly contracted in the presence
but not in the absence of purified CMLleukocyte myo-
sin; (e) Rabbit antiserum against purified CML leuko-
cyte actin-binding protein but not against purified CML
leukocyte myosin inhibited the gelation of warmed
CML leukocyte extracts. Antiserum against CML leu-
kocyte myosin had no effect on the gelation of CML
leukocyte extracts but partially curtailed the contraction
of the CML leukocyte extract gels and of gels formed
from purified CMLleukocyte actin-binding protein plus
rabbit skeletal muscle actin.

INTRODUCTION

Movement characterizes most of the activities of neu-
trophilic polymorphonuclear leukocytes. They crawl ac-
tively like amebas throughout the tissues of the body
where they extend pseudopodia to surround and interior-
ize various objects, while granules stream and tumble
in the cytoplasm (1). It was *suggested many years
ago that the mechanisms of muscle and leukocyte move-
ment might be similar (2), and recent work has given
some validity to this idea. Senda et al. prepared frac-
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tions of equine blood leukocytes which they believed had
morphologic and functional properties which resembled
those of muscle proteins (3-5). The subsequent purifi-
cation or unequivocal demonstration of myosin and actin
of guinea pig, human, and horse polymorphonuclear
leukocytes established the correctness of their conclu-
sions (6-8).

However, only a systematic analysis of the proper-
ties of contractile proteins in neutrophils and scrutiny
of their interactions will establish definitively whether
they are actually involved in leukocyte movement, and if
so, in what way. This report describes the isolation and
some properties of actin, myosin, and a high molecular
weight actin-binding protein from neutrophil leukocytes
of patients with chronic myelogenous leukemia (CML).'
An abstract of this work has been published (9).

METHODS
CML leukocytes. For each preparation of proteins, 5-10

X 1010 leukocytes were removed from one of two patients
with CML undergoing treatment by continuous flow centri-
fugation leukaphoresis (10). Erythrocytes were removed
from the leukocytes by sedimentation with dextran and lysis
with ammonium chloride (11). The leukocytes were washed
two times with 30 vol of ice-cold 0.15 M sodium chloride by
centrifugation at 80 g for 10 min. An average of 200 ml of
packed cells was collected from each leukaphoresis, and 70-
80% of the cells were neutrophilic polymorphonuclear leuko-
cytes, metamyelocytes, and band forms. The rest of the cells
were blasts (2-3%), promyelocytes (2-3%), myelocytes
(5-10%), and lymphocytes (5-10%). Approximately 75
leukocytes were seen per platelet by microscopic examina-
tion of Wright's-stained smears.

CML extracts. Packed leukocytes were suspended in 2
vol of a solution containing 0.34 M sucrose, 10 mMdithio-
threitol, 5 mMATP, 1 mMEDTA, and 20 mMTris-
maleate buffer, pH 7.0 (sucrose solution), and broken in
the cold (40C) by grinding for 7 min with a Potter-Elveh-
jem homogenizer with a motor-driven Teflon pestle fol-
lowed by 45 strokes with a tight-fitting pestle in a glass
Dounce homogenizer. In some experiments, the cells sus-
pension was broken in the cold (40C) in a chilled Waring
blendor (Waring Products Div., Dynamics Corp. of Amer-
ica, New Hartford, Conn.), the blades of which were ro-
tated at 20,000 rpm for 3 min. These procedures caused
rupture of all cells as monitored by phase microscopy. The
homogenates, which contained an average of 42.5 mg of
protein/ml of packed cells, were centrifuged at 40,000 g
1 h. The supernates were centrifuged at 100,000 g for 1 h
yielding a clear supernate (extract supernate) and a pellet
which was discarded. The extract supernate, which con-
tained about 69%o of the homogenate protein, had an initial
pH of 6.4 that was adjusted to pH 7.4 by addition of 0.1
M NaOH. Actin, myosin, and an actin-binding protein were
isolated from the extract supernate as described below.

Preparation of CML actin. The extract supernate was
warmed to 25°C and left standing at room temperature for
2 h. An opalescent, gelatinous precipitate formed and was
collected by centrifugation at 49,000 g for 20 min (40C).

'Abbreviations used in this paper: CML, chronic myeloge-
nous leukemia; EGTA, ethylene glycol bis (P-aminoethyl
ether) -N,N'-tetraacetic acid.

The supernatant fluid was saved for isolation of CMLmyo-
sin. The precipitate was dissolved with approximately 2 ml
ice-cold 0.6 M KCl containing 20 mMTris-maleate buffer,
ph- 7.0, per mg of precipitate protein. The solution was
centrifuged for 3 h at 80,000 g (40C), and the supernate
was used to prepare actin-binding protein. The opalescent
pellet was dissolved in a glass-tissue grinder with a small
volume of a solution containing 0.2 mMATP, 10 mM
dithiothreitol, 0.2 mMCaCI2, 2 mMTris-HCl, pH 7.0 (de-
polymerizing buffer [12]) and was depolymerized and re-
polymerized as described by Spudich and Watt for the
preparation of skeletal muscle actin (12). The purified CML
actin pellet was dissolved in 10 mMTris-maleate solution,
pH 8.0, containing 2 mMMgC12 or lyophilized in the de-
polymerized state before a final polymerization.

Preparation of CML myosin. The supernatant fluid re-
maining after removal of the precipitate that formed in
the warmed extract supernate was made 75 mMin KCl
and stirred with a magnetic stirrer for 1.5 h. The solution
was centrifuged at 80,000 g for 3 h (40C), and the resulting
pellet was dissolved in an ice-cold solution containing 0.6 M
KCI, 0.5 mMATP, 5 mMdithiothreitol, and 20 mMTris-
maleate buffer, pH 7.0 (KCl solution) with the aid of a
glass-tissue grinder. The KCl solution was fractionated
with ice-cold saturated ammonium sulfate containing 0.01 M
EDTA, pH 7.0. Of the total K+- and EDTA-activated
ATPase activity of the extract supernate, used as an en-
zymatic marker for myosin, 59% was collected in a 20-50%o
saturated ammonium sulfate fraction. This precipitate was
dissolved in and dialyzed against an ice-cold KCl solution
and stored in 50% saturated ammonium sulfate solution
(40C) .

The precipitated proteins were redissolved and dialyzed
free of ammonium sulfate with KCl solution and applied
to 2.5 X 80-cm columns of Bio-Gel A 15-M (Bio-Rad
Laboratories, Richmond, Calif.) 200-400 mesh (4% aga-
rose) and eluted in the cold (4°C) with KCI solution.
Eluted fractions with K+- and EDTA-activated ATPase
activity were pooled, concentrated in a dialysis sac in dry
Sephadex G-200, (Pharmacia Fine Chemicals, Inc., Pis-
cataway, N. J.) and dialyzed against a solution containing
0.6 M KI, 10 mMsodium thiosulfate, 5 mMATP, 5 mM
dithiothreitol, and 20 mM Tris-maleate buffer, pH 7.0
(KI solution). The dialyzed protein solutions were chro-
matographed on 4% agarose columns equilibrated with KI
and KCl solutions according to the technique of Pollard
et al. (13). The proteins were eluted at 4°C with KC1
solution. Eluted fractions with K+- and EDTA-activated
ATPase activity were pooled and concentrated as described
above.

Preparation of CML actin-binding protein. After actin
was removed by ultracentrifugation from the washed gela-
tinous precipitate of the warmed extract supernate, the
remaining material in the 0.6-M KCl solution was dialyzed
against KI solution and applied to columns of Bio-Gel A 15-
M 200-400 mesh equilibrated with KI and KCl solutions as
described for the preparation of myosin. Peaks of absorb-
ance at 290 nm were pooled and concentrated with dry
Sephadex G-200.

Preparation of proteins from rabbit skeletal muscle.
Myosin was prepared by the second method of Kielley and
Bradley (14) and purified further by ion-exchange chro-
matography (15). F-actin was made by the technique of
Spudich and Watt (12).

Assay of ATPase activity. Assays of EDTA- and Ca2`-
activated ATPase activity in 0.6 M KCl (called K+- and
EDTA-activated and K+- and Ca2'-activated ATPase ac-
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FIGURE 1 Dodecyl sulfate 5% polyacrylamide gel electro-
phoretograms of reduced purified rabbit skeletal muscle
actin (left) and purified CMLactin (right).

tivities, respectively) and of Mg+-ATPase activity in 0.02
MKCl in the presence or absence of ethylene glycol bis (f-
aminoethyl ether)-NN'-tetraacetic acid (EGTA) or CaCl2
were performed as previously described (6). Protein was
assayed by the Folin procedure (16) with bovine serum
albumin as the standard.

Dodecyl sulfate-polyacrylamide gel electrophoresis. Pro-
tein samples were dialyzed against distilled water and
lyophilized. Some proteins were reduced and alkylated with
iodoacetate (17) before dialysis. The dried proteins were
prepared for electrophoresis on 5% polyacrylamide gels
with 0.125% cross-linker according to the technique of
Fairbanks et al. (18). Electrophoretograms of whole CML
leukocytes were prepared by dissolving cells in gel sample
buffer at 37°C for 2 h and 100°C for 5 min. The gels were
stained overnight with brilliant Coomassie Blue in isopro-
panol and destained in a Hoefer apparatus (Hoefer Scien-
tific Instruments, San Francisco, Calif.) containing Bio-Rad
Rb 501-X8 20-50 mesh resin in 10% acetic acid. The relative
mobilities of the test and standard proteins, which included
rabbit skeletal muscle myosin and actin, human erythrocyte
spectrin, beef liver catalase, bovine serum albumin, Escheri-
chia coli fi-galastosidase, porcine chymotrypsinogen, and
yeast cytochrome c, were calculated as described by Weber
and Osborn (19). Gels were scanned by means of a Linear
Instruments Corporation (Irvine, Calif.) scanning device
and recorder, and absorbance at 554 nm was monitored.

Preparation of antisera and immunochemical analysis.
Purified CML leukocyte myosin, actin-binding protein, and
a fragment of myosin were emulsified with complete Fre-
und's adjuvant, and 20-40 1g of the protein was injected
subcutaneously into rabbits. Booster injections of 20-40 yg
were given weekly until precipitating antibodies were de-
tected, usually after 6-8 wk. Double diffusion was per-
formed on microscope slides containing 1% agar gel pre-

pared with a 0.25-M KCI solution containing 20 mMTris-
maleate buffer, pH 7.0. The proteins were allowed to react
in a humidified atmosphere at 250C overnight. All slides
were then washed in 0.15 M NaCl containing 15 mMso-
dium phosphate, pH 7.0, stained with 1% Amido-Schwartz
in 5% acetic acid and 50% methanol, and destained with
5% glycerol and 2% acetic acid in 5% methanol.

Studies of morphology. Proteins were negatively stained
on grids with uranyl acetate. Intact CML cells, gelatinous
precipitates of CML leukocyte extracts, or gels formed
from purified CMLproteins were fixed in 2.5% glutaralde-
hyde and 0.1 M sodium cacodylate at 250C, postfixed with
Dalton's chrome osmium and 1% uranyl acetate, dehydrated
with acetone, and embedded in Epon-Araldite. Thin sections
were stained with lead citrate. Grids were examined and
photographed in a Phillips 300 electron microscope (Am-
sterdam, Netherlands) with accelerating voltage of 60 kV.

Turbidometry. The turbidity of extract supernates or of
purified proteins was assayed spectrophotometrically at 350
nm in 0.5-ml quartz cuvettes (6). The temperature of the
solutions was maintained by a water-jacket carrier in the
Gilford Instruments Laboratories, Inc. (Oberlin, Ohio)
spectrophotometer.

Materials. Crystalline bovine serum albumin was pur-
chased from Armour (Armour Industrial Chemical Co., Chi-
cago, Ill.), catalase was from Worthington (Worthington
Biochemical Corp., Freehold, N. J.), dithiothreitol, diso-
dium ATP, and p-galactosidase were from Sigma (Sigma
Chemical Co., St. Louis, Mo.). Human erythrocyte spectrin
and goat antihuman spectrin IgG were generously provided
by Samuel E. Lux, M.D., Children's Hospital Medical Cen-
ter, Boston, Mass.

RESULTS

The contractile proteins of CML leukocytes. (a)
CMLactin. A polypeptide that co-migrated with rabbit
skeletal muscle actin comprised 1 t% of the reduced,
denatured, stainable protein in the extract supernate as
determined by quantitative densitometry after electro-
phoresis with polyacrylamide gels. The densitometric
estimates are only approximate since the relative stain-
ing intensities of all CML proteins is unknown and
other proteins may contribute to the "actin" band. 0.24-
0.48 mg of pure actin was recovered from each gram
of homogenate protein.

Purified CMLactin in dodecyl sulfate yielded a band
that comprised 80% of the stainable protein on poly-
acrylamide gels and that co-migrated with the major
band in reduced and denatured skeletal muscle actin
(Fig. 1). A band comprising 15% of the stainable pro-
tein of heavily loaded gels containing the CML actin
and corresponding to a mol wt of 80,000 was observed
on gels prepared with both skeletal muscle and CML
actin and presumably represented actin dimers.

Purified CML F-actin increased the Mg2+-ATPase
activity of rabbit skeletal muscle myosin by 10-fold
(Fig. 2). The Mg2+-ATPase activity of muscle myosin
activated by macrophage actin was not influenced by 1
mMEGTA or by 0.2 mMCaCl2 under the conditions
of the present study.
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FIGURE 2 (Top) Effect of purified CMLactin on Mg2+-ATPase activity of 0.12 mg of rabbit
skeletal muscle myosin in 0.5 ml of 20 mMKCl, 10 mMTris-maleate solution, pH 7.0. The
Mge-ATPase activity of the muscle myosin in the absence of added actin (15 nmol Pi/min
per mg myosin protein) has been subtracted from the indicated activities. (Bottom) Effect of
rabbit skeletal muscle actin concentrations on the Mg2+-ATPase activity of 0.09 mg of purified
CML myosin in 0.5 ml of 20 mMKCl, 10 mMTris-maleate solution, pH 7.0. The Mg'+-
ATPase activity of the CMLmyosin in the absence of added actin (0.1 nmol Pi/min per mg
myosin protein) has been subtracted from the indicated activities.

(b) CML myosin. K+- and EDTA-activated ATP-
ase activity was present in extract supernates. The
majority of the enzyme activity was found in a 20-50%
saturated ammonium sulfate fraction. Little purification
of the enzyme activity was achieved by ammonium sul-
fate precipitation, but the protein could be stored at
4°C without loss of activity at this step. The enzyme
activity eluted from agarose columns equilibrated with
KCl and KI-KCl solutions with a partition coeffi-
cient of 0.19±0.05 (mean+SD) which was repro-
ducibly greater than the partition coefficient of rabbit

skeletal myosin (0.18). This fraction was called "CML
myosin." When the extract supernate was allowed
to remain overnight at 40C before further puri-
fication, K+- and EDTA-activated ATPase activity
eluted with a partition coefficient of 0.63. This material
was designated "CML myosin fragment." Myosin from
CML extracts, processed rapidly to the point of frac-
tionation with ammonium sulfate, did not undergo such
complete fragmentation.

The yield of CML myosin ranged from 0.16 to 0.48
mg/g of homogenate protein during three isolations,
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and an average of 80% of the total K+- and EDTA-
activated ATPase in the extract supernate was recov-
ered. 0.36 mg of myosin fragment was recovered per
gram of homogenate protein or 54% of the total K+-
and EDTA-activated ATPase activity of the extract
supernate.

Purity and subunit composition of purified CMLmyo-
sin were assessed by electrophoresis on 5% polyacryla-
mide gels in the presence of sodium dodecyl sulfate.
The CML myosin contained a major band of mol wt
175,000 (Fig. 3). Two other bands had mol wt of 18,000
and 15,000, respectively. Electrophoretograms of the ex-
tract supernate contained heavy polypeptides that were
larger than the heavy subunit of the purified CMLmy-
osin but were slightly smaller than the heavy chain of
rabbit skeletal muscle myosin. This suggested that the
CML myosin heavy chain was progressively degraded
during isolation. CMLmyosin formed filaments in 0.1 M
KCl that had a fibrous shaft and numerous projections
(Fig. 3). Some of the CMLmyosin filaments were 240
nm long and clearly bipolar, but most were of variable
length. The shafts were 8-14 nm wide.

Like other myosins, CML myosin and CMLmyosin
fragment had ATPase activity that was activated by
EDTA or Ca2" in the presence of 0.6 M KCl (125±7

and 151±10 nmol Pi released/mg protein per min at
370C, respectively; mean+SD for three preparations).
Rabbit skeletal muscle actin increased the negligible
Mg2+-ATPase activity of CML myosin at low ionic
strength (Fig. 2), but, compared to actin-activated
skeletal muscle myosin, the specific ATPase activity
was low.

CML actin-binding protein. CML leukocyte had a
polypeptide which migrated on dodecyl sulfate gels
more slowly than skeletal muscle myosin heavy chain
and constituted 1.0% of the total stainable protein.
This protein was purified from CML leukocyte extracts
(Fig. 4). The protein eluted in the void volume of aga-
rose columns equilibrated with KI-KCl solutions and
also in the included volume with a partition coefficient of
0.31. The yield of the protein averaged 0.35 mg/g of
homogenate. During electrophoresis in dodecyl sulfate
on 5% polyacrylamide gels, the protein obtained from
both column elution positions migrated as a single
major band (Fig. 4). In some preparations this band
co-migrated with the lighter band of the doublet com-
prising human erythrocyte spectrin, but in most prepa-
rations its migration was slower than either of the
spectrin subunits. The high molecular weight protein
precipitated in 5 mMCaC12 and had no detectable K+-
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FIGuRE 4 Dodecyl sulfate 5% polyacrylamide gel electro-
phoretograms of two preparations of CML actin-binding
protein eluted from a KI-KCl agarose column. The band
below the major polypeptide component of the gel on the
right is the heavy chain of CMLmyosin.

and EDTA-activated ATPase activity. On the basis of
its similarities to a previously described "actin-binding
protein" of rabbit alveolar macrophages (20, 21), this
protein was designated "CML actin-binding protein."

Antibodies to CMLmyosin, actin-binding protein, and
erythrocyte spectrin (Fig. 5). Antiserum to CMLmy-
osin yielded a major and several minor pre'cipitin bands
during double diffusion on agar gels. Several precipitin
lines between myosin and antimyosin wells have been
noted previously in some studies employing muscle myo-

.. A A

A

11 IP I ...ii:.-,
FIGURE 5 Reaction of rabbit antisera against CML leuko-
cyte contractile proteins and of goat antihuman erythrocyte
spectrin IgG with CMLleukocyte proteins and with human
erythrocyte spectrin. Antisera: 1) rabbit antiserum against
CML myosin: 2) rabbit antiserum against CML myosin
fragment; 3) rabbit antiserum against CML actin-binding
protein; 4) goat IgG against human erythrocyte spectrin;
antigens: A, CMLactin-binding protein; M, two separately
purified CMLmyosin preparations; S, purified human eryth-
rocyte spectrin.

FIGuRE 6 Reversible gelation and final contraction of
warmed CML leukocyte supernatant extracts in sucrose
solution. A, CML leukocyte extract supernate gelled by
warming to 25°C for 45 min; B, previously gelled CML
supernate which partially liquified after cooling for 120 min
at 0°C; C, final contraction of a gel into an aggregate in a
cuvette.

sin (22). Antiserum against the myosin fragment re-
acted with the native CML myosin. Neither antiserum
against CMLmyosin nor against the myosin fragment
reacted with CMLactin-binding protein or with eryth-
rocyte spectrin. CML actin-binding protein antiserum
formed heavy and light precipitin lines with CMLactin-
binding protein and did not react with erythrocyte spec-
trin or against CML myosin. Goat antihuman erythro-
cyte spectrin IgG yielded a single precipitin line with
erythrocyte spectrin and did not react with CMLactin-
binding protein or with CML myosin.

Behavior of extract supernates of CML cells. Ex-
tracts of CML cells, in 0.34 M sucrose containing
5 mM dithiothreitol, 1 mM ATP, 1 mM EDTA,
and 20 mMTris-maleate buffer, pH 7.0 (sucrose solu-
tion), gelled when warmed from 40 to 25°C (Fig. 6).
A semiquantitative measurement of the gelation was
achieved by visually determining the time required for

4w
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Cf0.005

20 40 60
TIME (min)

FIGURE 7 Effect of warming on the turbidity (absorbance
at 350 nm) of a CMLleukocyte extract supernate in sucrose
solution. At zero time, the extract was removed from an
icebath and incubated at 25°C. The temperature of water
circulating through the cuvette holder was lowered to 0°C
at the time indicated by the arrow.
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FiGuRE 8 Effect of MgCl, on the temperature-dependent
changes in turbidity of a CML leukocyte extract supernate
in the presence of EGTA. At zero time, the ice-cold super-
nates containing 1 mMEDTA and 3 mMEGTA, with
or without added MgCl2 (5 mM), were incubated at 250C.
The abrupt decrease in absorbance was associated with final
contraction of the gel. The turbidity of the solutions was
adjusted to zero with the slit at zero time. Negative read-
ings represent a decrease in turbidity below this initial
value.

the supernatant extract to become immobile when tilted
back and forth in a tube. Viscometry was not suitable
for quantifying gelation since the gel was disrupted into
chunks during manipulation. Since the turbidity of ex-
tract supernates increased during gelation, the reaction
was monitored spectrophotometrically (Fig. 7). Dur-
ing a 4- to 6-h period the gel contracted away from
the sides of the container and shrunk into the center,
finally forming a compact aggregate, which floated in
liquid which was squeezed out of the gel (Fig. 6). Thus,
the optical density of the extract supernate diminished
as the gel in the cuvette aggregated. This decrease in
turbidity was used to mark the onset of aggregation
which we called "final contraction." If the gelled ex-
tracts were cooled before final contraction, the tur-
bidity decreased (Fig. 7), and the gels liquified (Fig.
6). Extracts liquified by cooling, gelled again when
warmed a second time. The total protein of a completely
reliquified extract was not diminished by ultracentrifu-
gation at 80,000 g for 3 h, and no filaments were seen
in the electron microscope.

Addition of 4 mMMgCl2 to the extract supernate in-
creased the gelation rate and hastened the onset of final
contraction (Fig. 8). Gelation and final contraction of
extracts containing 1 mMEDTA-5 mMMgCI2 were
equivalent in the absence or presence of 3 mMEGTA.

Protein composition of extract supernatant gel and
contracted aggregates. Actin and actin-binding protein
as well as other proteins were components of gelled ex-

tract supernates. Centrifugation of gelled extracts early
in their formation provided a first step in the isolation
of actin and actin-binding protein. With time, myosin
was incorporated into the supernatant gels, and, when
contraction was completed, it comprised a major frac-
tion of the total protein as determined by polyacrylamide
gel electrophoresis with dodecyl sulfate. Whereas early
actin gels contained more actin-binding protein than
myosin, the reverse was found for the contracted aggre-
gates (Fig. 9).

Behavior of purified CMLproteins. The sequence of
incorporation of proteins into the supernatant gels sug-
gested that actin-binding protein and actin were involved
in gelation, and that myosin was involved in contrac-
tion. To verify the role of the major peptides found in
the gelatinous precipitate of the extract supernate, puri-
fied CML myosin, CML actin-binding protein, and
either CML G-actin or rabbit skeletal muscle G-actin
were mixed in various combinations. The protein con-
centrations of the individual contractile proteins were
kept constant in each of the studies. During the warm-
ing of the rabbit skeletal muscle G-actin, or CMLactin-
binding protein, or a combination of rabbit skeletal
muscle actin and CMLmyosin at a molar ratio of 33: 1
in the sucrose solution, the turbidity of various solutions
increased slightly, but gelation did not occur (Fig. 10).
The addition of either rabbit skeletal muscle actin or
CMLG-actin to CMLactin-binding protein at a molar
ratio of 13: 1 or 40:1, respectively resulted in a gel.
The combination of the muscle G-actin and CMLactin-
binding protein increased the turbidity of the mixture
beyond that observed for the actin-binding protein alone.

N2--

FIGURE 9 Dodecyl sulfate 5%o polyacrylamide gel electro-
phoretograms of (left) CML extract gel collected by cen-
trifugation at 24,000 g for 15 min after the extract was incu-
bated at 250C for 60 min; (right) contracted aggregate
from a CML leukocyte supernate. Polypeptides correspond-
ing to actin-binding protein, myosin heavy chain, and actin
are indicated by numbers 1-3, respectively.
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FIGURE 10 Effect of warming on the turbidity, consistency and movement of various com-
binations of purified CML actin-binding protein, CML myosin, and rabbit skeletal muscle G-
actin in sucrose solution. The proteins were dialyzed into sucrose solution and their concen-
trations determined. At zero time, the ice-cold proteins were incubated at 250C in 0.3 ml of
sucrose solution. The protein concentrations were: actin, 0.83 mg/ml, actin-binding protein,
0.33 mg/ml, and myosin, 0.29 mg/ml. Gelation (solidification of the solution) and/or final con-
traction (aggregation of the gel) occurred where indicated.

Contraction did not occur (Fig. 10). A combination of
either muscle actin or CML actin with CML myosin
and CML actin-binding protein also gelled during
warming, and greater increases in turbidity occurred
than with any of the other combinations. When CML
actin or skeletal muscle actin, CMLmyosin, and CML
actin-binding protein were allowed to stand overnight,
final contraction occurred.

The turbidity acquired by CML actin-binding pro-
tein in sucrose solution during warming was reversed by
cooling. This reversibility was not observed with rabbit
skeletal muscle F-actin.

Behavior of the extract supernate and purified CML
leukocyte proteins in the presence of antisera. Pre-
incubation of the extract supernate with nonimmune
rabbit serum in the cold for 10 min had no effect on the
turbidity of extract supernatants. But with warming
from 00 to 250C, the turbidity increased more rap-

idly and the rate of gelation and final contraction
was more rapid than seen in the extract supernate

without added serum (Fig. 11). When the extract
supernate was incubated at 0C with rabbit serum con-

taining antibodies against CMLmyosin and warmed to

25° C, the increase in turbidity was less than that of
the extract supernate containing nonimmune rabbit
serum. Gelation occurred, but the onset of final contrac-

tion was delayed and its extent diminished. Anti-CML
myosin antiserum also decreased the amount of turbidity
resulting from warming a mixture of purified CML
actin, CML myosin, and CML actin-binding protein.
The very gradual final contraction of the gel which
ensued in this mixture in the presence of nonimmune
rabbit serum did not occur in the presence of the anti-

CML myosin antiserum (Fig. 12). Incubation of the
rabbit serum containing antibody against CML actin-
binding protein with the extract supernate inhibited
completely both the rise in turbidity and gelation during
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FIGURE 11 Effect of nonimmune rabbit serum or rabbit
antiserum to CML myosin or CML actin-binding protein
on the turbidity of a CML leukocyte extract. 6 vol of the
extract supernate was incubated with 1 vol of the respective
rabbit sera at 0C for 10 min. At zero times indicated, the
supernates were incubated at 250C. The abrupt decrease in
absorption was associated with final contraction of the gel.
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FIGURE 12 Effect of nonimmune rabbit serum and rabbit antiserum to CML myosin on the
turbidity, gelation (solidification), and contraction (aggregation) of a mixture of CML actin,
actin-binding protein, and myosin. The purified proteins were incubated in 0.4 ml of sucrose

solution with 0.15 ml of the indicated sera for 10 min at 0C. At zero time the ice-cold proteins
were incubated at 250C. The protein concentrations were: CMLactin-binding protein, 0.3 mg/
ml, CMLG-actin, 0.8 mg/ml, and CMLmyosin, 0.3 mg/ml.

warming. The effect of anti-CML actin-binding protein
antiserum on purified proteins was not studied.

Morphology of CML cells, extracts, and purified pro-

teins. The morphology of glutaraldehyde fixed CMLex-

tract gels in thin sections was similar in appearance to
the thin sections of intact CMLleukocytes. Both contained
randomly oriented filaments measuring 6-8 nm in di-
ameter (Fig. 13). When thin sections were made of a

contracting aggregate formed from purified CMLactin,
CMLmyosin, and CMLactin-binding protein, and ex-

amined in the electron microscope, filaments of a simi-
lar diameter to those found in the extract supernate
were also seen (Fig. 13).

CML extracts or else a mixture of purified CML
actin, CML myosin, and CML actin-binding protein
were allowed to gel for 200 min at 250C and collected
by low-speed centrifugation. The gelatinous pellets were

gently disrupted at 250C with 100 vol of 0.1 M KCl, 20

mMTris-maleate, pH 7.0, in a Dounce homogenizer,
and samples were negatively stained and examined in
the electron microscope (Fig. 14). The over-all appear-

ance in both cases was that of tangled filaments. The
morphology of the filaments was most clearly seen in the
purified preparations where the filaments had less asso-

ciated debris than in the crude extract aggregates. In-
dividual filaments 5-7 nm in diameter were often paired.
Distinct myosin filaments were not discernible.

DISCUSSION

The contractile proteins of CML and other granulo-
cytes (a) Actin. Histochemical techniques have identi-
fied 6-8-nm filaments of normal human and horse neu-

trophils as F-actin (7, 8). Neutrophils rendered per-

meable to the muscle myosin fragment, heavy mero-

mysin, have randomly oriented straight filaments with
characteristic arrowheads. Purified CML and horse
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FIGURE 13 Ultrastructure of thin sections of (left) intact CML leukocytes, the arrow indi-
cates a representative thin filament. (Middle) CML leukocyte extract supernate gelled at 250C.
and (right) a gel formed from purified CML actin, CML myosin, and CML actin-binding
protein at 250C. Original magnifications: left, X 38,000; middle, X 127,000; right, X 127,000.
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FIGURE 14 Morphology of negatively stained (left) gelled CML leukocyte supernate; (middle)
gel of purified CMLactin plus CMLactin-binding protein; (right) gel of purified CML actin

plus CML actin-binding protein plus CML myosin in 0.1 M KCL Representative examples of

parallel filaments are indicated by arrows. Original magnifications: left, X 82,000; middle,
X 130,000; right, X 127,000.

leukocyte actins resemble skeletal muscle actin by their
morphology, ability to polymerize in KCl, and, in the
polymerized state, to activate skeletal muscle myosin
Mg2e-ATPase activity (8).

(b) Myosin. Like other vertebrate myosins, guinea
pig neutrophil, horse leukocyte, and CMLmyosin form
thick filaments in 0.1 MKCl, and have K+- and EDTA-
activated and K+- and Ca+-activated ATPase activities
(4, 6). The subunit structure of CML and guinea pig
neutrophil myosins consists of heavy chains and two
sets of light chains (6).

The purified CML myosin had a lower apparent
Stokes radius and a lower heavy-chain molecular weight
than rabbit skeletal muscle and guinea pig neutrophil
myosins. Although CMLmyosin may be a smaller mole-
cule than the other myosins, the finding that the heavy
chain band was heavier in extract supernates than in
the purified protein suggests that CML myosin was
degraded variably during purification, and such degra-
dation may account for the low yields of myosin ob-
tained. When the extract supernate was allowed to
stand overnight at 40C, K+- and EDTA-activated ATP-
ase activity eluted much later from the agarose columns
than usual. The myosin fragment had enzymatic activi-
ties characteristic of CML myosin but, like enzymati-
cally active skeletal muscle fragments, it was soluble in
low ionic strength buffer, pH 7.0 (23). Human neutro-
phils, including CML neutrophils, contain neutral pro-
teases, which are not inhibited by EDTA and which
digest various proteins (24). The neutral proteases re-
leased from lysosomes of the leukocytes during homoge-
nization were probably responsible for removing part
of the rod portion of the CMLmyosin molecule. Human
platelet myosin is also purified, in part, in a degraded
state (25, 26).

One of the proteins associated with actin undergoing
gelation in crude CML extracts was a high molecular
weight molecule which resembled an actin-binding pro-
tein isolated from rabbit alveolar macrophages with
respect to electrophoretic mobility on polyacrylamide
gels in dodecyl sulfate, elution profile from agarose col-
umns, insolubility in 5 mM CaChi solution, and its
binding to actin at physiologic pH and ionic strength
(20, 21, 27). Like purified rabbit alveolar macrophage
actin-binding protein, it either co-migrated during elec-
trophoresis with dodecyl sulfate with the lighter poly-
peptide of the doublet comprising purified human eryth-
rocyte spectrin (20, 28) or else with a slower mobility
than either spectrin subunit (21). Again, proteolysis
may account for these variations. In light of its simi-
larities to macrophage actin-binding protein, we have
designated the CML protein a CML actin-binding
protein.

It is of interest to compare spectrin with the high
molecular weight actin-binding protein of CML leuko-
cytes since (a) spectrin is also a high molecular weight
protein; (b) CMLactin-binding protein is water soluble
and, like rabbit erythrocyte spectrin, chromatographs
on agarose columns in at least two states of aggregation
and with the same elution volumes (20); and (c) spec-
trin is associated with actin in the erythrocyte (29). A
protein with a subunit composition resembling that of
spectrin has been identified in association with actin
in echinoderm sperm (30). However, in contrast to
erythrocyte spectrin, the CML actin-binding protein
yielded a single band after polyacrylamide gel electro-
phoresis in dodecyl sulfate rather than the two asso-
ciated with spectrin and the echinoderm sperm protein.
Immunochemical analysis revealed that antisera to CML
actin-binding protein, myosin, and human erythrocyte
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spectrin only reacted against their respective antigens. purified actin-binding protein and actin gels, consistent
Antibodies against human erythrocyte spectrin failed to with the idea that myosin is responsible for contraction.
react with proteins in homogenates of a variety of Control of CMLprotein interactions and relevance to
human cells (31). All of these observations indicate leukocyte movement. Calcium ion controls the Mg2+-
that although myosin, actin-binding proteins, and spec- ATPase and force-generating activity of muscle myosins
trins may have certain similarities, they are distinct in the presence of F-actin by its interaction with regu-
proteins. latory subunits of myosin, with actin-associated control

Gelation and contraction of CMLextracts and purified proteins, the troponins, and tropomyosin, or, in some
proteins. Ice-cold sucrose extracts of Acanthamoeba, cases, with regulatory polypeptides associated with
rabbit alveolar macrophages, CML leukocytes, and both myosin and actin (36). Although troponins or tro-
glycerol extracts of sea urchin eggs when warmed, pomyosin have not yet been isolated from any leuko-
undergo consistency changes which are due to gelation cytes, Shibata et al. reported that calcium-dependent
of actin associated with other proteins (21, 32, 33, 34). turbidity changes were demonstrable in crude actomyo-
The extract gels of CML leukocytes are composed of sin preparations from mixed equine leukocytes (4), and
interdigitating thin filaments resembling the periphery Hsu and Becker observed calcium-dependent as well as
of intact cells. The extract gels contain actin as a calcium-independent shape changes in glycerinated rab-
major component. Among other proteins is the new bit neutrophils (34). Neither the gelation or contraction
polypeptide which has been purified from rabbit alveolar of crude CMLextracts in our studies were inhibited by
macrophages and CML leukocytes and designated an EGTA, suggesting that factors conferring calcium regu-
actin-binding protein. In rabbit alveolar macrophages lation were not present in these extracts. Whether cal-
and CML leukocytes, purified actin-binding protein cium indeed regulates contractile activity in CML leu-
causes actin to gel in warmed sucrose solutions sug- kocytes, and the factors conferring calcium regulation
gesting that the actin-binding protein is responsible for were lost or inactivated remain to be determined. How-
promoting the gelation of actin under these conditions. ever, there is evidence that novel mechanisms exist in
CML leukocyte and rabbit alveolar macrophage actin- certain cells which influence the Mg'+-ATPase activity
binding proteins aggregate when warmed and disaggre- of actomyosin, the enzymatic activity which is relevant
gate in the cold. CML leukocyte and rabbit alveolar for contractile activity. In Acanthamoeba (37) and in
macrophage-supernatant extract gels liquify when cold, rabbit macrophages (27), proteins called cofactors are
and no F-actin is detectable in the liquified extracts by required for activation of myosin Mg'+-ATPase activity
electron microscopy or sedimentation analysis. An in- by actin. In platelets, a protein kinase concomitantly
terpretation of these findings is that warming of the phosphorylates a myosin light subunit and activates the
actin-binding protein causes it to initiate polymerization Mg'-ATPase of platelet actomyosin (38). The rate of
and cross-linking of actin in a manner that is reversed contraction of rabbitmacrophageactin plus actin-binding
by cooling. protein gels is accelerated by rabbit macrophage co-

Warmed crude sucrose extracts of Acanthamoeba, factor (21). The findings suggest that the activating
rabbit macrophage, and CML leukocytes containing effect of the cofactor on myosin enzymatic activity is
Mg2+-ATP contract after gelation (21, 32). Rabbit expressed mechanically as well. We have no evidence
alveolar macrophage and CMLleukocyte myosin in the yet that a similar cofactor is operative in CML leuko-
presence of Mg'-ATP generate contractions of their cytes. However, one interpretation of the feeble activa-
respective actin-binding protein-actin gels. The con- tion of CMLmyosin Mg'-ATPase activity by actin and
traction is different from the superprecipitation or con- of the discrepancy in contraction rates between crude
traction of skeletal muscle actomyosin described long CML leukocyte extracts and mixtures of purified CML
ago (35) only with respect to the state of the starting proteins is that a cofactor is missing from the recon-
material: a solid actin plus actin-binding protein gel stituted systems.
rather than a thixotropic actomyosin gel. The results of Actin in skeletal muscle always exists in a poly-
experiments with antisera against CML leukocyte pro- merized state. Actin filaments activate myosin, and
teins provide further evidence for the formulations just the activated myosin transduces the energy in ATP
summarized. Antiserum against CML leukocyte actin- into mechanical force, which causes actin filaments
binding protein but not antiserum against CMLmyosin to slide concomitant with the hydrolysis of ATP
inhibits gelation of CML leukocyte extracts confirming (39). However, in neutrophils reversible pseudopod
the hypothesis that actin-binding protein is required for formation may be associated with the assembly of local-
gelation of CML leukocyte actin. Antiserum against ized filament networks, since neutrophil pseudopodia are
CML leukocyte myosin has not effect on gelation but filled with these filaments (40). The extension and re-
partially curtails the contraction of extract gels and traction of pseudopodia in neutrophils could be explained
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in part by reversible assembly and contraction of gelled
actin filaments. Polymerization of cytoplasmic actin has
been suggested to account for extension of the acro-
somal process of echinoderm and arthropod sperm (41,
42). The neutrophils of an infant, who had recurrent
bacterial infections were markedly deficient in locomo-
tion and ingestion, and the regulation of their granule
secretion was defective. Actin in extracts of these cells
polymerized incompletely relative to actin in extracts
from normal neutrophils (7). The impaired actin poly-
merization was invoked to explain the defects in loco-
motion and ingestion. Accelerated degranulation both
into the extracellular medium and into phagosomes was
hypothesized to result from the failure of actin filament
barriers to form which normally prevent uncontrolled
granule fusion with plasma membranes and with phago-
somes. The findings were consistent with the idea that
reversible polymerization of actin in neutrophils is in-
volved in several aspects of neutrophil behavior. The
discovery of an agent, actin-binding protein, that con-
trols the reversible temperature-dependent formation of
actin gels resembling the morphology of cytoplasm in
vivo and which are contracted by myosin may provide
some rudimentary insight into the mechanism of neu-
trophil filament assembly, and movement.
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