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Purification and Characterization of anj, Isoform of CapZ from Human
Erythrocytes: Cytosolic Location and Inability To Bind to KgGhosts Suggest
That Erythrocyte Actin Filaments Are Capped by Adducin
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ABSTRACT. CapZ (“capping protein”) is a heterodimeric actin capping protein that blocks actin filament
assembly and disassembly at the fast growing (barbed) filament ends and is proposed to function in
regulating actin filament dynamics as well as in stabilizing actin filament lengths in muscle and nonmuscle
cells. We show here that erythrocytes contain a nonmuscle isoform of capZ (EcapZ) that is present
exclusively in the cytosol and is not associated with the short actin filaments in the erythrocyte membrane
skeleton. This is unlike other cell types where capZ is associated with cytoskeletal actin filaments and
suggests that cytosolic EcapZ may be inactive, or alternatively, that the barbed ends are capped by adducin,
a membrane skeleton protein that was shown recently to cap actin filament barbéud dtrddKuhlman,

P. A., Hughes, C. A,, Bennett, V., & Fowler, V. M. (1998) Biol. Chem. 2717986]. To distinguish
between these possibilities, we purified EcapZ from erythrocyte cytosol and characterized its biochemical
and functional properties. Two-dimensional gel electrophoresis and western blotting reveals the EcapZ
subunit composition to be;3,, as described for capZ from many other nonmuscle cells, with no evidence

for posttranslational modifications. Purified EcapZ is fully functional in blocking actin elongation from
barbed filament end¥¢a,~1—5 nM) as well as in nucleating actin polymerization. Furthermore, cytosolic
EcapZ binds to actin filament barbed ends, indicating that sequestering of EcapZ by a cytosolic inhibitory
factor or insufficient amounts of EcapZ in cytosol also cannot account for its absence from the membrane
skeleton. To test directly whether the barbed ends of the erythrocyte actin filaments were already capped,
we measured binding of purified EcapZ to isolated membranes. Purified EcapZ does not cosediment
with membranes prepared by hypotonic lysis in the presence of magnesium, suggesting that the barbed
ends of the erythrocyte actin filaments are capped under these conditions but not by EcapZ. In contrast,
purified EcapZ stoichiometrically reassociates with all the actin filament barbed ends in membranes prepared
by hypotonic lysis in 5 mM sodium phosphate, pH 8.0 (5P8), conditions in which the barbed filament
ends were previously reported to be uncapped. Comparison of the amounts of adducin associated with
membranes prepared in the presence and absence of magnesium reveals 886 & the adducin
dissociates from the membrane during hemolysis and washing in 5P8 buffer, suggesting that the barbed
ends become artifactually uncapped due to loss of adducin. The erythrocyte actin filaments may thus
represent a specialized class of membrane-associated actin flaments that are capped by adducin instead
of capZ.

The ability to control the exchange of actin monomers is the human erythrocyte membrane skeleton, where short
from the fast-growing (barbed) and slow-growing (pointed) actin filaments (33+ 5 nm) @) are cross-linked by long,
ends of actin filaments is one means by which cells regulate flexible spectrin molecules into a quasihexagonal network
actin filament lengths and control the formation of specialized attached to the cytoplasmic surface of the plasma membrane.
actin filament networks that are tailored for specific physi- The organization and connectivity of this spectractin
ological functions {, 2). Actin filament networks range from  network is thought to be an important determinant of the
the semicrystalline packing of long actin filaments into mechanical properties of the erythrocifteizo (4). In these
parallel bundles in microvilli to the antiparallel arrays of long  gpecialized cells, unlike other nonmuscle cells, all of the short
actin filaments observed in nonmuscle stress fibers and in o filaments in the spectrin membrane skeleton are closely

_stnateq muscle sarcomeres.to the more Ioosgly pac.ked’associated with the plasma membrane, and none extend into
isotropic networks of shorter filaments in the cortical region the cytoplasm

of the cell. A particularly well-studied example of the latter N _ - . -
The ability to isolate large quantities of highly purified
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likely to be capped in order to prevent monomer association membranes, suggesting that adducin may indeed cap the
and dissociation and redistribution of filament lengths (for barbed ends of the erythrocyte actin filaments in intact
a more extensive discussion see rgéfand6). The actin erythrocytes. Previous reports that the barbed filament ends
filament pointed end capping protein in erythrocytes is well- in ghosts were not cappedi—14, 22) can presumably be
established to be tropomoduli@)( Tropomodulin is also  explained by the use of adducin-depleted membranes in these
associated with the pointed (free) ends of thin filaments in experiments. The inability of the higher affinity capper,
striated muscle, where it functioms »izo to maintain thin EcapZz, to compete with the apparently lower affinity capper,
filament length 8; for a review, see reb). The identity of adducin, for the barbed ends of the erythrocyte actin filaments
the actin filament barbed end capping protein in erythrocytes is likely to be due to unidentified factors in the erythrocyte

is less certain. Recently, we have identified a novel barbed membrane skeleton that increase the affinity of adducin for
end capping activity associated with purified addud@p (  actin filament barbed ends. We speculate that the barbed
an erythrocyte membrane skeleton protein that promotesends of the erythrocyte actin filaments might represent a
spectrin binding to actin (for a review, see i€). However, specialized class of membrane-associated actin filaments that
a puzzle is that several previous studies have reported thatre capped by adducin rather than by capZ or gelsolin.

the pointed buhotthe barbed ends of the erythrocyte actin

filaments are capped.{, 12, for a review, see re5), while EXPERIMENTAL PROCEDURES

other studies have reported that both ends of the erythrocyte
actin filaments are uncapped3 14).

Interestingly, both tropomodulin and adducin are unusual
in comparison to other previously identfied actin filament

capping_proteins. qu .examp'.e’ tropomodlulin requirgs tro- sybunit isoforms, as well as a monoclonal antibody specific
pomyosin for h|gh-aff|n!ty capping of actin fllamgnt pomte_d for the 82 subunit present in non-muscle isoforms of capZ
fends Keap~ 1 n]Ic\_/II) and is a relatively weak capping quteln (23). We also obtained this monoclonal antibody (mAb3F.2)
or pure actin filamentsKeap ~ 0.1-0.4 uM) (7). This 1 the Hybridoma Bank at the University of lowa. Rabbit

tropomyosin _requiremen_t may explain the presence of ntibodies to erythrocyte tropomodulin and tropomyosin were
uncapped pointed ends in erythrocyte membranes isolate s described?d, 25). Rabbit antibodies to the subunit of

under conditions that result in tropomyosin dissociation from human erythrocyte adducin were a gift from Dr. Vann

the mimbrane sKeIe;tonl (e.43, |14;, folr morekdiscussion Bennett, Howard Hughes Medical Institute, Durham, NC,
see ref3). Ao_lduc_lr;] IS as? alre atively weak barbed end 514 54 monoclonal antibody to actin (C4) was a gift from
capping protein with &cap0f only ~100 nM @), in contrast Dr. John Lessard, University of Cincinnati, Cincinnati, OH.

to barbed end capping proteins such as gelsolin or capZ (also o .
referred to as “capping protein”), which have picomolar and . Determination of Relatie Amounts of Erythrocyte CapZ

nanomolar affinities for barbed filament ends, respectively In membranes an_d Iqt/t(()jsfoISmfa!lquﬁnt;t]ies ;’If Quman
(1, 2). Furthermore, adducin is also unlike typical barbed erythrocytes were isolated from ML otireshly drawn

. N . ; . blood by sedimentation atythrough four volumes of 0.75%
end capping proteins in that it can bind along the sides of . X
actin filaments and bundle them; this side-binding activity (w/v) dextran T-500 (Pharmacia) at@ (26) in phosphate-

is required for its barbed end capping activi®).( A further buffered saline (PBS) (10 mM sodium phosphate pH 7.5,

difference from other barbed end capping proteins is that _and 150 mM NaCl). The cells were then washed three times

adducin binds calmodulin1g); calcium and calmodulin in 10 volumes of PBS by centrifugation_for 5 min at 1900
down regulate adducin’s barbed end capping acti@jyas (4 °C), resuspended to a 20% suspension (v/v) with respect

well as adducin’s ability to bundle actin filaments and to g)tfhe pﬁckedl ce_II pellf:t,b?nd store(z onf|ce fof: udp t°“5 days.
promote spectrirractin interactions16, 17). elore Nemolysis, surtable amounts of washed cells were

, first sedimented at 15@0and the supernatant was aspirated
In this study, we report that mature erythrocytes also ff o prepare a packed cell pellet. In experiments to
contain abundant quantities of a nonmuscle isofowfd)  getermine the relative amounts of EcapZ or other components
of capZ, which has recently emerged as a major cappingi, the cytosol or on the membrane (e.g., Figure 1), packed
protein in platelets, neutrophils, and other nonmuscle cells g5 were lysed by addition of 10 volumes of ice-cold
(2, 18—-21). Surprisingly, in spite of the high affinity of hypotonic lysis buffer (7.5 mM sodium phosphate, pH 7.4,

erythrocyte capZ (EcapZ)or actin filament barbed ends 5"\ MgCl, 1 mM EGTA, and 1 mM DTT) 27) or by
(Keap ~ 1—5 nM), the EcapZ is all in the cytosol and is not 4qgition of 10 volumes of ice-cold saponin lysis buffer with
associated with the membrane skeleton. Furthermore, puri-physiological salts [0.1 M KCI, 2 mM MgGJ 20 mM Hepes
fied EcapZ is unable to rebind to membranes that contain pH7.3,1mMMEGTA, 1 mI\/D'i'T and 2.5% (wiv) saponinj.
their full complement of adducin, while EcapZ does rebind The membranes were pelletea for 15 min at top speed
to all the actin filament barbed ends in adducin-depleted (approximately 14008) in an Eppendorf microcentrifuge (4
°C) and then washed three times with 10 volumes of the

1 Abbreviations: EcapZ, erythrocyte capZ; DMSO, dimethyl sul- Same buffer to remove cytosol.
foxide; PBS, phosphate-buffered saline; EDTA, ethylenediaminetet-  NMembranes were resuspended g the original lysis

raacetic acid; EGTA, ethylene glycol his@minoethyl etherN,N,N',N'- . - -
tetraacetic acid; SDS, sodium dodecyl sulfate: DTT, dithiothreitol; VOIUMe in lysis buffer and equivalent amounts of packed

PIPES, 1,4-piperazinediethanesulfonic acid; DEAE, diethylaminoethyl; Cells, cytosol, or membranes (corresponding to ;A.50f
PMSF, phenylmethanesulfony! fluoride; 5P8 ghosts, erythrocyte mem- packed cell-equivalents) were electrophoresed on-SDS-

branes prepared by lysis in 5 mM sodium phosphate, pH 8.%;"Mg o Ii ; ; aiin
ghosts, erythrocyte membranes prepared by lysis in 5P8 buffer 159% linear gradient polyacrylamide gels cont M urea

containing 2 mM MgG#; PIP,, phosphatidylinositol 4,5-bisphosphate; ~ With a 5% StaCkir!g gel containin2 M urea 8, 29). It _
IP3, b-myecinositol 1,4,5-trisphosphate. was necessary to include urea due to the high concentrations

Antibodies Drs. Dorothy Schafer and John Cooper
(Washington University School of Medicine, St. Louis, MO)
generously provided us with a goat polyclonal antibody to
chicken skeletal muscle capZ that recognizedoaknd 3
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of hemoglobin present in the whole cells and cytosol samples. electrophoresis on SDSL2% polyacrylamide gels using a
Gels were either stained for Coomassie blue R250 or Bio-Rad mini gel apparatu®®). To speed up detection of

transferred to nitrocellulose (O:@n; Schleicher and Schuell,
Inc., Keene, NH) fo 4 h at 100 V(cooled to 15°C) as
described 30), and then blots were stained with 0.2%

EcapZ, blots were blocked with BSA for gnll h and also
labeled fo 1 h atroom temperature with mAb3F2 to tifi
subunit of capZ, then fal h atroom temperature with rabbit

ponceau S in 3% trichloroacetic acid to detect the erythrocyte anti-mouse 1gG/IgM (1:1000; Pierce, Rockford, IL), and
membrane proteins. Strips at the appropriate molecularfinally for 1 h atroom temperature witF3-protein A, before

weight regions containing either the 32 k[Ba subunit of

detection of labele@, subunit by exposure to X-ray film.

EcapZ or various membrane skeleton proteins were excisedPeak fractions were pooled, dialyzed into buffer T at a pH

horizontally across all lanes of the blot, heated foh in
PBS at 65°C (29) and nonspecific sites were blocked by
incubation in 4% bovine serum for-24 h at room temper-
ature. Thef, subunit of EcapZ was detected by labeling
overnight at 4°C with a 1:40 dilution of the culture

of 6.0, and subjected to a final purification on a Pharmacia
Mono Q column (1 mL) with a 6400 mM NacCl linear

gradient. Under these conditions the EcapZ eluted between
190 and 210 mM NaCl and was essentially homogeneous.
The EcapZ concentration was quantitated using an extinction

supernatant of mouse monoclonal antibody mAb3F.2 to the coefficient of e;gm¥™- = 1.25 B3). Characterization of

capZf, subunit (equivalent to 18g/mL antibody), followed
by labeling for 2-4 h at 4°C in a 1:1000 dilution of rabbit
anti-mouse IgG/IgM (Pierce), and finally with 46pm/mL
129-protein A (31). Other membrane skeleton proteins (actin,

purified EcapZ by two-dimensional gel electrophoresis was
as described by O’FarrelBf) and as modified by Granger
et al. @5), using 5% polyacrylamide isoelectric focusing tube
gels in the first dimension and SB32% polyacrylamide

tropomodulin, tropomyosin, and adducin) were detected gels (pH 8.6) with a 5% stacking gel (pH 6.84j in the
using primary antibodies as described above. Antibody second dimension.

incubation solutions and washing of blots between antibody

incubations were as describe2d). Labeled polypeptides
were detected by exposure (typically-2 h) to X-ray film
at —80 °C (X-OMAT AR film; Eastman Kodak Co.,
Rochester, NY).

Purification of EcapZ. EcapZ was purified from the
cytosol of hypotonically lysed erythrocytes by a modification
of the method of Casella and Coop8@). The erythrocytes
from six units of freshly drawn blood (General Clinical

Research Center, Scripps Research Institute) were isolate

from other blood cells and plasma by addition of four
volumes of 0.2% gelatin at 25C in phosphate-buffered

saline (PBS-EDTA) (7.5 mM sodium phosphate, pH 7.5, 150

mM NacCl, and 1 mM EDTA) followed by sedimentation at

1g. Cells were washed three times in 10 volumes of PBS-

EDTA by repeated centrifugation at 15§04 °C for 5 min
followed by resuspension in PBS-EDTA, and then lysed
hypotonically with 16 L of ice-cold lysis buffer (7.5 mM
NaHPQ, pH 7.5, 1 mM EDTA, and 2 mM DTT). Proteins

To prepare crude cytosolic EcapZ, cytosol was collected
after hypotonic lysis and centrifugation of membranes and
concentrated by batchwise adsorption to a volume of DEAE-
cellulose (Whatman DE53) equivalent to approximately the
original packed cell volume. After the DEAE-cellulose was
packed into a column, and washed extensively with hemoly-
sis buffer to remove hemoglobin, bound cytosolic proteins
(including EcapZ) were eluted with 0.05 M NaCl in
(ilemolysis buffer followed by a second elution with 0.5 M

aCl in hemolysis buffer. Western blotting of cytosol and
the various column washes demonstrated that all of the
EcapZ in the cytosol was bound to DEAE-cellulose under
these conditions and was eluted by 0.5 M NaCl along with
the majority of the other cytosolic proteins (data not shown).
The 0.05 and 0.5 M NaCl column washes were dialyzed into
a large volume of EcapZ binding buffer in preparation for
the binding assays (see below).

Actin Purification, Pyrene Labeling, and Polymerization

in the lysate were absorbed to 300 mL of DEAE-Sephacel Assays.Actin was purified from an acetone powder of rabbit

resin (Pharmacia) with stirring for 30 min at°€. The
DEAE resin was allowed to settle and, following decanting
of the lysate, the resin was packed into a columnx(@0
cm) and washed whit3 L of buffer T (10 mM Tris-HCI, pH
8.0, 2 mM EDTA, 0.05% 2-mercaptoethanol, and 0.0025%
NaNs) containing 50 mM NaCl. The EcapZ was eluted from
the column by buffer T containing 150 mM NacCl, dialyzed
against a large volume of buffer T to remove salt, and
reapplied to a 30x 2.5 cm DEAE Fast-Flow column

skeletal muscle as described by Pardee and Spudigh (
To remove actin nuclei and other nucleating agents, the actin
was passed over a 100 1.6 cm Superose 6 (Pharmacia)
gel-filtration column by FPLC at 0.5 mL/min in buffer A.
The fractions containing G-actin were polymerized by the
addition of salts and tested by falling ball viscomet8y,(

38); those fractions exhibiting the highest viscosity (indicat-
ing the least contamination by nuclei) were pooled and the
protein concentration was determined by absorbance at 290

(Pharmacia). The EcapZ was eluted with a linear gradient nm, using an extinction coefficient of 26 600 #cm™. The

from 50 to 250 mM NaCl in buffer T. Fractions containing
EcapZ were identified by western blotting with mAb3F.2

monomeric actin was stored on ice for up to 1 wedk(1-
Pyrene)iodoacetamide (P-29) was obtained from Molecular

(see below), and then pooled and subjected to ammoniumProbes, Inc. (Eugene, OR), and actin was labeled by pyrene

sulfate fractionation. The 5070% pellet was resuspended
in buffer T and loaded onto a 100 1.6 cm Superose 6
gel-filtration column and eluted with buffer T at a flow rate
of 0.5 mL/min by FPLC. The major peak was pooled and
dialyzed into 20 mM MES (pH 6.0) before being loaded onto
a Pharmacia FPLC Mono S column (8 mL). The EcapZ
was eluted using a linear gradient from 0 to 300 mM NacCl,
where it eluted between 40 and 80 mM NaCl. Fractions

using the method of Kouyama and MihasBB) with the
modifications of Weber et al4Q). Pyrene-labeled actin was
separated from unincorporated label by gel filtration over a
30 x 0.5 cm Superose 6 gel-filtration column by FPLC
(Pharmacia). The pyrene-actin concentration was determined
using an extinction coefficient of 22 000 Mcm™* at 344

nm for the pyrene label and a correction factor for the actin
concentration of [Abso — (0.127Abs44)]/26 600. Pyrene-

containing EcapZ were detected by western blotting after actin was stored on ice for up to 1 week.
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Actin elongation was assayed as previously descriBgd ( Sap Osm
using the method of Casella et a&1} in which polymeri- PN Sap Osm
zation of G-actin (5% pyrene labeled) was seeded using a o Qo\\ Qe\\ N
crude low ionic strength extract of erythrocyte membranes A ST B« RS R

containing spectrirractin complexes with free barbed ends
(42). Actin nucleation was assayed by the method of
Kilimann and Isenberg4@3). Briefly, 5 uM G-actin (5%
pyrenyl actin) was first mixed with 100 nM EcapZ in buffer
A, and actin polymerization was initiated by increasing the
KCI concentration to 20 mM and the Mgconcentration to
1 mM. For assays in the presence of phosphatidylinositol
4,5-bisphosphate (PJR PIP, was added to the reaction
mixture prior to the initiation of polymerization by salts. RIP
was obtained from Sigma (P9763) and was resuspended in
10 mM Tris-HCI (pH 8.0) by sonication for 2 min with a
Microson sonicator before rapid freezing in liquid nitrogen.
The aliquots were stored at70 °C until used, thawed once,
and sonicated in a sonicating water bath for 10 min prior to
use.

EcapZ Binding Assay to Erythrocyte MembraneBo
prepare membranes for EcapZ binding assays (e.g., Figures ‘
6—9 , Table 1) packed cells prepared as described above
were hemolysed in 30 volumes of ice-cold lysis buffer [5 Ficure 1: Comparison of amounts of EcapZ associated with
mM sodium phosphate, pH 8.0, containing 1 mM dithio- membranes or in the cytosol after hypotonic or saponin hemolysis

threitol and 4Qug/mL phenylmethanesulfonyl fluoride (5Pg8 ~ Of human erythrocytegA) Coomassie blue stained gel and (B)
- . - . Western blot of whole erythrocytes (Total), cytosol (Sup) and
lysis buffer; 44)], with or without 2 mM MgCb. It was membranes (Pellet) prepared by saponin (Sap) or hypotonic lysis

critical to squirt the lysis buffer directly and rapidly onto in the presence of magnesium (Osm) as described in Experimental
the packed cell pellet while vortexing the cell pellet on a Procedures. The indicated proteins on the Western blot were

vortex mixer. After incubation of the hemolysate for 10 min identified with specific antibodies to actin, tropomyosin (TM),
ttropomodulln (Tmod), adducin, and thg subunit of EcapZ,

on ice, membranes were collected by centrifugation a followed by the appropriate secondary antibodies ®feprotein
4000@ for 10 min (4°C) and then washed 3 more times in A a5 described in Experimental Procedures. Equivalent proportions

3Q yolumes of ice-cold lysis buffer, resusper_lded to the of total erythrocytes, cytosol, and membranes were loaded for the
original volume of the 20% (v/v) cell suspension used to western blots (B), while 10 times as much of the membrane pellet

prepare the membranes, and stored on ice until used for the(10x Pellet) with respect to the total erythrocytes and cytosol was
binding assays. Aliquots (3L) of packed membranes were ~0aded for Coomassie blue staining (A).

repared for binding assays by centrifugation of 2500f . . .
Fhepwashed membgrane )s/usp):ansions %t top speed in a@ntlbodylncubatlons for these blots must be performed at 4
Eppendorf microcentrifuge for 10 min (£). After aspira- Cto _achleve linear standard curves fqr EcapZ un_der the
tion of the supernatant, the packed membrane pellets Weregondmons of our ;a(ssay.f_lLabel_é’gOSL!t():unlt was visualized
resuspended in 4 volumes (20Q0.) of ice-cold EcapZ y exposure to X-ray film at .(exposures were
binding buffer (20 mM Hepes, pH 7.3, 100 mM KCI, 2 mM typically 3—4 h), and the portion of nitrocellulose corre-
MgCl,, 1 mM EGTA, 0.1% Tri,ton X-.160 and 1 mM,DTT) sponding_ to thes, subunit was excised from the blot and
and purified EcapZ was added to a final concentration of counted in ay counter. In some experiments, th? aCt“"%'
100 nM. Inclusion of Triton was necessary to prevent nanograms of EcapZ in each sampl_e was determined with
nonspecific sticking of EcapZ to the walls of the microfuge respect to a standard. curve of purified EcapZ frofb6
tubes. After incubation for 2630 min at 0°C, samples ng, electrophoresed in adjacent lanes on the same gel.
were underlaid with 20@iL of the same buffer,containing Coelectrophoresis of purified EcapZ and isolated membranes
10% sucrose and centrifuged for 10 min at top speed in a(which contain negligible amounts of EcapZ; see Figures 1
microfuge (4°C) to separate membrane-associated EcapZ and 6-9) demonstrated that these amounts of membranes
from unbound EcapZ in the supernatant. After aspiration did not interfere with the detection of EcapZ by this western

of the supernatant and the sucrose shelf, pellets WerebIOttIng assay.

solublized in 20Q:L of SDS sample buffer28) and boiled RESULTS

for 3 min. Unless otherwise indicated, G0 amounts were

electrophoresed on SBS.5-15% linear gradient poly- Erythrocyte CapZ Is Present Exclusly in the Cytosol.
acrylamide SDS (pH 8.6) for staining with Coomassie A monoclonal antibody specific for th8, subunit of the
brilliant blue R250 24), and 5uL amounts (containing  capZ (also referred to as “capping protein”) recognizes a
amounts of membranes corresponding to kP®f packed polypeptide of the expected size (32 kDa) in western blots
cells) were electrophoresed on SBR)% polyacrylamide  of whole human erythrocytes (Figure 1). Unlike in platelets
gels (pH 9.1) with a 5% stacker (pH 6.24 28) in a Hoefer (19, 20) or striated muscled), where a substantial portion
shortie gel apparatus for western blotting with mAb3F.2 to of capZ is associated with the actin filaments in the
detect theS, subunit of EcapZ, as described above for cytoskeleton or with the thin filaments, respectively, all of
determination of relative amounts of EcapZ in membranes the erythrocyte capZ (EcapZ) is in the cytosol when cells
and cytosol. Note thaboth the primaryand secondary are lysed either by hypotonic lysis in the presence of

e @ Actin

o = TM

o @ Tmod

- e -. Adducin

. ._ . EcapZ 2
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magnesium or by saponin lysis in physiological salt (Figure &
1B). Western blotting with a polyclonal antibody that & &
recognizes botlw and § capZ subunits demonstrates that . oq}g' N\ 0&0&9
the o subunit follows thes subunit and is also not associated & & & 3 & &L
with the membrane skeleton (data not shown). Coomassie Coomassie N
blue staining or western blotting for other membrane skeleton Blue

proteins demonstrates that, in contrast to EcapZ, all of the = ——
erythrocyte actin and the other actin-binding proteins, 66 kDa — == = o

including spectrin, band 4.1, tropomyosin, tropomodulin, and 45 kDa — e B = =

adducin, remain associated with the membrane and none of
these proteins are in the cytosol under these conditions

36kDa— == £= = o= ——
29 kDa _ o
24kpa= === B8

(Figure 1). Although a trace amount of EcapZ is detected - — —

in the membrane pellet after hypotonic lysis in the presence 20 kDa — ==

of magnesium, this is most likely due to nonspecific trapping Dye Front — =— — 2

of protein in resealed ghosts, since this is not observed after

detergent lysis with saponin (Figure 1B). Inclusion of Western

magnesium in hypotonic lysis buffers is well-established to blot

promote membrane resealing; for examplé% of cytosolic -

hemoglobin is also trapped in ghosts prepared under these E:uipz_t
- e——— uni

conditions (Figure 1A)44). We were unable to find any

hemolysis conditions that resulted in association of EcapZ
with the membrane skeleton. For example, variation of
calcium, magnesium, and salt concentrations during hypo-
tonic or detergent (Triton X-100, saponin) hemolysis all had Ficure 2: Purification of EcapZ from erythrocyte cytosol. EcapZ

no effect on the cytosolic localization of the EcapZ (data Was purified from the cytosol of human erythrocytes using ion-
not shown). exchange and gel-filtration chromatography and ammonium sulfate

. . . . fractionation as described in Experimental Procedures. The relative
EcapZ Is a Heterodimer with a Subunit Composition of purity of samples taken throughout the purification was ascertained
oy32. The absence of EcapZ in the membrane skeleton couldby Coomassie blue staining after electrophoresis on-SI236

be due to a defect in the EcapZ protein resulting in an Polyacrylamide gels (Coomassie blue). The stages in the purification
|nab|I|ty of EcapZ to bind to actin filament barbed ends. To are indicated as follows: first DEAE, the 300 mL DEAE column;

. hether E 7 i di d second DEAE, the 3& 2.5 cm DEAE column; ammonium sulfate,
ascertam_ whether c_:ap was <’_:1 normg efte_:ro _|mer an the 50-70% ammonium sulfate cut; Mono S, the pooled fractions
whether it was functionally active, we purified it from the

from the Mono S column; and Mono Q, the final pooled fractions
cytosol of human erythrocytes, utilizing a series of different from the Mono Q column. The identity of the purified protein as
chromatographic columns and ammonium sulfate fraction- Cﬁgzlﬁaesli;evmlﬁi byot;itinsgﬁréig% ;ﬂ;gﬁgggmt%eé;]?cfllgrﬁcseklgliggf
ation steps based .On a pu”flcatlon.pmmco' for capZ.from %uscle cang (Westegrn bI(F))t) )215 described ir¥ Experimental Proce-
skeletal muscle (Figure 2BP). Purified EcapZ contains  gyres. The molecular weight of standard markers and the position
equal amounts of 36 and 32 kDa polypeptides by Coomassieof the a. and 3 capZ subunits are indicated.
blue staining, as expected for a capZ heterodimer (Figure 2,
last lane, upper panel). Western blotting a duplicate gel with and second to detect any posttranslational modifications that
a polyclonal antibody prepared against chicken skeletal could potentially explain its absence from the erythrocyte
muscle capZ confirms that the 36 and 32 kDa polypeptides membrane skeleton. Figure 3A illustrates diagrammatically
copurify and correspond to the and 8 subunits of EcapZ  the pattern of spots for treandg subunit isoforms observed
(Figure 2, lower panel). In addition, sedimentation of in purified EcapZ, and Figure 3B is a Coomassie blue stained
purified EcapZ or whole unfractionated cytosol containing two-dimensional gel of purified human EcapZ, with the spots
EcapZ on 5-20% sucrose density gradients followed by labeled according to Schafer et &3). This gel indicates
western blotting for EcapZ reveals &, value for EcapZ  that the major isoform in erythrocytes is the subunit,
of 4.8 (data not shown), similar to that reported for capz with a small amount of a spot in the’ subunit position. A
heterodimers purified from other sourcd4,(46). The purity very small amount of; is also detected, although the amount
of EcapZ was in excess of 90% as determined by densito-is estimated to be about 100 times less than the amount of
metry (Figure 2, last lane). On the basis of the yield of theoy subunit. Western blotting of the two-dimensional gel
purified protein from six units of blood, and assuming a with a polyclonal antibody to chicken skeletal muscle capZ
recovery of 10%, we estimate that the concentration of EcapZ that recognizes all capping proteinand 8 isoforms @3)
in the cytosol of erythrocytes is about 200 riMpmewhat confirms that the major 36 and 32 kDa Coomassie blue
lower than capZ concentrations in other nonmuscle cells: stained spots correspond to tirgandf, subunits of EcapZ
1-2 uM in neutrophils (8) and 2-5 uM in platelets (9, (Figure 3C). Nop; isoform is present in erythrocytes.
20). Furthermore, blotting with a monoclonal antibody specific
We characterized EcapZ by isoelectric focusing followed for the 5, subunit of capZ demonstrates that the spots at 32
by SDS-polyacrylamide gel electrophoresis in the second kDa correspond to thg, and thes,’ spots (Figure 3D)43).
dimension, first to ascertain the subunit isoform composition Western blots of two-dimensional gels of whole erythrocyte
cytosol gave the same two spot patterns with the polyclonal
2|1t was not possible to measure directly the amount of EcapZ in antibody and thes, isoform-specific monoclonal antibody,

erythrocyte cytosol by a western blotting assay due to interference by indi_cating _that a posttranslational modification was not lost
the extremely high concentrations of hemoglobin in the cytosol. during purification of EcapZ (data not shown). We conclude

| S = === — [ subunit
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Ficure 3: Two-dimensional gel electrophoresis of purified EcapZ.
(A) Diagram indicating the positions of andj subunits of EcapZ
according to Schafer et ak3¥). (B) Coomassie blue stained gel of
purified EcapZ (3ug). (C, D) Western blots of purified EcapZ
detected by labeling with (C) a polyclonal anti-chicken skeletal
muscle capZ antibody that recognizes both the capZnd
subunits or (D) a monoclonal antibody specific for fiesubunit

of capZ. The position of the acidic and basic ends of the first
dimension isoelectric focusing gel and the direction of SDS
polyacrylamide gel electrophoresis in the second dimension are
indicated.

that the isoform specificity of human EcapZ conforms to
ouf32 and shows no indication of posttranslational modifica-
tion.

Purified EcapZ Caps Actin Filament Barbed Ends in Vitro.
We showed previously that purified EcapZ greatly reduced
the depolymerization rate of F-actin that was diluted below
its critical concentration (Figure 2 in réf), and also that
polymerization of actin in the presence of increasing amounts
of EcapZ resulted in an increase in the actin critical
concentration, as expected for a protein that caps actin

Kuhlman and Fowler

tissues, respectivel\38, 41, 47, 48). In addition, we also
observed that thK,, of EcapZ for capping-actin purified
from human erythrocytes was similar to tKe,, of EcapZ

for a-actin purified from rabbit skeletal muscle (data not
shown), as also observed fos3, or o1 capZ isoforms
purified from other tissues by Schafer et d7Y, Since capZ
isoforms have the ability to nucleate actin polymerization,
we also examined EcapZ for nucleating activity using the
method of Kilimann and Isenberdd). At a concentration

of 100 nM, EcapZ abolished the lag phase in the actin
polymerization curve, indicating that EcapZ is capable of
nucleating actin polymerization (Figure 4C).

The capping activities of both musclef:) and nonmuscle
(032) isoforms of capZ are inhibited by PIR47, 49, 50).

To ascertain whether PJRIso inhibits the activity of EcapZz,
we determined the effect of PiBn the percent capping at
three different concentrations of EcapZ. Figure 5A shows
that PIR does inhibit the ability of EcapZ to cap actin
filament barbed ends and that proportionately higher con-
centrations of PlPare required to reduce EcapZ's capping
activity as the concentration of EcapZ is increased. Indeed,
a linear relationship is observed when the EcapZ concentra-
tions are plotted versus the BlEbncentrations at which 50%
capping was observed (Figure 5B). The linearity of this
relationship is consistent with the idea that PIRhibits
EcapZ activity by binding to and sequestering EcapZ, as
previously proposed for other capZ isoforn#/,(50, 51).

At a PIR, concentration of 1@M the apparenKc,,of EcapZ

is increased to 120 nM, and at a Ri€bncentration of 50
uM the apparenKc,, of EcapZ is extrapolated to be about
575 nM. We conclude that the barbed end capping activity
of purified EcapZ is not significantly different from any other
previously characterized capping protein isoforms and thus
a defect in EcapZ cannot account for its absence in
erythrocyte membranes.

Cytosol Does Not Inhibit Binding of EcapZ to Actin
Filament Barbed Ends.It is possible that the absence of
endogenous EcapZ from isolated erythrocyte membranes
might be explained by a cytosolic inhibitory factor. Due to
optical intereference by the high concentrations of hemo-
globin in erythrocyte cytosol, it was not possible to test
directly the effect of cytosol on the capping activity of EcapZ
using the pyrene-actin polymerization assay. Therefore, we
compared the ability of endogenous, cytosolic EcapZ and
purified EcapZ to bind to actin filament barbed ends using
the 5P8 ghost binding assay described below (see Figure 7
and Table 1). We obtained cytosol by hypotonic hemolysis

filament barbed ends without sequestering actin monomersand concentrated the cytosolic proteins (which include

(Figure 3inref9). To determine quantitatively whether the
actin capping activity of purified EcapZ was similar to that
of other capzZ isoforms, we examined its ability to inhibit
actin polymerization nucleated by isolated spectictin
oligomeric complexes containing free barbed ends4(,
42). Figure 4A shows that increasing concentrations of
EcapZ dramatically inhibit the initial polymerization rate of
actin from spectrirractin seeds, indicating that EcapZ caps

EcapZ) back to the original cell volume by adsorption to
DEAE-cellulose followed by sequential elution with 0.05 and
0.5 M NaCl washes. This procedure also removed hemo-
globin since hemoglobin does not stick to DEAE-cellulose.
Western blotting and Coomassie blue staining showed that
all of the cytosolic EcapZ was adsorbed to the DEAE column
and was eluted in the 0.5 M NaCl wash along with the
majority of the other cytosolic proteins (data not shown).

their barbed ends. The EcapZ concentration that producesFigure 6 shows that the cytosolic proteins present in either

50% inhibition of the initial polymerization rate is taken as
a measure of th& ., in this experiment th&c,;— 5 NM
(Figure 4B). Different preparations of EcapZ gave various
values for theKcqpfrom 1 to 5 nM. These values are similar
to the actin capping activity of capZ isoforms isolated from
muscle (151 or af1) or nonmuscled,3; or azf32) cells and

the 0.05 or the 0.5 M NaCl washes of the DEAE column do
not reduce the amount of purified EcapZ binding to free actin
filament barbed ends in 5P8 ghosts (Figure 6, compare lanes
3 and 4 with lanes 7 and 8 and 11 and 12). In addition, the
cytosolic EcapZ that is present in the 0.5 M NaCl wash from
the DEAE column itself binds to actin filament barbed ends
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Ficure 4: Characterization of the actin filament barbed end capping activity of EcapZ: Effect of EcapZ on the rate of polymerization from
spectrin-actin nuclei. (A) Raw data. Elongation was inititated by the addition of spectrin-actin seeds and saltsNb@-&ctin solution
(5% pyrenyl-actin) containing increasing concentrations of EcapZ as indicated. (B) Percent capping at different concentrations of EcapZ,
plotted against increasing EcapZ concentration. The percent capping is calculated by dividing the initial rate of polymerization in the
presence of EcapZ by the initial rate of polymerization in the absence of EcapZ; 100% capping is the complete cessation of actin
polymerization. The concentration of EcapZ required to produce 50% inhibition of polymerization (5 nM) was taken as a mé&agpire of
(C) Demonstration of EcapZ'’s ability to nucleate actin polymerizatiom\VBG-actin (5% pyrene labeled) was mixed with 100 nM capping
protein or buffer A and polymerization was initiated by adding KCI and®Mas described in Experimental Procedures. Polymerization
was followed by an increase in pyrene fluorescence and was plotted against time.
(Figure 6, lanes 9 and 10); the amount of bound cytosolic mM sodium phosphate buffer, pH 8.0 (5P8), or in 5P8 buffer
EcapZ is about the same as the amount of purified EcapZcontaining 2 mM MgCl (5P8 ghosts or MY ghosts,
bound at the saturating concentration (100 nM) of purified respectively). As described above, negligible amounts of
EcapZ used in the binding assay (Figure 6, compare lanes 9endogenous EcapZ remained associated with the isolated
and 10 with lanes 3 and 4). This demonstrates that the membranes prepared under either condition (Figures 1B and
concentration of cytosolic EcapZ is not limiting and is at 6—9). Membranes were incubated with a saturating con-
least 100 nM, in good agreement with our previous estimate centration of EcapZ (100 nM) in a physiological salt buffer
of the cytosolic EcapZ concentration at 200 nM based on containing 0.1% Triton X-100 to permeabilize the mem-
the yield from purification (see abové).These results branes and to prevent nonspecific sticking of EcapZ, and
indicate that cytosol does not inhibit binding of EcapZ to then bound EcapZ was separated from unbound EcapZ by
free actin filament barbed ends in membranes and thus asedimentation through a sucrose shelf. Figure 7A shows that
cytosolic inhibitory factor cannot account for the absence the amount of purified EcapZ cosedimenting with ¥ig
of EcapZ from isolated erythrocyte membranes. ghosts is barely above the amount of residual EcapZ present
Binding of EcapZ to Actin Filament Barbed Ends in 5P8 in the isolated membranes. Incubation of the’Mghosts
Ghosts but Not in Mg Ghosts Suggests Barbed Ends Are with higher concentrations of EcapZ up to 200 nM does not
Capped in M@" Ghosts. Since EcapZ is fully functional in  result in any more EcapZ cosedimenting with the ghosts,
cytosol, the lack of association of EcapZ with the membrane indicating that the available binding sites have been saturated
skeleton could be due to prior capping of the barbed ends(data not shown). Quantitation of the amount of EcapZ
of the erythrocyte actin filaments, possibly by adducin. To bound to the Mg" ghosts shows that only one EcapZ
test this, we studied binding of EcapZ to membranes preparedheterodimer is present for every 165 actin subunits (Table
under a variety of conditions, using a cosedimentation assayl). Assuming that the erythrocyte actin filaments are about
followed by SDS-polyacrylamide gel electrophoresis and 15 monomers long3; 11, 22), this indicates that less than
western blotting to detect EcapZ. We compared binding of 1/10 of the actin filaments have a bound EcapZ molecule
EcapZ to membranes prepared by hypotonic hemolysis in 5and implies that the barbed ends of most of the actin



13468 Biochemistry, Vol. 36, No. 44, 1997 Kuhlman and Fowler

A. Anti-EcapZ Blot
A 100 l U
0.05 M NaCl 0.5 M NaCl
Buffer DEAE Wash DEAE Wash
an + + + Ecapz
o 804 Membranes Membranes Membranes Control
B 1000M = = + + - — + + - — + + + +
o EcapZ
S 60 - aheands
% 12 3 4 5 6 7 8 9 10 11 12 13 14
o 40 4
3 B 40000
A~ 20
0 g 30000
0 2 4 6 8 10 &
g
[PIP2] uM E 20000
125 =
B N
&
1004 3 10000 4
—
% 75 0 e b = ) 100 nM
~ + -+ -+ EcapZ
[=%
S s0- o Buffer  0.05MNaCl  0.5M NaCl
N + DEAE wash DEAE wash
Memb. + Memb. + Memb.
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barbed ends in 5P8 ghosts. (A) Anti-EcapZ Western blot of 5P8
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o4 T T T — ghosts incubated in the absence) (or presence+) of 100 nM
0 2 4 6 8 1o purified EcapZ together with concentrated cytosolic proteins
[PIP,] uM obtained from the 0.05 or 0.5 M NaCl wash of a DEAE-cellulose

column to which total erythrocyte cytosol had been adsorbed (see
FicurRe 5: PIR, inhibits the capping activity of EcapZ. (A) Capping Experimental Procedures). After separation from unbound EcapZ
activity of (d) 10 nM, () 50 nM, and ©) 100 nM EcapZ in the by sedimentation through a 10% sucrose shelf, the amount of EcapZ
presence of increasing Rloncentrations. By use of the expo- cosedimenting with membranes was determined by western blotting
nential nonlinear least-squares fit feature of the Cricket Graph for thef, subunit. (B) Quantitation of the amount of EcapZ bound
software package, a curve was fitted to the 10 nM EcapZ data. to membranes (EcapZ bound, counts per minute) in the experiment
This same curve when displaced along tkexis adequately depicted in panel A. The counts per minute associated with the
describes the data for the other two concentrations of capping EcapZg; polypeptide in membranes were corrected by subtraction
protein (50 and 100 nM). (B) The concentration of Pi€sponsible of the counts in the same region of the blot when EcapZ was
for inhibiting EcapZ capping activity by 50% was taken as a sedimented in the absence of membranes (1600 cpm); this was
measure of th&.,, 0f capping protein at these BlBoncentrations. similar to the background counts per minute in a similarly sized
These capping constants were plotted against PdRcentration piece of nitrocellulose from a blank region of the blot (1200 cpm).
to determine the effect of P4®n capping activity. The curves were  Aliquots of membranes containing free actin filament barbed ends
fitted with the exponential option of the Cricket Graph software were prepared by hypotonic hemolysis in 5P8 buffer (see Figure 7
package for Macintosh, and the relationship betwégpand [PIR] and Table 1) and preincubated with 4 volumes of the dialyzed,
was determined by linear regression analysis. 0.05 or 0.5 M NacCl salt washes for 30 min at®© in the presence

. s of 0.1% Triton X-100. After addition of 100 nM purified EcapZ
filaments are already capped by another factor in*Mg and incubation for an additional 30 min afG, membranes were

ghosts. In some experiments, even smaller amounts Ofsedimented through a 10% sucrose shelf to separate bound from
EcapZ were observed to bind to Mgghosts (e.g., see Figure  unbound EcapZ and the amount of bound EcapZ was determined
9). Likewise, only small amounts of purified EcapZ were by Western blotting for the EcapZ- subunit as described. Note
observe to cosedment with membranes prepared by saponif 3, /oSl Cenh? 1 pissen 1 e 05 1 NCl e ol e
lysis in physiologial salt, Suggesting that the actin filam_ent same extent as does purified EcapZ in the absence of cytosolic
barbed ends are also capped in membranes prepared this wayroteins.

(data not shown).

In contrast, substantial amounts of EcapZ do cosedimentnot shown). Thus, in agreement with previous studies, after
with 5P8 ghosts that are prepared by hypotonic hemolysis hemolysis in 5P8 buffer, all the actin filament barbed ends
in the absence of magnesium (Figure 7B). Incubation of appear to be uncapped and available for binding by EcapZ
5P8 ghosts with higher concentrations of EcapZ up to 200 (14, 22).
nM does not result in more EcapZ cosedimenting with the  Ability of EcapZ To Bind to Free Barbed Ends in 5P8
ghosts, again suggesting that the available binding sites haveGhosts Is Likely Due to Loss of Adducin and Not to
been saturated (data not shown). Quantitation of the amountDecreases in PIRPor to Creation of New Ends by Filament
of EcapZ bound with respect to the amount of actin in the Breakage. We tested several possibilities in an attempt to
5P8 ghosts reveals a ratio of 1 EcapZ heterodimer presentdetermine why EcapZ binds to actin filament barbed ends
per 16 actins (Table 1). This binding stoichiometry indicates in 5P8 ghosts but not in Mg ghosts. First, since PiRan
that EcapZ is likely to be binding to the barbed ends of all reduce the apparent affinity of purified EcapZ for actin
of the short actin filaments in the membrane skeleton. In filament barbed endm vitro (Figure 5) and erythrocytes
support of this interpretation, preincubation of 5P8 mem- contain high concentrations of RIP~50 uM; see ref52),
branes with 1uM cytochalasin D inhibited the amount of we reasoned that Mg ghosts might contain more RiEhan
EcapZ cosedimenting with 5P8 ghosts by over 90% (data 5P8 ghosts and that this might account for the low level of
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FIGURE 7: EcapZ binds to actin filament barbed ends in 5P8 ghosts
but not in Mg* ghosts. (A) Coomassie blue stained SbS
polyacrylamide gel of erythrocyte membranes prepared by hypo-
tonic hemolysis in (&) 5 mM sodium phosphate buffer, pH 8.0,
with 2 mM MgCl, (Mg?* ghosts) or (b) 5 mM sodium phosphate
buffer, pH 8.0 (5P8 ghosts). (B) Anti-EcapZ Western blot of 5P8
or Mg?" ghosts incubated in the absence) r presence+) of

100 nM purified EcapZ and separated from unbound EcapZ by
sedimentation through a 10% sucrose shelf. After solubilization of
membrane pellets in SDS sample buffer @0samples (equivalent

to 20 uL of packed membranes) were electrophoresed or-7.5
15% linear gradient SDSpolyacrylamide gels (pH 8.6) for
Coomassie blue staining (A), while duplicate 40 samples
(equivalent to 1QiL of packed membranes) were electrophoresed
on SDS-10% polyacrylamide gels for western blotting for the
EcapZf, subunit (B). In separate controls (not shown), we
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Table 1: Quantitation of Free Actin Filament Barbed Ends in
Isolated Membranes As Detected by Binding of EcapZ

EcapZ boundd EcapZ boundl mol of actin/mol

ghosts (cpm) (ng) of EcapZ
Mg?* ghosts 3422 6.0 165.0
5P8 ghosts 35430 62.4 15.8

aBinding of purified EcapZ to membranes prepared by hemolysis
in 5P8 buffer (5P8 ghosts) or 5P8 buffer containing 2 mM Md®Ig?*
ghosts) was determined by a cosedimentation assay followed by SDS
polyacrylamide gel electrophoresis and western blotting for ghe
subunit of EcapZ, as described in the caption to Figure 7 and in
Experimental Procedures. The amount of purified EcapZ cosedimenting
with membranes after incubation with 100 nM EcapZ is corrected by
subtraction of the amount of residual EcapZ in isolated membranes
(see Figure 7). This residual amount of EcapZ in 5P8 ofMghosts
is less than 10% of the amount of purified EcapZ that cosediments
with the 5P8 ghosts. The amount of EcapZ sedimenting in the absence
of membranes is negligible and is not detectable above the background
counts per minute on the nitrocellulose blot (see Figure 6, lanes 13
and 14). Data are averages of duplicate samples from the experiment
shown in Figure 7° Nanograms of EcapZ determined from a standard
curve of 5-50 ng of EcapZ electrophoresed in adjacent lanes on the
same gel¢ The moles of actin/mole of EcapZ bound was determined
according to the following formula: moles of actin/moles of EcapZ
(nanograms of actin in membranes/nanograms of EcapZ bound)(MW
EcapZp, subunit/MW actin). The MW of actin was 42 000, and that
of EcapZf, subunit was 32 000. For quantitation of actin, rabbit skeletal
muscle actin standards from 0.5 to 2«4 were electrophoresed on
7.5-15% linear gradient polyacrylamig€SDS gels (pH 8.6)34) in
parallel with duplicate 4@L samples of solubilized membrane pellets
(equivalent to 1QuL of packed membranes) from the binding assay
shown in Figure 7. After being stained with Coomassie blue, actin bands
were excised and the amount of protein was quantitated by elution with
0.5 mL of 25% (v/v) pyridine, as describe63). There was 1.3g of

determined that the amount of EcapZ sedimenting in the absenceactin/10uL of packed membranes for both 5P8 and#¥ghosts.
of membranes was barely detectable above background labeling

of the blots (also see Figure 6, lanes 13 and 14). The migration

positions of erythrocyte membrane skeleton proteins are indicated

on the Coomassie blue gel in panel A. Note that ¢thend 3

polypeptides of adducin are barely visible due to the band 3 protein,

which migrates as a broad, diffuse band in this region of the gel.

EcapZ binding to the MY ghosts. However, when we
quantitated the amount of Pifh the two types of ghosts
using an IR competition binding assay (after alkaline
hydrolysis of PIR to IPs) (53), we found that both types of
ghosts actually had about the same amount of P20

tion as well as depolymerizatio®). Inclusion of phalla-
cidin in lysis buffers has no effect on the protein composition
of isolated membranes as revealed by Coomassie blue
staining (Figure 8, panel A). The amount of EcapZ binding
to 5P8 ghosts prepared in 10 or 8M phallacidin is 80%

and 65%, respectively, of the amount of EcapZ binding to
5P8 ghosts prepared in the absence of phallacidin (Figure 8,
panel B). In contrast, the amount of EcapZ binding to?Mg
ghosts in this experiment is only 6% of the amount of binding

uM, data not shown). Furthermore, the EcapZ binding assayto 5P8 ghosts (Figure 8). This experiment indicates that

is performed in 0.1% Triton X-100 and 2 mM MgClior
both types of ghosts; Triton dissociates PiRicelles and

filament breakage can account for only a relatively minor
portion of the dramatic differences in EcapZ binding capacity

magnesium screens the phosphate head groups, reducing thée., numbers of free barbed ends) of 5P8 ghosts as compared

efficacy of PIR at sequestering capZ and thereby obviating
PIP, inhibition of capZ binding to actin filament ends. Thus,
PIP; in the membrane cannot account for the inability of
EcapZ to bind to the actin filament barbed ends in*Mg
ghosts.

to Mg?t ghosts.

Finally, we wondered whether, like tropomyosin, adducin
might also be lost from membranes prepared by hypotonic
hemolysis in the absence of magnesium. Indeed, Figure 9
shows that 5P8 ghosts contain only 40% of the amount of

Second, since tropomyosin has been reported to reduceadducin present in the equivalent amount of2Mghosts

the susceptibility of pure actin filaments to mechanical (Figure 9C) and only 10% of the tropomyosin that is present
breakage®4, 55), and tropomyosin is lost from membranes in the Mg+ ghosts (Figure 9B). In other experiments, the
prepared by hypotonic hemolysis in the absence of magne-amount of adducin remaining associated with the membranes
sium 7) (also see Figure 9B), we reasoned that the absenceof 5P8 ghosts varied between 20% and 40% (data not
of tropomyosin from 5P8 ghosts could potentially lead to shown). This contrasts with other membrane skeleton
increased filament breakage during hemolysis and washing,proteins such as spectrin, protein 4.1, protein 4.9, actin
thus generating more free ends. We tested this by comparing[Figure 9A), and tropomodulin (Figure 9D), which, as
EcapZ binding to ghosts prepared in 5P8 buffer containing expected, are tightly associated with the membrane skeleton
0, 10, or 80uM phallacidin. Phallacidin is a water-soluble and present at the same levels in either 5P8 ot'Miposts.
analogue of phalloidin, a bicyclic peptide that binds specif- Furthermore, comparison of amounts of adducin, tropomyo-
ically and tightly to the subunits in the actin polymer and sin, and all of the membrane skeleton proteins in intact cells,
greatly enhances actin filament stability, reducing fragmenta- cytosol, and membranes demonstrates thaf*Mghosts
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erythrocyte membranes prepared by hypotonic hemolysis in 5P8 Blot % 100 92

buffer (5P8 ghosts) containing 0, 10, or 8M phallacidin or in . .

5P8 buffer containing 2 mM MgGMg2+ ghosts). In panel B the FicurRe 9: Adducin and tropomyosin are depleted from 5P8 ghosts
amount of EcapZ bound was determined as a percentage of thell comparison to Mg ghosts. (A) Coomassie blue stained gel and
amount of EcapZ cosedimenting with 5P8 ghosts (% Ecapz). Western blots of (B) tropomyosin (TM), (C) adducin, and (D)
Membranes were prepared by hypotonic hemolysis in 5P8 buffer tropomodulin (Tmod) in ghosts prepared by hypotonic hemolysis
(lanes 1-4) containing 1Q:M (lanes 5-8) or 80uM (lanes 9-12) in 5P8 buffer in the absence of magnesium (5P8) or ghosts prepared
phallacidin (Sigma) or 2 mM MgGl(lanes 13-16) as described by hypotonic hemolysis in 5P8 buffer containing 2 mM MgCl

in Experimental Procedures, with the exception that membrane (Mg*"). Membranes were prepared by hypotonic hemolysis as
pellets were washed twice only after the initial hemolysis and described in Experimental Procedures for the EcapZ binding assays,
centrifugation step. Duplicate aliquots of membranes were incubated@nd equivalent amounts were electrophoresed on-SD&-15%
for 30 min at 0°C in the presencei{) or absence-) of 100 nM linear gradient polyacrylamide gels and then stained with Coomassie
EcapZ (lanes +16), sedimented through a 10% sucrose shelf to blue or transferred to nitrocellulose for western blotting with
separate bound from unbound EcapZ, and the amount of boundantibodies to tropomyosin, adducin, or tropomodulin. After exposure
EcapZ was determined by western blotting for the EcAp&ubunit to X-ray film, pieces of nitrocellulose with the labeled polypeptides
as described. Lanes 17 and 18 are a control with 100 nM Ecapz Were excised and counted, irya@ounter and the counts per minute
incubated and sedimented in the absence of membranes. Thedssociated with each band were expressed as a percentage of the
amounts of EcapZ» subunit cosedimenting with membranes (lanes amount present in the Mg ghosts. In separate experiments (e.g.,
3 and 4, 7 and 8, 11 and 12, and 15 and 16) were corrected byS€€ Figure 1), we determined that the amounts qf each protein
subtraction of the amount of residual EcapZsubunit associated  Present in the My ghosts were the same as those in intact cells.
with membranes incubated in the absence of EcapZ (lanes 1 andThe positions of the erythrocyte membrane skeleton proteins are
2,5 and 6, 9 and 10, and 13 and 14). The amount of Ecapz indicated as in Figure 7.

sedimenting in the absence of membranes was not above the L . .
background labeling of the blot (lanes 17 and 18). The positions Characterization of the effects of purified EcapZ on actin
of the erythrocyte membrane skeleton proteins are indicated as inpolymerization indicates that it is fully functional in capping
Figure 7. actin filaments. It blocks elongation and depolymerization

] ] ) from the barbed ends of actin filaments withKg,, of 1-5
contain their full complement of these proteins and that none n\ and also nucleates actin polymerization, as described

of these proteins are present in the cytosol (Figure 1). Take”previously for capZ isolated from skeletal musoliL,(33)
together, our results are consistent with the idea that adducing,q 5 variety of nonmuscle cells and tissués, 46—48;

caps the actin filament barbed ends in¥ighosts, prevent- ¢ 4 review see rep).
ing EcapZ from binding to them, while loss of adducin during EcapZ is exclusively located in the cytosol and is not
lysis in 5P8 buffer leads to artifactual filament uncapping associated with the actin filament barbed ends in the
of most of the filaments, thus allowing EcapZ to bind to the erythrocyte membrane skeleton under any hemolysis condi-
newly freed barbed ends. tion used. This contrasts with platelets, where some capZ
is in the cytosol and some is associated with actin filament

DISCUSSION barbed ends in the Triton-insoluble cytoskeletds, (20),

In this study, we show that human erythrocytes contain a or striated muscle, where all of the capZ is associated with
nonmuscle isoform of the heterodimeric actin filament barbed the actin filament barbed ends at the Z dis#5, 68). The
end capping protein, capZ, based on western blotting with absence of EcapZ from the actin filament barbed ends in
specific antibodies and characterization of the purified erythrocyte membrane skeletons is not due to a defect in
protein. The isoform composition of erythrocyte capping EcapZ, to a cytosolic inhibitory factor, or to insufficient
protein (EcapZ) isx, 32, with no 81 subunit, similar to other  concentrations of EcapZ in erythrocytes (cytosolic EcapZ
nonmuscle cells. Erythrocytes do not contain significant concentration is estimated to be X200 nM). In addition,
amounts of thex, isoform, unlike striated muscle, platelets, it is unlikely that EcapZ dissociates from the actin filament
and other nonmuscle cells and tissu&8, 0, 23, 47, 57). barbed ends during hemolysis and sedimentation of mem-
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branes, since the slow off-rate constant reported for capZis not correlated with a reduction in the level of PIR the
predicts a~30 min half-life for capped barbed end4$7}. 5P8 ghosts. Other explanations are (1) a high off rate for

Therefore, we propose that EcapZ is not associated withcapZ (@8), which is not the case4{), or (2) molecular
the erythrocyte membrane skeleton because the actin filamentrowding in the cytoplasm, which might reduce the apparent
barbed ends are already capped by another factor. Weaffinity of capping protein for barbed filament end&1l}.
suggest that this factor is adducin, a unique membrane-However, again, neither a high off rate nor molecular
associated protein that has been recently shown to cap actircrowding effects can account for the inability of purified
filament barbed endm uitro (9). Evidence in support of  EcapZ to bind to the actin filament barbed ends in?Mg
this hypothesis is that purified EcapZ is unable to bind to ghosts or in membranes prepared by saponin lysis in
actin filament barbed ends in Mgghosts that retain their  physiogical salt.

full Complement of adducin, but it can bind to actin filament Adducin is also associated with the p|asma membranes
barbed ends in 5P8 ghOStS from which most of the adducin of a Variety of nonerythroid Ce||§_o' 60), where it may also
(or another factor) has been lost during preparation of cap the barbed ends of short actin filaments in the membrane
membranes. Thus, we propose that the barbed ends of thekeleton. In these cells, where capZ has been shown
short erythrocyte actin filaments are indeed capipesitu previously to be associated with cytoskeletal actin filaments,
in intact cells and that dissociation of adducin from the it may be that binding of adducin to spectriactin com-
membrane during membrane isolation in 5P8 buffer leads plexes serves to target adducin to the barbed ends of short
to artifactual filament uncapping at the barbed end. This actin filaments in the membrane skeleton while capZ binds
can also account for the presence of free barbed ends in theo the barbed ends of a different population of (longer?) actin
oligomeric spectrirractin complexes that we and others have fjlaments extending into the cytoplasm. An additional unique
used to seed actin polymerization, since these complexes areature of adducin as a barbed end capping protein is that
purified from ghosts made in the absence of magnesium (e.g..adducin can also associate with the membrane protein,
7,9, 41, 42). A model depicting the association of adducin stomatin 61). This could provide an additional direct
with the barbed ends of the short erythrocyte actin filaments linkage of the short actin filaments to the plasma membrane,
is presented in a recent revie®) in addition to the previously described actin filament linkages
Our work raises the following dilemma: erythrocytes via spectrin and protein 4.1 to the ankyrin/band 3 complex
contain two actin filament barbed end capping proteins, one and to glycophorin C4).
with a high affinity (EcapZKcap ~ 1—5 nM) and one with In platelets, thrombin stimulation leads to a transient rise

a lower affinity (adducinKcap ~ 100 nM, ref9), but of the in the amount of free actin filament barbed ends that is linked
two, adducin is associated with the actin filaments in the to a rise in PIRlevels 62) and a concurrent dissociation of

membrane skeleton whereas EcapZ is not. How doespaelet capz, thus leading to stimulation of actin polymer-
adducin with the lower affinity for actin outcompete EcapZ i, tion (19, 20). By analogy, it is tempting to speculate that,

that apparently has a greater than 20-fold higher affinity? ;. some cells, specific signaling events might lead to

We favor the hypothesis that additional cofactors in the downregulation of adducin’s capping activity by calcitm

membrane skeleton may increase the afffinity of adducin for .modulin 0), and/or b ;
- oo , y phosphorylation or dephosphoryl-
the actin filament barbed ends. For example, adducin b'ndsation reactionsg9). This might result in selective uncapping

more tightly to spectrifractin complexes than to pure actin ¢ a¢tin filament barbed ends in the specractin membrane
filaments (6, 17); thus interaction of adducin with Spectfin geleton and stimulation of actin polymerization. Displace-

actin complexes in the membrane skeleton may increase itSpent of adducin from actin filament barbed ends by capZ
affinity for actin filament barbed ends. The actin filament .5.,14 also lead to detachment of filament ends from

barbed end capping activity of adducin may also be upregu- 5qqcin-stomatin membrane linkages and consequent rear-
Iated. by §pe0|f|c phosphorylatlon or .dephosph.oryl'anon rangements of the membrane skeleton. In erythrocytes, this
reactions since phosphorylation of adducin by protein k'”asesmight be expected to have functional consequences for

A and C has complex effects on adducin’s interactions with ¢e|jyjar deformability and the mechanical stability of the
spectrin-actin complexes and with calmoduli®g). Al- cells.

though the actin capping activity of unphosphorylated

adducin is downregulated by calcitroalmodulin 9), phos- ACKNOWLEDGMENT
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