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ABSTRACT The purpose of this study was to address the paradox of calponin localization with «-actinin and filamin, two
proteins with tandem calponin homology (CH) domains, by determining the effect of these proteins on the binding of calponin
to actin. The results show that actin can accommodate near-saturating concentrations of either calponin and a-actinin or
calponin and filamin with little change or no change in ligand affinity. Little direct interaction occurred between «-actinin and
calponin in the absence of actin, so this effect is not likely to explain the co-distribution of these proteins. Calponin, like
a-actinin, induced elastic gel formation when added to actin. When «-actinin was added to newly formed calponin/actin gels,
no change was seen in the mechanical properties of the gel compared to calponin and actin alone. However, when calponin
was added to newly formed a-actinin/actin gels, the resulting gel was much stronger than the gels formed by either ligand
alone. Furthermore, gels formed by the addition of calponin to a-actinin/actin exhibited a phenomenon known as strain
hardening, a characteristic of mechanically resilient gels. These results add weight to the concept that one of the functions
of calponin is to stabilize the actin cytoskeleton.

INTRODUCTION

Calponin is a 32—-36-kDa actin-binding protein found first in appear to bind tighter tg-actin than tax-actin as measured
smooth muscle (Takahashi et al.,, 1986) and select norby co-sedimentation with actin, although some selectivity is
muscle tissues (reviewed in Chalovich and Pfitzer, 1997)suggested by a greater degree of light scattering BA¢t-
Calponin has properties that indicate it may regulate musclén (Parker et al., 1998). It may be that other cytoskeletal
contraction, including the ability to inhibit actomyosin actin-binding proteins increase the affinity of calponin for
ATPase activity (Winder and Walsh, 1990), force produc-B-actin. Howeverq-actinin, which co-localizes with calpo-
tion in muscle fiber preparations (Itoh et al., 1994), andnin, binds to very similar, if not the same, regions of actin
movement in the in vitro motility assay (Shirinsky et al., as calponin does (Hodgkinson et al., 1997; McGough et al.,
1992; Haeberle, 1994). However, other observations sugt994). Both proteins (filamin, spectrin, dystrophin, and
gest that calponin is a structural protein. For example, théimbrin) contain a region known as the calponin homology
binding of calponin to actin causes bundling of the actindomain or CH domain (Carugo et al., 1997). Therefore,
(Tang et al., 1997). Also, calponin is primarily localized rather than synergism, one might predict antagonism toward
with other structural proteins such asactinin (North et al., actin binding among these proteins.
1994; Mabuchi et al., 1996) and desmin (Mabuchi et al., The present report examines the binding of calponin to
1996, 1997) on the surface of smooth muscle dense bodieactin in the presence af-actinin and filamin. A negative
Calponin is also found in the cardiac myocyte Z-line (Ma- interaction was observed between filamin amehctinin,
suda et al., 1996). The picture is complicated by evidencevhich resulted in a partial displacement of one protein by
that the interaction of calponin with actin is dynamic. Parkerthe other. Calponin binding to actin was largely unaffected
et al. (1994, 1998) reported that in relaxed muscle calponify the presence of eitheractinin or filamin. The simulta-
is localized witha-smooth muscle actin and myosin, but in neous binding of calponin angtactinin to actin altered the
stimulated muscle is present in the cell cortex, a region riclstorage modulus of the actin solution. Interestingly, the
in B-nonmuscle actin. Understanding the complex relationimagnitude of the change in storage modulus was dependent
ships of calponin with actin and other actin-binding proteinson the order of addition of ligand proteins. The addition of
is a key to understanding the function of calponin. calponin to a mixture of actin and-actinin did produce a

Why calponin is preferentially associated with the cy-large increase in the storage modulus of actin, and the
toskeletal fraction of actin is not known. Calponin does notresulting gel exhibited strain hardening. These properties

were not observed when the order of additionaeéctinin
and calponin were reversed.
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(1972). Actin used for rheology studies was further purified by gel filtra- M, = 32,300). The extinction coefficients for filamin and calponin were
tion chromatography. Filamin and-actinin were isolated from turkey from Shizuta et al. (1976) and Stafford et al. (1995), respectively. The
gizzards using the method of Feramisco and Burridge (1980). Smootlextinction coefficient fora-actinin was determined for this study by the
muscle tropomyosin was prepared from turkey gizzards according to thenethod described earlier (Stafford et al., 1995). The monomer molecular
method of Bretscher (1984). Calponin was isolated from turkey gizzardsveights were used for calculating the concentrationsaafctinin and
using the following modification of the method of Abe et al. (1990): 400 g filamin.

of cleaned fresh turkey gizzards were ground and dispersed with a Polytron

homogenizer in five volumes of buffer containing 50 mM imidazole, pH

7.0, 300 mM KCI, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl Sedimentation assay

fluoride, 0.01 mg/ml leupeptin, and 0.05 mg/ml soybean trypsin inhibitor. o ) o
Aliquots of ~200 ml were placed in a boiling water bath fet.0 min with In order to measure the binding of several proteins to actin without the use

frequent agitation and allowed to cool on ice for at least 1 h. The mixture®f multiple labeling we used a gel quantification method. All actin-binding
was centrifuged at low speed to remove insoluble material. The supernataRfOteins were clarified by centrifugation at 100,080g, 4°C for 20-30
was clarified by an additional centrifugation at 100,080g for 20 min. ~ Min immediately before use. The proteins were mixed by gentle pipetting
The clarified supernatant was brought to 30% saturation with ammoniuni Polyallomer ultracentrifuge tubes. Typically, 30 of 20 uM actin was
sulfate and the calponin precipitate was collected by centrifugation for 3g2dded to 15l of a solution containing 140 mM potassium propionate, pH
min at 100,000¢ g. The pellet was dissolved in a minimal volume of 1 M 7-0, 10 mMimidazole, pH 7.0, 2 mM Mgghnd 1 mM dithiothreitol, and
NaCl, 20 mM sodium acetate, pH 5.6 M urea, 0.1 mM EGTA, 0.01% the actin-binding protein of interest. Samples were centrifuged in a Beck-
sodium azide, and 0.5 mM dithiothreitol. The resulting solution was Man 42.2 rotor at 100,008 g (30,000 rpm) for 30 min at 20°C. Super-
dialyzed twice against 20 volumes of the same buffer without the NacCl.nat@nts and pellets were run on 10% polyacrylamide gels in denaturing
The dialysate was centrifuged for 20 min at 100,00@ and loaded onto conditions. Images of gels were digitized using a ScanJet IIxc/T scanner
an Integrated Separation Systems (ISS, Hyde Park, MA) CM-500 Sphel"i‘”d the DeskSc_an Il software package (Hewlett—P_ack_arq, Inc., Wllmlngton,
ilose column equilibrated with the dialysis buffer. Calponin was eluted DE)- The density of each band was measured in triplicate using Image-
with a 400 ml gradient in which the KCI concentration was increased toQuant (Molecular Dynamics Inc., Sunnyvale, CA) and the intensity of the
300 mM. Calponin was normally present in fractions eluting between 0.2ligand protein was normalized to the intensity of actin which was constant
and 0.25 M KCI. Fractions containing pure calponin, judged by SDSIN @ny given experiment. Approximately 95% of the actin sedimented
polyacrylamide electrophoresis, were pooled. With the CM-500 Spherilosé’unng the centrifugation. Fig. 1 shows a calibration curve for standard

column there was usually no need for subsequent gel filtration chromatogProteins determined from polyacrylamide gel electrophoresis. The protein
raphy. The inset to Fig. 1 shows an SDS-polyacrylamide gel of thel€vels measured in actual experiments were within the range of those used
proteins. for construction of these standard curves. Standards were run on every gel

All proteins were stored on ice in a buffer composed of 140 mm Used for analysis. ) ) ] )
potassium propionate, pH 7.0, 10 mM imidazole, pH 7.0, 2 mM magne- 10 correct for the fraction of ligand that sedimented in the absence of
sium chloride, and 1 mM dithiothreitol. Concentrations of proteins were &Ctin, two high concentrations of ligand were used and the average of these
measured by absorbance at 280 nm and corrected for light scattering at¥@/Ues was used for the correction. Typicalig5% of calponin.a-actinin,

nonabsorbing wavelength using the following absorption coefficients and®"d filamin sedimented in the absence of actin. The fraction of ligand that
molecular weights: actire(= 1.15,M, = 42,000), filamin ¢ = 0.74,M, = did not bind to actin was measured using an excess of actin. Virtually all
. . y VI 1 1 . 1 Wi

250,000), ande-actinin (€ = 1.23,M, = 100,000) and calponire(= 0.74 of the ligand was found to bind under these conditions. The amount of actin
' that sedimented was measured by densitometry of each actin pellet.

Analysis of data
abc def 4

The McGhee-von Hippel equation (McGhee and von Hippel, 1974) was fit

60 = ] to values ofv (ligand,, dacting,.) as a function of free ligand,:
= = B=K°(l—nv)° 2w—1A -1y +v—R)"?
2 L 2(w—1)(1—m)
ig 40
§ 1-(n+ v+ R)?
£ 2(1 - )
L
. o0 where

R={1— (n+ HvP + 4ov(l — nu)}*?

WhereK is the affinity of a single ligand for an isolated binding siteis

the number of actin monomers a ligand occupies, arnid a measure of
cooperativity between ligand&w is the contiguous site affinity or the
affinity of a ligand for an actin site adjacent to one occupied site. The
program MLAB (Civilized Software Inc., Bethesda, MD) was used to

) ) _ ~ perform the nonlinear regression.
FIGURE 1 SDS-polyacrylamide gels of ligand proteins and the relation-

ship between staining intensity and the amount of protein. Standard curves

are shown for actin[{]), e-actinin (¢), calponin ©) and filamin ); the Native gel electrophoresis

actin curve was linear to twice the protein concentration shown here. The

density of each protein band was determined by the average of 3 digitaBidirectional native gel electrophoresis was performed with 3% acryl-
images of a single gelnset: 6% polyacrylamide gels showing-actinin amide/0.5% agarose gels in a 2020 cm horizontal electrophoresis unit.
(@), filamin (b), calponin €), as well as pellets from the co-sedimentation The gel buffer was either 150 or 50 mM Tris propionate, pH 7.0. The
with actin of a-actinin (), filamin (€) and calponinf. chamber buffer was 50 mM Tris propionate. Samples loaded in the wells

ug Protein
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were in the same 140 mM potassium propionate buffer used for the

sedimentation assays. Temperature was held within the range of 25-30°C
by means of a circulating water bath and pH changes were kept within 1 pH

unit with buffer exchange ports. Dilution of the samples was prevented by

pouring the buffer only to the top of the gel, hence the use of a horizontal

electrophoresis unit. Protein migration in the anode direction was moni-

tored by use of bromophenol blue.

a-actining Jactin,

0 5 10 15
o MM

Rheology
. . ) a-actinin
The rheological measurements were performed using a Rheometrics RFS Il fre
rheometer (Rheometrics Scientific, Piscataway, NJ). The same instrument
has been used to characterize actin gels as previously described (Janmey et
al.,, 1994). A flat bottom plate was driven by a mechanical motor to
oscillate with a tiny amplitude at a fixed frequency. A time-dependent
shear was applied to the test protein solution sandwiched between a plate
and a cone having a 0.02 radian tilt angle (much like a gyrus, but with the
tip cut and~50Xx compressed vertically), and the resulting torque acting
on the top cone was detected electronically. In our experiments, a cone- 0.0
and-plate pair of 5 cm diameter was selected, which required 200 pl ’ 0 3 6 9
sample for each measurement. The electronically detected torque is in
general sinusoidal, but has a phase lag from the driving oscillations and can filaminfree, pM
be decomposed to an in-phase component and an off-phase component.
The in-phase component tells how elastic a sample is and the correspond-
ing component of stress divided by the strain is defined as the storage
modulus,G’, with a unit of pascal (Pa, 1 Pa 10 dyn/cnf). The compo-
nent that is 90° off phase is defined as the loss mod@lsT he values of
G’ andG” and their ratio indicate how elastic, or gel-like, a protein mixture
is. If G’ is large andG"/G’ << 1, then the sample is very elastic and little
energy is dissipated. On the contrary@f is large andG"/G’ > 1, the
sample is viscous and dissipative. A detailed discussion of the viscoelastic 0.00
properties of polymers can be found elsewhere (Ferry, 1980). 0 10 20 30
Actin filaments were maintained at an average length @freby adding calponin M
gelsolin to a molar ratio of gelsolin/actin of 1:760. G-actin at a concen- froor M
tration of 24uM was mixed with either uM «-actinin or 5uM calponin
followed by the addition of salt to start actin polymerization. In the case o
three-protein mixtures, the third protein was added witkih min of the
initiation of polymerization after a brief vortex mixing.

L T
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fFIGURE 2 Sedimentation assay of binding @factinin, filamin, and
calponin to actin and actin-tropomyosi€onditions: 5 uM actin and
varied ligand concentrations at 20°C in a buffer composed of 140 mM
potassium propionate, pH 7.0, 10 mM imidazole, pH 7.0, 2 mM MgCl
and 1 mM dithiothreitol. The equation of McGhee-von Hippel was used to
generate the curvesA) Binding of a-actinin. In the absence of tropomy-
RESULTS osin (J) the values oh, K, o, are 3, 7.2x 10° M1, 0.4 dotted ling or

- . : . 4,4.6x 10° M™%, 3.1 dashed ling respectively. The presence ofud
Before examining the competition of calponia:actinin, tropomyosin M) causes a reduction iK to 1.7 X 10* M~* with positive

and filamin for actin binding' the binding pmﬁle of each cooperativity of 6.2 whem = 4. (B) Binding of filamin. In the absence of
ligand was determined individually. Fig. 2 shows the titra-tropomyosin £) the binding could be adequately described with values of
tion of 5 uM actin with a-actinin, filamin, and calponin. n,K, ande of 3,3.2X 10° M™%, 0.22 (lotted ling, 4, 2.8X 10°M ™, 1.7
Two protein preparations were used for the calponin andnot shown), or 5, 1.8< 10° M, 6.3 (dashed lin: In the presence of
a-actinin curves. In the case of calponin, the data could b&POmYosin &) whenn =5, the values oK andw were 4.1 10° M
. . . B . and 6.8, respectivelyQ) Binding of calponin. In the absence of tropomy-

described with a single actin monomer comprising a calpOgginn = 1. » = 0.28.K = 6.8 % 10°M~* andKw = 1.9 X 10° M1, The
nin site (i.e.,n = 1) with negative cooperativityp = 0.28  addition of 10 uM bovine serum albumin to reduce any nonspecific
and contiguous site constakiw = 1.9 X 10° M~ 1. The interactions had no effect on the data.
addition of bovine serum albumin to the binding assays to
minimize nonspecific binding did not significantly alter
these parameters. M~1). For filamin, reasonable fits were obtained for any

The McGhee-von Hippel equation was fit to the data forvalue ofnfrom 3 to 5 (or 6 to 10 for filamin dimers) as long
the binding ofa-actinin and filamin for actin. Reasonable as» was allowed to alter from negative to positive coop-
fits for a-actinin were obtained when theactinin site on  erativity, i.e., 0.22t0 6.3 = 3.2X 10°M *toK = 1.8 X
actin was assumed to consist of either three or four actii0® M~1). As in the case withe-actinin, negative cooper-
monomersif = 3 or 4, or in terms of dimeria-actinin,n = ativity can compensate for a decrease in the valua.of
6—8 actin monomers). For the case= 3, it was necessary Fig. 2, A and B also show the binding o&-actinin and
to introduce negative cooperativity into the fib (= 0.4,  filamin to actin in the presence of smooth muscle tropomy-
K = 7.2 X 10° M~ 1), whereas fon = 4, the binding was osin olid symbols Tropomyosin reduces the affinity of
slightly positively cooperative«f = 3.1, K = 4.6 X 10°  both proteins to actin. Because our earlier results show that
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tropomyosin does not inhibit calponin binding to actin (Lu binding of calponin to actindjrcles) did not appreciably
et al., 1995) calponin data were collected only in the ab+educe the amount of bourdactinin to actin équare$; the
sence of tropomyosin. fitted line through thex-actinin data has a slope 6f0. The
Filamin anda-actinin both utilize CH domains to bind to binding of calponin to actindrcles) was not greatly af-
actin, but it was unclear whether these proteins competgected by the presence of boumdactinin, as seen by the
with each other for actin binding. The effect@factininon  close correlation of the data to the dashed curve generated
the binding of filamin to actin was examined and the resultstor the binding of calponin to actin in the absence of other
are shown in Fig. 3. While-actinin did bind to actininthe - |igands (from Fig. 2). It is not possible to state definitively
presence of 2.5uM filamin, there was a depression in g these data that-actinin had no effect on the stoichi-
binding. Thus, at a free-actinin concentration of LM, the ometry of binding of calponin to actin. However, it is

vr?luebofe wasf(]z.IOSY. in the presencgdof f(ijlgmirr: t(’jUt 0.11in possible to obtain a complex in which actin has 80% of the
.t € absence ot filamin (Compare idanddasned curves expected amount of bound calponin and 100% of the ex-
in Fig. 3). The cause of this depression in binding could no

- ni 0 i i
be uniquely defined. The difference between the solid ané)ected boundx-actinin (~80% may be possible at higher

. ._calponin concentrations). Binding of nearly stoichiometric
dashed curves could be simulated equally well by assummg k :

e - ' mounts of both proteins could occur if there were no
that filamin decreased the affinity or increased the number lap bet Ioonin_ ang-actinin. Simil it
of actin monomers interacting with a singteactinin mono- ovelrdap € v_\;et()anthca p;”?'” ‘:: d—ac Itr'"rlll‘ |m||ar resu st
mer. Fig. 3 also shows that with increasing levels of boundOU!d oceur it both proteins had partially overiapping sites

a-actinin, the amount of filamin bound to actin decreased (S€€ Fig. 7). o »
However, the binding of-actinin did not totally displace Fig. 4 also shows that there is little competition between

the filamin. Over the range of 2.5-6M free a-actinin, the calponin and filamin. When calponin was held constant and
value of § for both ligands was-0.14. the actin was titrated with filamin there was little displace-
Unlike a-actinin and filamin, calponin has only one CH ment of bound calponinc{rcles) until the filamin concen-
domain. The effect of-actinin and filamin on the binding tration was saturating (Fig. @). The binding of filamin to
of calponin to actin was examined. FigAdshows that little ~ actin was virtually the same in the presence of saturating
displacement of calponin occurred over the range of fregalponin (riangleg as in the absence of other ligands
a-actinin concentrations giving maximum binding @fac-  (dashed curve When filamin was held constant and actin
tinin to actin. Approximately 20% of the bound calponin was titrated with calponin there was virtually no displace-
(circles) was displaced at higher concentrationsagéicti-  ment of filamin ¢riangles Fig. 4 D); the fitted line through
nin. Therefore, the possibility of a small reduction in affin- the squares had a slope of approximately zero. Similarly, the
ity or number of binding sites cannot be excluded. Thebinding of calponin to actingjrcles) was unchanged by the
binding of a-actinin to actin ¢quare$ was unimpeded by presence of saturating filamin.
the presence of bound calponin as shown by the close A possible complication of the experiments involving
correlation of the data with the dashed curve showing thgalponin and eithew-actinin or filamin is the possibility of
binding of a-actinin to actin in the absence of other ligands 5 direct interaction between calponin and these other li-
(taken from Fig,. 2). Similarly, Fig. 4 shows that the gands. Such an interaction between two ligands could mask
a competition for binding to actin. The binding efactinin
and calponin was qualitatively assessed by native gel elec-

1 1 ola
0.20 P IR T trophoresis as described in Materials and Methods. F#y. 5
3 LA shows that a change in migration (or band broadening) of
_gg 015F ,° «-actinin was detected, but only at high calponin concen-
K J o A trations (above 2wM calponin). At 50uM calponin there
g 010k ] was substantially more peak broadening than in the pres-
g" . ence of 25uM calponin. These results were obtained with
gw 0.05 _:' O i a 50 mM Tris-propionate buffer system. Similar results
were obtained with 150 mM Tris-propionate, though the
0.00 ) ) . migration was much diminished. Fig. B is a positive

0 2 4 6 control of the assay in which oM calponin was titrated
with C&*-calmodulin. The formation of a complex at the
anode position occurred in this case even though the con-
FIGURE 3 Influence of filamin on the binding af-actinin to actin. ~ C€Ntrations of proteins were much lower than in Figh.5
Conditions: 2.5 M filamin, 5 uM actin, titrated witha-actinin in the ~ Calponin was shown to be present in this complex via
buffer described in Fig. 2. FilaminX) was initially saturating and de-  \Western analysis (data not shown). The binding of calponin
creased with increasing-actinin concentration. The binding efactinin . -41madulin was further verified by a visible decrease in
to actin in the presence of filamirC_{ and solid line) was depressed . . .
somewhat compared with the case in the absence of filadaished line ~ C&lponin mass in lane 2 compared to lane 1. For a negative

taken from Fig. 2A). control a mixture of 5uM bovine serum albumin and 50

o-actinin___, pM

free?
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FIGURE 4 Influence ofx-actinin and filamin on the g #EI O % &XQ A
binding of calponin to actinSymbolsO, calponin;[], 2 oo ] ! 1 ! 8 0.0 1 L 1
a-actinin; A, filamin. Binding was measured at 20°C 3 0 3 6 9 12 2 0 3 6 9
using 5uM actin in the buffer described in Fig. 2A) £ & filami
Titration with a-actinin in the presence of 1M g a-actinin,__, pM = llamin; ., uM
calponin. B) Titration with calponin in the presence of 8_
7 uM «-actinin. C) Titration with filamin in the pres- > 0.75 ! ! ! ! Tg ! f
ence of 10uM calponin. ) Titration with calponin in g B O - 5 . . o
the presence of M filamin. The dashed lines were £ 0.50 .t g c S i
taken from Fig. 2 (binding of a single ligand) to show g OO %
the lack of effect of the presence of the second ligand. % =
0.25 jgm1—8 3 .
G A
000 1 1 1 1 1 1
0 4 8 12 16 0 5 10 15 20
calponin, .., uM calponin, ., uM

uM calponin was examined (data not shown). No bandcentrifugation at low speed, indicating that a large network
broadening or other indication of interaction was observedf actin had formed. Because of this observation, the co-
between bovine serum albumin and calponin. Similar ex{ocalization of these proteins in cells, and the reported
periments were more difficult in the presence of filamin dueapijlity of a-actinin to increase the elasticity of actin gels, the
to poor migration of filamin in the native gel. However, no rheological properties of the-actinin—actin-calponin com-
band broadening of calponin was observed in the preseng§ex was examined. Fig. 6 shows that under the conditions

of filamin, so there were no obvious indications of a Calpo'employed by our experiments the storage modulus approx-

nin-filamin mtergcnon. It_ did nqt appear th_at mteractlonsimately doubled when &M a-actinin was added to 24M
between calponin and eitharactinin or filamin were sub-

) - tactin during polymerization. The same amount of calponin
stantial enough to create the false appearance of binding to d the st dulus fourfold. When both cal
actin in the presence of a competing ligand, as observed iwcrease € storage modulus tourtold. en both caipo-

Fig. 4. Thus, calponin can bind directly to actin in the "N and a-actinin were mixed with actin the storage mod-
presence of either filamin ag-actinin. ulus depended on the order of addition. Wheactinin was
The simultaneous binding of botkractinin and calponin added into rapidly polymerizing actin in the presence of 5
to actin altered the properties of actin. For example, thexM calponin, the mixture formed a gel, having a storage
complex of actin with both ligands could be collected by modulus comparable to that caused yNa calponin alone.

A 12345 56 7 B . . calmodulin

b

o-actinin - g o e -

FIGURE 5 Interactions of calponin witk-actinin and calmodulin detected with horizontal native gel electrophoresis. Calmodulinactthin migrate
toward the anode (top of gel) while calponin migrates toward the cath8ile-Actinin binding.Lane 1:2 uM «-actinin.Lanes 2 and 325 uM calponin
without and with 2uM «-actinin. Lanes 4 and 535 uM calponin without and with 2uM a-actinin. Lanes 6 and 750 uM calponin without and with
2 uM a-actinin. B) Calmodulin bindingLanes 1 and 21 uM calponin without and with 5uM calmodulin.Lanes 3 and 45 uM calponin without and
with 5 uM calmodulin.Lanes 5 and 650 uM calponin without and with 5uM calmodulin.

calmodulin/

origin 3
calponin complex

calponin
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15 DISCUSSION
E A5 — ] o '
= 10 Smooth muscle actin is present in two compartments. The
(3, 10 €5 ] nonmuscle op isoform of actin is present in the cell cortex,
é’ © ] while the muscle or and+y isoforms of actin are present in
2 Satponin M contractile complexes along with myosin. Some actin-bind-
g 5 ing proteins are segregated to a single compartment (North
S et al., 1994; Parker et al., 1994, 1998; Mabuchi et al., 1996)
2 o but the factors contributing to this segregation are largely
unknown. The problem becomes more intriguing when one
! 2 8 4 > considers that some of the actin-binding proteins (i.e., cal-
20 BI LR R ponin; Parker et al., 1994, 1998) move between the two
15k 1 compartments. Several factors may contribute to the differ-
. ] ential distribution of actin-binding proteins such as different
& ot ] affinities for B and y actin and attractive or competitive
o : interactions among actin-binding proteins. Differences in
5¢ 7 affinity of calponin, a-actinin, and filamin for one actin
' isoform versus another have only a minor effect on selec-
e — tivity. Unpublished data from one of our laboratories
1 10 100 (J.X.T.) indicate less than a twofold higher affinity @fac-
Strain (%) tinin for B-actin compared with skeletal actin. Similarly, we

B _ o observed the affinities of calponin faer-skeletal actin and
FIGURE 6 Effect of order of addition of calponin ardactinin on the y-smooth muscle-actin to be the same (Lu et al., 1995).

storage modulusy’) of F-actin. @) The storage modulu§’ is shown for . . . . . :
24 uM actin in the presence of BM a-actinin and 5zM calponin added High-speed sedimentation could not discern differences in

either during polymerization of actin or after polymerization was com- the affinity of calponin for skeletal actin versgsactin, but
pleted.Lane 1:actin aloneLane 2:actin + a-actinin. Lane 3:actin + a difference was seen when light scattering was monitored

calponin. Lane 4: actin + a-actinin, then calponinLane 5: actin +  (Parker et al., 1998). Therefore, we focused not on the actin
calponln, therw-actinin. Inset: Calponin (in absence Qf-actlnln)_concen- type but on the effect of various actin-binding proteins. We
tration dependence of the storage modulus when added during actin poly= _ .
merization. B) The storage modulu&’, as a function of shear strain for chose to use skeletal muscle actin because rabbit skeletal
a-actinin-actin-calponin complexesilled circles: a-actinin was added to  muscle actin can be highly purified in the large quantities
a mixture of co-polymerized actin and calponi@pen circles:calponin required for co-sedimentation and rheology studies.
W_as added to co—polymeri_zed actin amdictinin. The gel to which calpo- The present results show that smooth muscle tropomyo-
nin was addec_j last expenenct_ad a sharp increase in the storage modulgﬁq does inhibit the binding of boti-actinin and filamin to
(strain hardening) at-40% strain. . . . . .

actin. This observation confirms earlier reports (Maruyama

and Ohashi, 1978; Zeece et al., 1979; Nomura et al., 1987).
In contrast, when calponin was added into a rapidly poly-The apparent absence of tropomyosin frapactinin-rich
merizing actin andx-actinin mixture, the resulting mixture regions of actin such as in dense bodies (Small et al., 1986)
formed a much stronger gel than either calponir-@ctinin  and Z-lines (Szczesna and Lehrer, 1992) may result, in part,
did alone (Fig. 6A, bar 4. The storage modulus of the from this mutually inhibitory interaction. This competition
complex formed in this manner was 16 times that of actinof binding together with the strong cooperativity for tropo-
alone. myosin binding (Wegner, 1979) would make it energeti-

The ternary complex formed by adding calponin last alsccally unfavorable for filamin and tropomyosin to be ran-

was resistant to higher strains than in the complex in whictdomly distributed along actin filaments. It is interesting that
a-actinin was added last (Fig. B). When the dynamic Pruliere et al. (1986) observed that tropomyosin caused
storage modulu&’ was measured with incrementally in- clustering of filamin at the ends of actin filaments. Calponin
creased strains, the complex formed with calponin addedid not dramatically affect-actinin binding to actin in the
last had a two to threefold higher value @f at low strain  presence of tropomyosin. Calponin did, however, seem to
and underwent a sharp increaseGhat ~40% strain. This  increase inhibition of filamin binding to actin in the pres-
increase irG’ is a phenomenon known as strain hardeningence of tropomyosin (data not shown). This may be relevant
which is characteristic of a resilient elastic gel. In contrastto the exclusion of tropomyosin from the dense bodies as
when a-actinin was added last, the same combination ofalready discussed.
proteins produced a weaker and more fragile gel, which did Because tropomyosin is excluded from regions of actin
not show any noticeable strain hardening before the getontaining calponing-actinin, and filamin, it was equally
collapse. Therefore, we conclude that calponin can reinforcanportant to study the interactions of these proteins in the
a preexisting actin gel cross-linked lkyactinin, but not absence of tropomyosin. Neither filamin ne@ctinin stim-
vice versa, i.e., when the order of addition of the actin-ulated the binding of calponin to actin. Rather, there was a
binding proteins was reversed. limited competition between these proteins that nevertheless
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permitted near-stoichiometric binding of calponin ardc-  cryoelectron micrographs of these regionsiactinin (Mc-
tinin or calponin and filamin, or to a somewhat lesser extentGough et al., 1994) and fimbrin (Hanein et al., 1998)
a-actinin and filamin to actin. Thus, the binding of one of indicate that the actin-binding region is an ellipsoid mass
these ligands to actin does not appear to stimulate or inhibithat connects subdomain 1 and subdomain 2 of adjacent
the binding of the others to actin. The packing of thesemonomers. If only two actin monomers make tight contact
proteins on actin is an interesting structural problem particwith a-actinin and filamin it becomes possible to arrange
ularly when one considers that these proteins utilize similaboth proteins within a group of seven actin monomers.
domains for binding to actin. An added component to the Cryoelectron microscopy studies indicate that calponin
complexity of the structure formed is that the properties ofbinds to two actin monomers (Hodgkinson et al., 1997) in
the actin filament appear to be dependent on subtle differmuch the same way that-actinin (McGough et al., 1994)
ences in the arrangement of the ligand proteins. binds. However, calponin, with its single CH domain, ex-
Both a-actinin and filamin contain tandem CH domains hibited little if any competition with eithew-actinin or
that are thought to be involved with actin binding (Lebart etfilamin for actin binding. In the absence ef-actinin or
al., 1993, 1994). Cryoelectron micrographs of both calpofilamin, a block of 10 actin monomers could contain five
nin-actin (Hodgkinson et al., 1997) aadactinin-actin (Mc-  molecules of calponin. This same block of 10 actin mono-
Gough et al., 1994) implicate the same region of actin in themers could also accommodate two monomers of either
binding of both ligands. Despite these common areas of-actinin or filamin without displacing the calponin. This
interaction, Zeece et al. (1979) did not observe competitiombsence of competition confirms the observation by others
between filamin andx-actinin for binding to actin. How- that the CH domain of calponin does not contribute signif-
ever, that study was limited to low ligand concentrations.icantly to calponin binding to actin. Gimona and Mital
We reexamined the competition between these proteinfl998) showed by deletion mutagenesis that the CH domain
under conditions where both ligand concentrations weref mammalian calponin is not sufficient for actin binding.
high enough to be saturating in the absence of an inhibitorSimilarly, Mezgueldi et al. (1992) observed that a fragment
Under these conditions a unit of seven actin monomersf gizzard (basic) calponin containing only the CH domain
contained, on average, a single bound filamin monomer andid not bind actin, while a slightly larger fragment did bind.
a single bounda-actinin monomer. In the absence of a The lack of competition between calponin and either
competing ligand, each filamin monomer bound to three tax-actinin or filamin might mean that no common sites on
five actin monomers, while eaakractinin monomer bound actin are involved in binding. It is also possible that there is
to three to four actin monomers. The interpretation of thisoverlap of both filamin andv-actinin with a site that has
change in stoichiometry in structural terms is ambiguousonly a small effect on the stability of calponin for actin. For
becausax-actinin and filamin are dimers and each cross-example, calponin appears to bind optimally to two actin
links actin filaments differently, forming a unique structure monomers although the interaction with a single monomer
(Critchley, 1993; Gorlin and Hartwig, 1993). The binding is sufficient. The unstable interaction between calponin and
studies shown here do not distinguish between binding ofthe second actin monomer may be displaced with 1) a large
eitherdimerto one or two actin filaments. To the degree thatamount of free calponin, hence the gradual approach to a
binding occurs to only a single filament, the value rof stoichiometry of 1:1 when the concentration of free calpo-
observed will be an underestimate of the true value. Fonin is high; and 2y-actinin and filamin, which use tandem
pure monodendate binding, the ratio of actin monomers t&€CH domains to bind actin. Case 1 may occur if a large
ligand will be underestimated by a factor of 2 because twdigand has different types of interactions with actin along its
monomers of ligand are involved in bindingianonomers  length. In the presence of a competing ligand, those inter-
on a single actin filament. In competition experiments in-actions of lowest affinity may be displaced, allowing the
volving both a-actinin and filamin, it is unlikely that both ligand to “peel away” from actin so that the protein is held
ligands will be able to bind to two actin filaments. This by those interactions that are not competitive or have high
means that the values affor both ligands will be under- affinity (Fig. 7). A model describing competition when one
estimated to some degree. ligand has a mosaic of binding sites has been presented
The seemingly incomplete competition of competition earlier (Chen and Chalovich, 1992).
betweena-actinin and filamin may be due to either 1) a The interaction of ligands such asactinin, calponin,
change from bidendate to monodendate binding of one oand filamin to actin present several complications that might
both of the ligands so that additional actin monomers beaffect the observed binding constants. The formalism of
come available for binding, or 2) the ability of both ligands McGhee and von Hippel, which was used in the present
to bind to the same unit afactin monomers. If both ligands analysis, accounts for the parking problem that occurs when
bind to the same unit af actin monomers, then filamin and a ligand binds to multiple sites on a lattice. That formalism
a-actinin must be able to bind in a staggered manner iralso accounts for cooperativity among adjacent ligands.
which the two ligands are overlapped along the actin fila-Grazi et al. (1993) noted that the apparent affinityoeéic-
ment. The x-ray crystal structures of actin-binding domaingtinin for actin changes with the concentration of actin. They
containing tandem CH domains of fimbrin (Goldsmith et suggested that as the actin concentration increases, the dif-
al., 1997) and spectrin (Carugo et al., 1997), as well agusion rate of actin decreases, thus making cross-linking less
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Cc described as a loss of affinity of a secondary weak binding
site (Fig. 7A) or, if only a single binding site exists, as the
loss of a steric or repulsive blocking of an adjacent actin
monomer (Fig. 7B). Other possibilities were described
earlier (Lu et al., 1995).

As shown in Fig. 8, the complex of actin, calponin, and
a-actinin formed by adding calponin last was resistant to
higher strains than that in whict-actinin was added last.

F Such behavior could have several causes. As already men-
tioned, these proteins do not compete with each other but
they might nevertheless influence the manner in which each
is bound to actin. For example, actin that is involved ina 1:1
complex with calponin might behave differently from actin
in which two actin monomers interact with a single calponin

FIGURE 7 Possible modes of binding of calponin anectinin to actin. ~ Molecule. It is also possible that calponin amectin pro-

At ionic strengths exceeding 110 mM the binding of calponin to actin canduce different types of actin networks and that the final

be described as a 1:2 complex with positive cooperativity between adjacerdtructure is dependent on the order of addition of the com-

calponin molecules) or as a 1:1 complex with negative cooperativiy.( ponents. Another possibility is that the order of addition

In the latter case alternate actin monomers are blocked by steric or other . L .

repulsive forces. Calponin can bind in a 1:1 complex to actin underaﬁems the degree of actin polymerlzatlor] of the aCtIr? or the

conditions of high calponin concentration and at ionic strengthsomm  l€ngth of the polymers formed. The actin was studied for

(C). In the presence af-actinin calponin binds to actin with a stoichiom- hours after addition of both proteins so it is unlikely that the

etry of 1:2. Three possible cases are showrDiF where a-actinin is final extent of polymerization would depend on the order of

depicted as a truncated monomer. In cdsemdE, a-actinin and calponin - aqdition. We have not examined the length distribution of
bind to different sites on the same actin monomer. In @ﬂl_ue unfa_vor- the actin or the structure of the various complexes.

able free energy required to bend calponin as showrB)nig partially o T

compensated for by a weak calponirgctinin interaction shown in Fig. 5. The order of addition effect observed here is significant

In caseF, a-actinin and calponin bind to different actin monomers. only if there is some cellular control over the exposure of

actin to various actin-binding proteins. Such temporal con-

trol could occur in many ways. An interesting possibility is
likely. In addition, there is an increase in filament entangle-that the inherent rate constants of binding might dictate the
ment that tends to favor the formation of cross-links. Theserder of binding. We have noted previously that the rate
effects combine to produce a complex pattern of bindingconstant of binding of calponin to actin is very slow0°

The dissociation constant at infinite actin dilution (when M~ s™ %) compared with that of caldesmon binding to actin

there is no filament entanglement and filament diffusion is(Lu et al., 1995) at 15°C. Goldmann and Isenberg (1993)

unhampered) was calculated to be #@.0° M™%, whichis  reported that the apparent rate constant for binding of

in good agreement with 6.X 10° M~ reported for the smooth musclex-actinin to a fluorescent actin derivative
recombinant actin-binding domain of gizzaxeactinin (Xu  (NBD-actin) is 1 x 10° M~ s™* at 20°C. The apparent

et al., 1998) and similar to the values Kfobtained in the constant for binding of the actin-binding domain @facti-

present study (4.&< 10° M 1to 7.2 X 10° M~ 1). nin at 15°Cis 1.4x 10° M *s*t0 1.8x 10° M1 s?

In an earlier report of the binding dfC-labeled calponin  (Kuhlman et al., 1994, Xu et al., 1998). The possibility
to actin we observed that the valuerothanged from 1 to exists that the slow rate of calponin binding may favor
2 as the ionic strength was increased above 110 mM (Lu ébormation of the more strain-resistant ternary complex. Bet-
al., 1995). By using a different method measure bindingter estimates of the kinetics of binding of these proteins to
under slightly different assay conditions and at higher cal-actin are necessary before conclusions can be drawn as to
ponin concentrations, we presently observed a valueaff  the role of kinetics in establishing the type of actin complex
1.5 actin monomers (Fig. £) where we previously ob- formed in vivo.
served a value of 2. Interestingly, the present data could also Although biochemical and cryoelectron microscopy stud-
be fit well with n = 1 as long as negative cooperativity € ies have shown that-actinin and calponin binding sites on
1) was included between adjacent calponin moleculesctin are very close to each other, the present studies indi-
bound to actin. This raises the possibility that the salt-cate that the binding sites on actin are different. This raises
dependent change in apparent stoichiometry (Lu et althe possibility that calponin could strengthen thactinin/
1995) and other effects (Kolakowski et al., 1995) reportedactin gel (Fig. 6) either by 1) interacting with both actin and
earlier could be due to a change in the degree of cooperat+-actinin (Fig. 7,D andE), or 2) causing a conformational
ivity rather than to a change in stoichiometry. Changes irchange in actin that makes theactinin/actin bond more
cooperativity and stoichiometry are related and sometimesesistant to strain (Fig. D—F).
difficult to distinguish (Schwarz and Watanabe, 1983). That A potentially important factor in the interaction of pro-
is to say that in Fig. 7, the transition from a 1:2 complex toteins with actin is the level of phosphorylation of the actin-
a 1:1 complex of calponin to actin can be equally well-binding proteins. The phosphorylation of both calponin
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(Winder et al., 1993) and filamin (Ohta and Hartwig, 1995) Critchley, D. R. 1993a-Actinins. In Guidebook to the Cytoskeletal and

have been reported to inhibit actin binding our calponin Motor Proteins. T. Kreis and R. Vale, editors. Oxford University Press,
) New York. 22-23.

preparatlon was not Slgnl_ﬁcamly phosphory_lated ,and, es_seqf_isenberg, E., and W. W. Kielley. 1972. Evidence for a refractory state of
tially 100% of the calponin was competent in actin-binding heavy meromyosin and subfragment-1 unable to bind to actin in the
assays. Preparations of calponin from other sources havepresence of ATPCold Spring Harbor Symp. Quant. Bid7:145-152.
also been reported to be largely unphosphorylated (Winde'fefami,SCO;vlJ- R., antéI K. Bsugiélgga l|980- A rapidfpurificationhof alphlal-
. . n : actinin, filamin, and a 130,000-dalton protein from smooth muscle.
et a}l., 1993; Rokplya et.al., .1996, Mmo etal., 1995). UsiNg ;" giol’ Chem 255:1194—-1199.
ant!-phpsphos_erlng ant|bod|gs we did not detect phOSth—'erry, J. 1980. Viscoelastic Properties of Polymers. John Wiley,
serine in our filamin preparations, although some phospho- York.
serine was present in owr-actinin preparations (data not Gimona, M., and R. Mital. 1998. The single CH domain of calponin is
ShOWﬂ) It would be interesting in future studies to see how neither sufficient nor necessary for F-actin bindidg.Cell Sci 111:
: . e 1813-1821.
th? level Of, phosphorylatlon affects the afﬁmty Of_ these pro_Goldmann, W. H., and G. Isenberg. 1993. Analysis of filamin and alpha-
teins to actin and the sgbsequen_t changes-ln a}ctln rheology. actinin binding to actin by the stopped flow methdeEBS Lett 28:
In summary, calponin can bind to actin filaments that 408-410.
contain either bound filamin or-actinin. There are no Goldsmith, S. C., N. Pokala, W. Shen, A. A. Fedorov, P. Matsudaira, and
: ot ; ; S. C. Almo. 1997. The structure of an actin-crosslinking domain from
qbymu_s syqerglst|c interactions between calpo.mn @aet- human fimbrin Nat. Struct. Biol 4:708—712.
tinin either in the absence or presence of actin that woulds,in 3. and J. Hartwig. 1993. Actin binding protein-280 (ABP-280;
explain the intracellular co-localization of these proteins. nonmuscle filamin)in Guidebook to the Cytoskeletal and Motor Pro-
A|though a-actinin and filamin have similar actin_binding teins. T. Kreis and R. Vale, editors. Oxford University Press, New York.
i . . L 18-20.
domains, they can simultaneously bind to actin in nearly . .
ichi tri ts. Similarly. despite similarities in theGraZl' E., P. Cuneo, E. Magri, C. Schwienbacher, and G. Trobetta. 1993.
sto!c 'Qm(_a rne amOl_Jn S. Simi ) y’ _p| imiiariies | Diffusion hindrance and geometry of filament crossings account for the
actin-binding domains, there is little displacement of calpo- complex interactions of F-actin witk-actinin from chicken gizzard.
nin by either filamin ora-actinin. The organization of these ~ Biochemistry 32:8896-8901. _ _
proteins on actin remains an interesting question. The prodjaeberle, J. R. 1994.‘ Calponin decrease_s the rate of cross-bridge cycl!ng
. - . . and increases maximum force production by smooth muscle myosin in
erties of thea-ac_tl_nln-actm-cglpomn complex depend ON  an in vitro motility assayJ. Biol. Chem 269:12424—12431.
the order of addition of the ligands; adding calponin lastyanein, D., N. Volkmann, S. Goldsmith, A. M. Michon, W. Lehman, R.
creates a structure that is more resistant to strain. This raisesCraig, D. DeRosier, S. Almo, and P. Matsudaira. 1998. An atomic model

il ; ; ; of fimbrin binding to F-actin and its implications for filament crosslink-
the possibility that the mechanical properties of actin are ing and regulationNat. Struct, Bial 5:787-792.

d'_Ctated not only by the cqmpo_smon of aCtm'pmdmg pro- Hodgkinson, J. L., M. EI-Mezgueldi, R. Craig, P. Vibert, S. B. Marston,
teins but also by the order in which these proteins are addedand w. Lehman. 1997. 3-D image reconstruction of reconstituted
to actin. The order of addition of these proteins to actin smooth muscle thin filaments containing calponin: visualization of in-
might be controlled by regulation of synthesis, transport, or teractions between F-actin and calponlnMol. Biol. 273:150-159.

L LT . Itoh, T., S. Suzuki, A. Suzuki, F. Nakamura, M. Naka, and T. Tanaka.
by the intrinsic rate constant of binding of the various 994’ Effects of exogenously applied calponin on Gazegulated

ligands. The localization of calponin at the surface (Mabu- force in skinned smooth muscle of the rabbit mesenteric affhygers
chi et al., 1997) ofa-actinin containing dense bodies to-  Arch427:301-8.

gether with the changes in rheological properties caused bjgnmey. P. A, S. Hvidt, J. Kas, D. Lerche, A. Maggs, E. Sackmann, M.
. - . . Schliwa, and T. P. Stossel. 1994. The mechanical properties of actin
calponin support the possibility that calponin reinforces the geis " Eiastic modulus and filament motions. Biol. Chem 269:

a-actinin-actin cross-links so that they can resist the strains 32503-32513.

imposed during muscle contraction. Kolakowski, J., R. Makuch, D. Stepkowski, and R. Dabrowska. 1995.
Interaction of calponin with actin and its functional implicatiolso-
chem. J.306:199-204.

Kuhlman, P. A., J. Ellis, D. R. Critchley, and C. R. Bagshaw. 1994. The
kinetics of the interaction between the actin-binding domain of alpha-
actinin and F-actinFEBS Lett.339:297-301.
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