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Determination of the Gelsolin Binding Site on F-actin: Implications for
Severing and Capping
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ABSTRACT Gelsolin is a six-domain protein that regulates actin assembly by severing, capping, and nucleating filaments.
We have used electron cryomicroscopy and helical reconstruction to identify its binding site on F-actin. To obtain fully
decorated filaments under severing conditions, we have studied a derivative (G2-6) that has a reduced severing efficiency
compared to gelsolin. A three-dimensional reconstruction of G2-6:F-actin was obtained by electron cryomicroscopy and
helical reconstruction. The structure shows that gelsolin bridges two longitudinally associated monomers when it binds the
filament. The F-actin binding region of G2-6 is centered axially at subdomain 3 and radially between subdomains 1 and 3 of
the upper actin monomer. Our results suggest that for severing to occur, both gelsolin and actin undergo large conformational
changes.

INTRODUCTION

Gelsolin (Yin and Stossel, 1979) is the best-characterizethe barbed end of one of the newly formed filaments,
member of a family of actin-binding proteins that includesforming a stable cap (Bryan and Kurth, 1984). Capping and
severin, villin, fragmin, adseverin, and scinderin (reviewedsevering are also regulated by specific interactions between
in Matsudaira and Janmey, 1988; Weeds and Macivergelsolin and phosphatidylinositol phosphate (PIP) or phos-
1993). It is composed of six homologous domains, whichphatidylinositol 4,5-bisphosphate (B)P (Janmey and
are related in sequence, termed G1-6 (Kwiatkowski et al.Stossel, 1987; Janmey et al., 1992).
1986; Way and Weeds, 1988). In the presence of calcium, Analysis of genetically engineered fragments of gelsolin
gelsolin severs and caps actin filaments. Alternatively, gelhas shown that domains G1 and G2 are sufficient for effi-
solin can nucleate actin filament polymerization by lower-cient filament severing and capping (Way et al., 1992).
ing the critical concentration required for filament assemblyDomains G4-6 confer calcium sensitivity on severing and
by binding two actin monomers (Bryan and Kurth, 1984;are required to nucleate polymerization (Way et al., 1989).
Ditsch and Wegner, 1994). These diverse activities makdhus, in total, gelsolin contains three actin-binding sites:
gelsolin a powerful cellular regulator of actin’s function in two monomer-binding sites (G1 and G4) and one filament-
cells (Stossel, 1994a). In addition to its importance in livingbinding site (G2) (Bryan, 1988; Weeds and Maciver, 1993;
cells (Finidori et al., 1992; Witke et al., 1995; Arora and Way et al., 1989, 1992; Pope et al., 1995). The functions of
McCulloch, 1996; Lu et al., 1997; Ohtsu et al., 1997),the other domains (G3, G5, and G6) are not clear.
gelsolin has been demonstrated to be an effective mucolytic Despite the growing body of structural data on this family
agent for cystic fibrosis (CF) sputum and is currently inOf proteins (McLaughlin et al., 1993; Markus et al., 1994,
clinical trials as a therapeutic agent for CF (Vasconcellos ebchnuchel etal., 1995; Burtnick et al., 1997), there is still no
al., 1994; Stossel, 1994b; Sheils et al., 1996; Biogen Annudllirect information on how gelsolin interacts with F-actin.
Report, 1995). Because gelsolin severs filaments very rapidly, we cannot
Filament severing by gelsolin may be modeled as irectly study the interactions that occur during the severing
multistep process (Way et al., 1989; Kinosian et al., 1996)Process. As an alternative, we have performed electron
The first step in severing is binding to an as yet undeter£ryomicroscopy of F-actin decorated with G2-6, a gelsolin
mined site on the actin filament. This is accomplished by thedeletion mutant that lacks the high-affinity monomer-bind-
second domain of gelsolin (G2) and is a relatively slow stegnd domain that is required for efficient severing (Way et
(Way et al., 1992; Allen and Janmey, 1994). After binding,&l-» 1989). In EGTA, gelsolin G2-6 binds to filaments

gelsolin rapidly severs F-actin and then remains bound tghrough domains G2-3 but does not sever. However, in
calcium the C-terminal half (G4-6) can also bind actin,

resulting in filament severing. The inefficient severing by
G2-6 (17% that of gelsolin; Way et al., 1989) offers the

Tgeg;—:-ived for publication 21 August 1997 and in final form 11 Novemberpossib”ity of “freezing” the severing mechanism in action,
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METHODS study on thin filaments differs from our present study in that additional
screening was possible from the raw images because their specimen was
Electron cryomicroscopy negatively stained.

. o ) The gelsolin G2-6 portion of the map was identified by difference
G2-6 and G2-3 were expressed and purified fréscherichia colias  a55ing. The phase residuals calculated for the final G2-6:F-actin recon-
described previously (Way et al., 1989, 1992). F-actiu{@) (Spudich gy ction (average of 15 data sets) when aligned against the F-actin recon-
and Watt, 1971) in 10 mM Tris, 50 mM NaCl, 1 mM MgELI1 mM gy ction (average of 16 data sets) were 39.9° and 51.5° for the correct and
dithiothreitol, 0.2 mM ATP, pH 7.8 (“F-actin buffer”), containing 0.5 mM icorrect polarities, respectively. The polarity of the actin filaments was
CaCl, was gently mixed with a 45 molar excess of G2-6 in F-actin buffer yetermined by comparison to a reconstruction of actoS1 (Whittaker et al.,
containing 1 mM CaCland then plunged within 1 min. Approximately 7 1995b). The difference map in Fig.ctwas computed by multiplying the
pl of filaments was placed on 400-mesh copper grids prepared with holeyeconstruction with a binary mask (Schroeter and Bretaudiere, 1996) de-
carbon films, blotted with filter paper, rapidly frozen in ethane slush cooledjyeq from the F-actin reconstruction. The difference map in Figwas
with liquid nitrogen, and maintained in liquid nitrogen until used. Samples ca\cyjated by subtracting the F-actin densities from the G2-6:F-actin den-
were also pelleted for 15 min at 100,0@0in a Beckman airfuge and  gjties and contouring the positive differences (McGough et al., 1994). The
sodium dodecyl sulfate—polyacrylamide gel electrophoresis gels run tQjgnificance of the differences was assessed by computing statistical dif-
confirm gelsolin binding to actin. In some cases F-actin was decorated bygrence maps (Milligan and Flicker, 1987). The region of the reconstruc-
applying 5pM G2-6 in calcium to actin filaments that had already been {jo that we have designated G2-3 was highly statistically signifigart (
applied to an electron microscope grid. G2-3:F-actin filaments were preg 00005) according to this criterion. The high radius densities were less
pared by incubating F-actin with a 4-5 molar excess of G2-3 for 30-90gjgnjficant, but it was still a stronger density than the surrounding noise
min on ice in F-actin buffer containing 0.5 mM CgClmages (100 KeV) (one standard deviation above the mean density of the map).
of F—_actin, GZ—_3_:F—§ctin, and G2-6:F-actin in calcium were recorded ata  Atomic models and density maps were displayed and manipulated using
nominal magnification of 30,000 and 2.6-3.3um underfocus with a || Explorer (Numerical Algorithms Group) and O version 5.9 (Jones et
JEOL 1200 electron cryomicroscope (McGough and Way, 1995; McGoughy | 1991). Alignment of the atomic model of F-actin proposed by Lorenz
et al., 1997). Images of G2-6:F-actin in F-actin buffer containing 0.2 MM g 4] (1993) was done interactively by rigid body translation and rotation
EGTA were recorded at-1.0—~1.5um underfocus on a Philips CM12 5 the molecular envelopes determined by electron microscopy reconstruc-
electron cryomicroscope operated at 120 KeV (McGough et al., 1994). 4i5ns. Ribbon diagrams were generated using Ribbons 2.65 (Carson and

Bugg, 1986), saved as Inventor format files, and displayed in IRIS
Explorer.

Structure determination, analysis,
and visualization RESULTS

Electron micrographs were scanned on a Perkin-Elmer densitometer at 5
A per pixel. The defocus of the micrographs used for the structural analysi
was determined by incoherent averaging of calculated diffraction patternq—he most Widely studied F-actin-binding protein, myosin,
obtained from either regions of adjacent carbon or protein embedded in ic%. d tin tightl d red the helical disorder inh t
(Zhou et al., 1996). Helical reconstructions were performed using PHOE- Inas allc In tightly and reduces e, elica |sor'er inheren
LIX run on a Silicon Graphics workstation (DeRosier and Moore, 1970; IN the filament (Stokes and DeRosier, 1987). This leads to a
Schroeter and Bretaudiere, 1996; Whittaker et al., 1995a). Alignmentstrongly diffracting structure that is amenable to study by
were performed using the layer lines indicated by the followinigvalues: standard approaches. In contrast, the F-actin-binding do-
(2, 1), (4, 2), €5, 4), (=3, 5), (-1, 6), (1, 7), and (3, 8). All data points ~ y4in of gelsolin binds weaklyK(; = 2—4 uM; Way et al.,
along the layer lines (excluding those at the meridian) up to a resolution 05_992) and Isolin G2-6 destabili th fi
1/37 A~* were used in the alignments. : ! gelsolin . estabilizes (gevers) . e ac' n
A total of 54 G2-6:F-actin filaments (out of 110 filaments analyzed) filament. These properties had to be taken into consideration
were successfully aligned to a reference data set after three rounds @uring our study. To achieve saturation of the filaments, we
alignment. We found that as more G2-6:F-actin filaments were included inncubated F-actin with a 4—5 molar excess of G2-6. As a
the average, the high radius features (which corresponded to the G2-6) h%su“ of the excess protein, electron micrographs of G2-6:

a tendency to weaken. To resolve as much of the G2-6 density as possibl . . . .
we tried various schemes for deciding which filaments to incorporate intoE'aCtIn filaments (Flg. h) possess hlgh levels of noise. We

the final average. The approaches tried included using only those data se@slS? Obs'erveq that Under. these CQnditionS the fi!aments
with the best phase residuals, the greatest differences between up/dowraried widely in length relative to equivalent preparations of
phase residuals, and the best agreement of the relative shifts between sidgsactin alone (Fig. 1) or decorated with either G2-6 in

and those corresponding to the side of the particle giving the lowest phaSEGTA (Fig lC) or G2-3 in calcium (Fig ZU) Presumably
residuals. Even with such approaches, which were designed to select for : o

the best-preserved particles, the averaged images remained essentially {Fﬁba”y of the_ Sho,rter filaments had been ?evered by G2-6
same. The decrease in the intensity of the arm suggests that not all 4uring the time it took to prepare the grids for electron
filaments included in the average have this high radius feature; howevetnicroscopy.

diffraction patterns and layer-line data of individual G2-6:F-actin filaments  |n addition to the length variation, many of the G2-6:F-
do not show readily apparent differences. In contrast, in real space thactin filaments were kinky or curvy. In contrast, actin fila-

presence or absence of the arm is readily apparent from visual inspection . . : . .
of the reconstructed particles. Therefore, visual inspection of projectiorrnents either alone or combined with G2-6 in EGTA or with

maps derived from three-dimensional reconstructions of individual side€32-3 in calcium are usually either straight or show only
was used to help prescreen the filaments for inclusion in the average. wgradual bending. Because decoration by most actin-binding
used only those filaments whose phase residuals fell within the lower halproteins results in stabilization rather than distortion of
of the population a”‘(’j pﬁrformﬁd a r“?”ingdzveraglef I°f the f"a“”f‘e”tijfilament structure (Milligan and Flicker, 1987; Vibert et al.,
Averaging was stopped when inclusion of an additional filament was foun . . . .
to weaken, rather than strengthen, the arm. A similar approach was re_]—'993’ Owen and DeROSIGr, 1993; MCGOUgh etal, 1994), it
quired to resolve the “off’ position of tropomyosin, owing to disorder in IS likely that the kinking we have observed is related to the

the tropomyosin strands on thin filaments (Vibert et al., 1993). This earliersevering activity of G2-6 (Way et al., 1989).

gppearance of G2-6 decorated actin filaments
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FIGURE 2 Computationally straightened images, projection maps, and
computed diffraction patterns oé{c) G2-6:F-actin in calcium andd¢f)
F-actin. Images show equivalent length portions of computationally
straightened filaments and are best viewed from a glancing angle. The
actual lengths of the filaments used to calculate the diffraction patterns
were 0.88 and 0.5nm for a andc, respectively. Protein is light in these
images. Layer lines are labeled with valuesnadnd].

gelsolin G2-6 under these severing conditions. The mean
twist of the G2-6:F-actin filaments, however, was un-
changed. This is in contrast to another F-actin-fragmenting
protein, cofilin, which has recently been reported to subtan-
tially alter the mean twist of the filament (McGough et al.,
1997).

Reconstruction of G2-6:F-actin under conditions

FIGURE 1 Electron cryomicrographs af)(G2-6:F-actin in calcium,t) that permit severing

F-actin, €) (G2-6:F-actin in EGTA, andd) G2-3:F-actin in calcium.  pacage F-actin is a helical object, its three-dimensional
Bra_ckets indicate one cross-over on a filament. Insets contaln_ er!largement% . . i
of filaments showing three cross-overs. Black arrowheads indicate shor? ructure can be determined directly from the layer-line data
actin filaments, and white arrowheads indicate kinky filamenta.iBoth ~ Of individual filaments. A three-dimensional reconstruction
types of filaments are commonly found under severing conditions. Theobtained from the single G2-6:F-actin filament shown in
G2-6:F-actin filaments irb are of lower contrast, owing to the imaging Fig. 2ais shown as a projection map in Figh2The image
conditions tg\sed to produce this micrograph. Protein is dark in these image§eveals bent “arms” that approximately double its diameter
Bar =500 A relative to F-actin (Fig. 2). It is important to note that this
reconstruction represents an average consisting of the 180
G2-6:actin subunits that form the filament. This internal
Even in these noisy micrographs it is usually possible toaveraging produces a dramatic improvement in image qual-
discern by eye that the G2-6:F-actin filaments are wideiity and interpretability relative to the raw image from which
than F-actin alone. Often the presence of “arms” extendingt was obtained.
out from the filament can be identified in the raw images We sought to improve further the signal-to-noise ratio
(seeinset Fig. 1 a). To determine their structure, we cal- and reliability of the structures by additional averaging.
culated diffraction patterns from computationally straight- Accordingly, layer-line data from eight G2-6:F-actin or
ened filaments (Fig. 2). The diffraction patterns show layerF-actin filaments were aligned and averaged to produce the
lines characteristic of the actin helix. The mean helicalfinal reconstructions. The mean phase residuals for the final
symmetries for the G2-6:F-actin and F-actin filaments in-G2-6:F-actin and F-actin reconstructions were 42.4° and
cluded in the final reconstructions were 2.162& € 27.1°, respectively. These phase residuals are comparable to
0.0081) and 2.16250( = 0.0012) subunits/turn, respec- those reported for other actin structures calculated in a
tively, indicating that the G2-6:F-actin filaments exhibit a similar way (that is, calculated using the entire layer lines
larger variation in helical twist relative to bare F-actin. This rather than just the peaks; McGough et al., 1994; Owen and
may be due to the distortion in the filaments induced byDeRosier, 1993). The higher phase residual obtained for the
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decorated filaments is probably a function of the contribu- g
tion of free G2-6 to the background as well as of disorder in
the filaments themselves. The up-down differences in phas
residuals were 15.9° for the G2-6:F-actin structure anc
20.8° for the F-actin structure.

Fig. 3 presents plots of amplitudes and phases for the tw
averaged data sets. Both the diffraction patterns and laye
line data of the decorated filament show relative increases i
layer lines 1, 4, and 7, as well as shifting the peaks along
layer lines toward the meridian. The latter is consistent with
the increase in particle diameter of G2-6:F-actin. The in-
crease in the intensity of layer line 1, and to a lesser exter
layer line 2, is consistent with the enhanced appearance ¢
the actin “cross-overs” that arise from the two-strandec
long-pitched actin helix (compare Fig.l2with 2 €).

Three-dimensional reconstructions were calculated b
Fourier-Bessel inversion of averaged layer-line data. The
G2-6:F-actin filament (Fig. 4) is ~175 A in diameter or
nearly double the diameter of F-actin. The bulky region of
the arm is tilted up, resulting in a filament polarity that is
opposite that of myosin S1 decorated filaments. The recor
struction may be more readily interpreted by comparisor
with a reconstruction of F-actin obtained under comparable
conditions (hite filamentin Fig. 4b). Our interpretation of
the reconstruction is that G2-6 binds at the junction betwee
two actin monomers and extends out across the front of th
filament (in a clockwise direction when looking down the
pointed end of actin). FIGURE 4 Identification of the F-actin binding site by difference map-

The weakest region of the map occurs most distal fronping. @ Surface rendering of final G2-6:F-actin reconstruction based on
the filament binding site. We found that as more filamentseight filaments or~1220 G2-6:actin subunitgy(eer) contoured at lo.
were included in the average, the high-radius features Wer‘éhis cgrrespor_wds to 110% of th_e predicted molecular volume, assuming a
weakened, whereas the low-radius mass touching the acti 1 r_atlo of_actl_n to G2-6. Lowering the contour Ieve_l belo_w Ihtrodticed
. . . . oating noise into the map.b) F-actin reconstructionwhite), obtained
filament remained essentially unchanged. Comparison of g@nger similar conditions, embedded in the G2-6:F-actin reconstruction
reconstruction of G2-6:F-actin based on 54 filaments (Fig. 4transparent green Four monomers in the filamera-£d) and the approx-

c) with the final reconstruction containing data from eight imate positions of the four subdomains of actin (Kabsch et al., 1990;

filaments (Fig. 4a) shows that the portion of G2-6 that is Holmt_as et al.,, 1990) are indicgtect) (Preliminary GZ-6:F-aictin reco_n-

directly bound to F-actin is a stable feature, even Withstructlon calc_ulate_d from 54 fllar_n_ents or6700 G2-6:actin sui)unlts

. . . (yellow). Asterisks indicate the position of a small volume of density in the

additional averaging. The extended arms, which are clearly ejiminary map, which coincides with the “arms” visible in the final

visible in the eight-filament average, on the other handyeconstruction. Arrowheads indicate the positions of the low radius masses
that coincide with the F-actin binding component of gelsolth) F-actin
displayed with the difference magrger) obtained by masking out F-actin

b from the final G2-6:F-actin reconstructiore) (F-actin displayed with a

difference mapttansparent orangecontoured to account for the molec-
---- - il ular mass of the F-actin binding fragment G2-3. The statistical difference

3,8 ] ... 3,8
/\/\ ...... 1,7 e 1,7 map Epague oranggis contoured to a significance level pf< 0.00005.
------- ~ sl | .48 (f) F-actin displayed with the actin binding domainefctinin, shown in
- 25 - ” blue (McGough et al., 1994).
e S}
S ’ o 5.4
: p Tz
——— 2 ra0  become much weaker with additional averaging. The next
T - T - . - 0 strongest feature in the map calculated from 54 filaments is
0 0.01 0.02 003 0 0.01 0.02 0.03

R (1/A) R (1/4) a smaller density at high radius, which coincides with the
position of the G2-6 arms and which we interpret as a
FIGURE 3 Plots of Gn,|(R) (——) amplitudes ane-( phases (Klug et  feature of the G2-6 arms remaining after averaging.
al., 1958). &) Average layer-line data from eight G2-6:F-actin filaments. Because there is always some ambiguity in assigning the

(b) Average layer-line data from eight F-actin filaments. The order and . b d fi th ticle f th bed
layer-line numberrg, |) are listed for each layer line. Amplitudes are scaled precise boundary separating the particie irom the embed-

relative to the strongest nonequatorial layer line for each filament; equator§ing me_zdium (Frank, 1996), WhiCh is_a prerequisite for
are on their own scale. Phases vary from 0° to 360°. generating the 3D models shown in Fig. 4, we have also
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assessed the behavior of the high-radius features from pro- Fig. 4 e shows difference maps calculated using two
jection maps. Comparison of the projections calculatedhlternative approaches that highlight the strongest differ-
from reconstructions of a single filament, an eight-filamentences between the two maps. The transparent orange den-
average, and a 54-filament average leads to the same cosities were calculated by subtracting the F-actin map as
clusions (Fig. 5). continuous densities from the G2-6:F-actin map. It is shown
Two factors that would contribute to the sensitivity of contoured to occupy the molecular volume predicted for
features distal from the filament-binding site to additional G2-3. The statistical difference map or “t map” (Milligan
averaging are ﬂeXIblllty in G2-6 at thejunction between thEand F|icker, 1987) is presented in opaque orange on the
F-actin (G2-3) and the G-actin (G4-6) binding halves of thesgme filament. It is shown contoured at a significance level

molecule and/or different conformational states of G2-6,of b < 0.00005, indicating that the low-radius mass that is
both on the same filament and between filaments. The faqiong to F-actin is highly reliable.

that some filaments are long and straight, some are kinky,
and others are very short leads us to believe that different
G2-6 molecules are at different stages in the mechanism and
possibly in different conformations as well. In either case, itDISCUSSION
is clegr from the average of 54 filaments tha} the portion OfGeIsoIin binding to the actin filament
gelsolin G2-6 that is directly attached to actin (which must
therefore contain the F-actin-binding domain) is a stabléDespite the extensive study that has been made over the past
feature. two decades of gelsolin and its relatives, there is little
structural information on how gelsolin binds to and severs
actin filaments. The first goal of this study was to determine
the gelsolin-binding site on the actin filament. The maps
presented in Fig. 4 show that gelsolin G2-6 binds the
To isolate the gelsolin component of the reconstruction, wdilament by interactions with two actin monomers, in sup-
computed difference maps after aligning the G2-6:F-actirport of the model for F-actin binding that was first proposed
and F-actin structures in Fourier space. The difference mapy Pope et al. (1991). The most extensive interactions
shown in Fig. 4d was calculated by carving out the actin appear to involve the upper monomer. The gelsolin-binding
filament from the G2-6:F-actin filament, using a binary site on F-actin is centered axially at subdomain 3 and
mask derived from the F-actin reconstruction. This exerciseadially between subdomains 1 and 3 of the upper monomer.
confirms that each G2-6 extends out from the gaps betweeBubdomains 1 and 2 of the lower monomer also appear to be
two longitudinally associated actin subunits in the filament.involved in the gelsolin-binding site.
The size of the arm corresponds t674% of the volume Immunochemical studies have identified regions of sub-
predicted for G2-6, based on its molecular mass. The undomain 1 of actin (residues 1-10 and 18—28) as important
derrepresentation of the gelsolin in our reconstruction isor G2 binding (Feinberg et al., 1995). The involvement of
probably a function of the limited resolution of the recon- actin residues 23-28 with gelsolin binding is consistent with
struction, partial decoration of the filament, and disorder inthe interactions we see in our structure (see Fig. 6). How-
the molecule. ever, our reconstruction and difference mapping suggest
that the amino terminus is not located directly in the gelso-
lin-binding site. This discrepancy is not too surprising,
because the amino-terminal residues of actin are thought to
be highly mobile (Kabsch et al., 1990). In earlier studies of

a b c d
a-actinin’s interactions with F-actin, the amino-terminal
residues were also thought to be involved in binding
(Mimura and Asano, 1987), only to be shown later to fall
outside the binding site (see Figf;MMcGough et al., 1994).
In some places the positive densities from the difference
maps appear to contact one another along the long-pitched

helix of the actin filament. These connections are extremely
FIGURE 5 Averaging of G2-6:F-actin and F-actin filaments. The effectssensitive to the contour level used to represent the map and

of averaging layer-line data frona) a single filament,lf) eight filaments, . .
and €) 54 filaments on projection images of G2-6:F-actin reconstructions.are prObany a result of the low resolution of the G2-6:F-

Averaging was stopped after eight filaments because it was apparent th@ctin reconstruction. Therefore, it is unlikely that the G2-6
additional averaging was weakening the high radius featintask arrow- molecules make contact with each other when bound to the

head$, which are visible ina andb. Black arrowheads indicate the low fijlament. This is in agreement with binding studies showing

radius mass, which is a constant feature in the G2-6 decorated filament . o . .
even after many filaments are averaged togetligr¢actin reconstruction ?hat filament bmdmg by G2-3 and G2-6 is not cooperative,

based on eight filaments, viewed as a projection image for comparisor@S Might be eXp?Cted if adjacent molecules along the fila-
Protein is light in these images. ment were touching (Way et al., 1992).

Identification of the gelsolin-binding site on
F-actin by difference mapping
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(Owen and DeRosier, 1993; Schmid et al., 1994), and
cofilin (McGough et al., 1997). Unfortunately, there are no
data available on competition between gelsolin and these
proteins for filament binding. However, based on its binding
site, we predict that gelsolin would compete with these
proteins for filament binding. The location of G2-6 on the
actin filament is consistent with the inhibitory effects of
tropomyosin and caldesmon on severing by gelsolin, as well
as with the placement of tropomyosin on the actin filament
(Dabrowska et al., 1996; Vibert et al., 1993; Hodgkinson et
al., 1997).

Interestingly, the G2-6 binding site on F-actin is quite
similar to that ofaAl1-2, the actin-binding domain af-ac-
tinin (Fig. 4f), even though these two proteins are unrelated
in both sequence and function. This is consistent with the
finding thataA1-2 can both substitute functionally for G2-3
during severing and compete with G2-3 for filament binding
(Way et al., 1992). These results, taken together with the
facts that G2-3 contains the F-actin-binding domain (Yin et
al., 1988; Bryan, 1988) and calcium-dependent actin bind-
ing by G4-6 (after targeting to the filament by G2-3) results
in severing (Way et al., 1989), lead us to argue that the
difference density shown in Fig. d corresponds to all or
part of G2-3.

To date, all F-actin-binding proteins have been found to
interact with at least two subunits in the filament. In most
cases these interactions involve two or more longitudinally
associated subunits. This suggests that specificity for fila-
mentous rather than monomeric actin is a direct conse-
quence of binding two or more subunits that are related by
the relatively restricted geometry accommodated by the
F-actin helix. Thus filament geometry may be just as im-
portant in defining binding sites as the specific amino acid
residues that are involved in the interactions.

Structural model for the basis of filament
distortion during severing

In addition to showing how gelsolin binds the actin fila-
ment, our structure of G2-6:F-actin obtained in calcium
FIGURE 6 Model of an actin filament capped with gelsolin G1-3. Five holds the potential of visualizing the domains that are re-
subunits in the !_orenz quel qf F-actin (Lorenz et al., 1993) are shpwn i”sponsible for severing by G2-6, as well as providing insights
stereo at two different orientations. The model was generated by interaqy, e severing mechanism. Given that G2-3 contains the
tively fitting the Lorenz model of F-actin into the G2-6:F-actin and F-actin _. . . .

reconstructions, then combining this model of F-actin binding with thef"ament'bmdmg site and subsequent calcium-dependent ac-
atomic model of G1 bound to G-actin (McLaughlin et al., 1993). According tin binding by G4-6 results in severing, we propose that
to this model, the G1-3 cap involves monomers a and c. A dashed line i§54-6 is the source of the remaining high-radius density,
used to indicate the residues wthat bind PIP2 and connect domains G1 agghich trails off in the clockwise direction across the front of
G2. The images are designed to be viewed with a stereo viewer. the filament.

Because G4-6 on its own does not bind F-actin, we
cannot determine its structure when bound directly to actin
by helical reconstruction methods. However, existing bio-
Electron microscopy has been used to determine the filachemical and structural data on gelsolin/actin interactions,
ment-binding sites of a variety of actin-binding proteins, combined with our structure, allow us to propose how G4-6
including myosin, tropomyosin, scruin;actinin, and cofi-  binds the filament when severing is completed (Fig. 7).
lin. The gelsolin-binding site appears to overlap the sites foBiochemical and structural studies suggest that G4 binds at
myosin (Rayment et al., 1993; Schroder et al., 1993), scruithe base of the actin monomer in a position similar to that of

Relationship to other F-actin-binding proteins
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subunits at the end of the gelsolin-capped filament would
also be distorted. Consistent with this notion, alterations of
actin structure, when present in ternary complexes with
gelsolin, have been observed by a number of biochemical
and biophysical techniques (Hesterkamp et al., 1993;
Prochniewicz et al., 1996; Khaitlina and Hinssen, 1997) and
electron microscopy (Orlova et al., 1995). According to our

model, the gelsolin cap would involve direct interactions

with three actin monomers (labeled c, andd in Fig. 6).

Efficient versus inefficient severing

The gelsolin derivative G1-3 has been shown to sever
F-actin very efficiently in vitro (Chaponnier, 1986; Way et
al., 1989). This raises the question of the roles of domains
4-6 in gelsolin. Although it is clear that these domains are
important for calcium regulation, it seems evolutionarily
FIGURE 7 Mechanistic model of domain movements required for G2-6inefficient for half of gelsolin’'s molecular mass to be de-
to sever F-actin.g) A single G2-6 molecule is bound to actin subunits a voted to calcium regulation when other proteins accomplish
and c. The top of the filament is tilted toward the reader at a small angl he same feat with much smaller domains Unfortunately
for clarity. Domain assignments are derived from reconstructions couple . . : 7
with existing biochemical data on gelsolin's interactions with actin. The g1the speed with which G1-3 severs makes structural studies
binding site is indicated with a yellow asterisk. The closest available G40f this protein in association with F-actin unfeasible. Our
binding site is at the base of monomer d and is indicated with a greerreconstruction of G2-6:F-actin filaments clarifies the roles
asterisk. p) View down the filament, consisting of the region enclosed by of both G2-3 and G4-6 during severing and leads us to

the dashed box. The large conformational change needed to bring gelsolinro ose the following mechanisms for severing by G1-3
in proximity to the G4 binding site is particularly evident in the end view, prop 9 g9 by

as indicated by the arrow. and G2-6.
We have found that gelsolin’s F-actin-binding domain

bridges two longitudinally associated monomers in the fil-

G1 (Pope et al., 1991; McLaughlin et al., 1993; Pope et al.ament. Because G1 does not sever F-actin on its own,
1995; Burtnick et al., 1997). Although the individual do- filament recognition by G2 is the first, critical step in
mains are not resolved in this reconstruction, the position ofevering. We propose that in the absence of,PtRe
the G2-6 arm suggests that the closest available binding sifjenction between G1 and G2 is flexible, and G1, which is
for G4 would be between 50 A and 100 A away, at the bas@ow tethered to the filament by G2-3, rapidly finds its
of monomerd. This suggests that gelsolin undergoes dra-binding site. In this scheme for filament severing by G1-3,
matic conformational changes in calcium for G4 to bindG2-3 steers G1 into position, then G1 drives a wedge
actin and sever the filament. In support of this proposal, it idbetween longitudinally associated actin monomers and
known that the hydrodynamic volume of gelsolin doublesbreaks the filament. After severing by G1-3, one of the
(Patowski et al., 1990) and assumes a more asymmetricakewly formed filaments is capped at its barbed end. Fig. 6
shape (Rouayrenc et al., 1986), and dynamic light scatteringresents a model of the filament capped with G1-3. The
experiments indicate that domains G4-6 undergo majomodel shows that a G1-3 cap would involve two actin
conformational changes upon binding calcium (Hellweg etsubunits related by the long-pitch helix of the filament. This
al., 1993). is consistent with biochemical evidence showing that G1-3

In addition to the proposed conformational change inbinds two actins (Bryan and Hwo, 1986; Way et al., 1989),
gelsolin, we have observed substantial distortions in actiras well as with our reconstruction showing G2-6 associated
filaments decorated with G2-6 under conditions that permitwith two subunits along the long-pitch actin helix.
severing (Fig. 1a). Filament distortions have also been Does the importance of G2-3 and G1 mean that G4-6
observed by video-enhanced light microscopy of full-lengthdoes not play a role during severing? In vitro severing
gelsolin severing F-actin (Bearer, 1991). The G2-6:F-actirassays have demonstrated that G1-3 and G2-6 sever fila-
reconstruction provides a structural explanation for thesenents at~87% and 17% the efficiency of gelsolin, respec-
observations. Given the sizes of the domains involved antively (Way et al., 1989). A major contributing factor to the
the distance between the filament-binding site and the neadifferences in the way G1-3 and G2-6 sever is that G1 binds
est available G4-binding site, an additional conformationaimonomeric actin with 1000-fold greater affinity than G4-6
change may also be required within actin during severing(Bryan, 1988). For this reason, it appears that an additional
Assuming that all three actin-binding domains remainelement in the mechanism is required for G2-6 to sever the
bound to F-actin after severing, it is likely that, in addition filament. We propose that the dramatic distortions seen in
to distortions in actin that might occur during severing, theour electron cryomicrographs of G2-6:F-actin filaments
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provide this driving force. These distortions are reminiscenteinberg, J., Y. Benyamin, and C. Roustan. 1995. Definition of an interface
of, although distinct from, the substantial change in helical implicated in gelsolin binding to the sides of actin filamerg@&chem.

. d d by the F in-f . . fil Biophys. Res. Commuh7:426—-432.
twist produce y the F-actin-fragmenting protein cofilin Finidori, J., E. Friederich, D. J. Kwiatkowski, and D. Louvard. 1992. In

(McGough et al., 1997). Further studies will be needed to vivo analysis of functional domains from villin and gelsolii. Cell.
determine if G2-6 is actively or passively producing these Biol. 116:1145-1155.

distortions and if filament distortion is a component of all Frank, J. 1996. Three-Dimensional Electron Microscopy of Macromolec-
severing mechanisms. In conclusion, the G2-6:F-actin re- U/a" Assemblies. Academic Press, San Diego.

- . . . Hellweg, T., H. Hinssen, and W. Eimer. 1993. The Ca-induced conforma-
construction presented here provides the first direct struc- tional change of gelsolin is located in the carboxy-terminal half of the

tural data on how gelsolin binds the actin filament and molecule.Biophys. J65:799—805.
suggests that, in addition to its importance in calcium regHesterkamp, T., A. G. Weeds, and H. G. Mannherz. 1993. The actin

ulation and nucleation, domains G4-6 may play an impor- monomers in the ternary gelsolin: 2 actin complex are in an antiparallel
. S orientation.Eur. J. Biochem218:507-513.
tant role during severing.

Hodgkinson, J. L., S. B. Marston, R. Craig, P. Vibert, and W. Lehman.
1997. Three-dimensional image reconstruction of reconstituted smooth
muscle thin filaments: effects of caldesmd@iophys. J.72:2398-2404.
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