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ABSTRACT: We have obtained a quantitative description of villin-nucleated actin polymerization in phys- 
iological salt by determining the concentrations of free villin (V), villin-actin monomer (VA), villin-actin 
dimer (VA,), and villin-actin oligomer (VA,). Over a range of actin-villin ratios from 0.1 to 20 we determined 
the concentration of actin-bound villin by measuring the low-intensity pyrenylactin fluorescence of the two 
terminal actins in each villin-actin polymer. (To this end we first showed that each villin-actin oligomer 
and polymer contains two low-intensity pyrenylactin molecules.) We determined the concentration of free 
villin using a calibrated cutting activity assay. The pattern of increase in bound villin together with the 
pattern of increase in high-intensity pyrenylactin fluorescence with increasing G-actin concentration indicated, 
first, that villin-actin monomers were not formed at detectable levels even a t  a 12-fold villin excess over 
actin. Second, there was no stoichiometric villin-actin dimer formation a t  actin-villin ratios of 2. Instead 
there was an equilibrium between free villin, VA,, and VA,. Defining K I  = [VA]/[V][A] and K2 = 
[VA,]/[VA] [A], a good fit of the data was obtained with K1 << K2 and a value of K1K2 = Kv = 1012-1013 
M-, = [VA,]/[V][Al2, Le., I/Kv112 = (0.3-1) X M. We have assumed here that the monomer binding 
constant of VA, to form VA3 was equal to the monomer binding constant of pointed filament ends, K, = 
1 /c,, obtained as described below. Extending polymerization measurements to actin-villin ratios greater 
than 100 showed that F-actin increased gradually with increasing G-actin concentrations until a limiting 
value for the G-actin concentration was obtained, c,, approaching 1/K, for the pointed filament end. The 
data could be fitted with the same three constants, K , ,  K 2 ,  and K,, used for the data in the low range of 
actin-villin ratios. Retaining the term critical concentration for the limiting G-actin concentration during 
nucleated polymerization, F-actin is formed a t  subcritical actin concentrations. In other words, filament 
assembly no longer has the characteristics of condensation polymerization but instead is described by a series 
of equilibria that are very similar to those derived by Oosawa for the analogous case of “linear” polymerization. 

A c t i n  filaments in nonmuscle cells probably are repeatedly 
assembled and disassembled to adapt to different functions. 
Filament formation and breakdown appears to be regulated 
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by actin binding proteins, a large number of which have been 
isolated [for reviews, see Korn (1982), Craig and Pollard 
(1982), Weeds (1982), Stossel et al. (1985), and Pollard and 
Cooper (1 986)]. These proteins are capable of bundling fi- 
laments, nucleating the formation of new filaments, stabilizing 
the filaments by capping both ends, or assisting in filament 
disassembly by stabilization of monomeric actin (G-actin), by 
filament breakage, and by capping of the preferred end for 
elongation (Wegner, 1976; Kirschner, 1980). 

At this time relatively little is known about the participation 
of these proteins in intracellular processes. In  vitro studies, 
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meanwhile, are providing information on how these proteins 
can function. We have focused on studies of villin, a spe- 
cialized protein found only in microvilli of the intestines and 
kidney [for a review, see Mooseker (1985)l. Whereas nothing 
is known about its function in vivo, a number of different 
properties have been determined by in vitro studies [cf. 
Mooseker (1985)l. In the presence of calcium, villin caps, 
nucleates, and cuts actin filaments. Although villin has these 
activities in common with gelsolin, fragmin, and severin (Wang 
& Bryan, 1981; Bryan & Coluccio, 1985; Hasegawa et al., 
1979; Hinssen et al., 1981a,b; Brown et al., 1982; Yamamoto 
et al., 1982), there are considerable differences between villin 
and these other proteins concerning the detailed regulation of 
these functions. For instance, while all villin functions are 
rapidly reversed in response to calcium addition or removal, 
the capping activity of gelsolin and severin is not reversed by 
the subsequent removal of calcium, even though calcium ap- 
pears to be required initially for the activation of these proteins 
(Bryan & Kurth, 1984; Bryan & Coluccio, 1985; Janmey et 
al., 1985; Yamamoto et al., 1982). 

Recently (Walsh et al., 1984a,b; Northrop et al., 1986), we 
began a study of the quantitative aspects of the interactions 
between villin and actin. We determined that different calcium 
levels are required for the regulation of cutting and capping 
so that the calcium sensitivity of cutting is 4 orders of mag- 
nitude lower than that of capping. We showed that villin binds 
to the barbed end with an association constant of about 10" 
M-' and to cutting sites with a much lower affinity. We 
provided evidence to indicate that the energy required to break 
the actin-actin bonds during cutting may be derived from the 
difference in binding energy of villin to the capping and to the 
cutting sites. 

Here we present a detailed analysis of the nucleation of actin 
polymerization by villin in physiological salt solutions. Nu- 
cleating activity is defined in terms of the relative concen- 
trations of villin-actin monomers, dimers, and oligomers of 
increasing size coexisting with free villin and G-actin. We 
employed several independent methods to measure the con- 
centrations of free villin and G-actin and the number con- 
centrations of total actin-villin oligomers. We found, first, 
that the villin-actin dimer was never the sole villin-actin 
species but always coexisted with larger villin-actin oligomers 
and free villin. Second, we found that the concentration of 
the villin-actin monomers was always negligible even at very 
low actin-villin ratios. Third, we found that the equilibria (or 
steady states) between the various villin-actin species could 
be described by three apparent equilibrium constants, KI,  K2 
and K, = l /cm,  whereby K, << K2 and (K1K2)'l2 = KV1J2 - 
K,. We show that, as a consequence of the high value for Kv, 
filament assembly by villin was no longer described by con- 
densation polymerization characteristic of pure actin. Instead, 
it followed a linear reaction scheme, analogous to that derived 
by Oosawa for "linear" polymerization [cf. Oosawa and 
Asakura (1976)l. It could be described by the three constants 
derived from the measurements described above, whereby 
(KIK2)IJ2 is equivalent to Oosawa's equilibrium constant for 
actin dimer formation. 

EXPERIMENTAL PROCEDURES 
Actin was prepared from acetone 

powder and chromatographed as previously described (Walsh 
et al., 1984a). Chromatography by downward flow through 
Bio-Gel P-150 separated the unidentified substance with nu- 
cleating activity, present in actin extracts, quite well when the 
column was freshly poured; on repeated use, however, the 
nucleating activity tended to spread deeper and deeper into 

Actin Preparations. 
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the actin fractions, a problem that was recently overcome by 
changing to upward flow. Unmodified actin was stored in 
liquid nitrogen over long periods of time. Chromatographed 
actin used for experiments was kept for 2-4 weeks at 4 OC 
in a column buffer containing 5 mM triethanolamine, pH 7.5, 
0.5 mM ATP, 0.2 mM CaCl,, 0.1 mM CaEDTA,' and 6 mM 
NaN, (G buffer). 

Actin modified with N-ethylmaleimide or NBD was pre- 
pared as previously described (Porter & Weber, 1979; Detmers 
et al., 1981). Pyrenylactin was prepared according to Kou- 
yama and Mihashi (1981) with the following modification. 
After removal of dithiothreitol by overnight dialysis, actin was 
brought to a final concentration of 40 pM in G buffer with 
10 mM Tris-HC1, pH 8.0, and the following additions were 
made in sequence: first, MgC1, to a final concentration of 2.0 
mM; second, pyrenyliodoacetamide, dropwise under stirring, 
to a final concentration of 45 p M  from a 2.5 mM stock solution 
in dimethyl sulfoxide; third, KCI to a final concentration of 
0.1 M. After 90-min incubation at 15 OC, actin was centri- 
fuged for 2 h at lOOOOOg, dialyzed against G buffer containing 
Tris-HC1, pH 8.0, and chromatographed. Addition of mag- 
nesium prior to pyrenyliodoacetamide resulted in greater re- 
producibility of the fluorescence response of the modified actin, 
which usually showed a 30-fold increase on polymerization. 
When first used in our laboratory, labeling by this method was 
found to be more than 90% as measured by subsequent labeling 
with N-ethylmaleimide. The extent of labeling, however, was 
not tested for each preparation. The critical concentration was 
determined for each preparation as previously described 
(Walsh et al., 1984a); it varied between 0.1 and 0.2 pM when 
both filament ends were free and between 0.7 and 1.2 pM 
when the barbed ends were fully capped by villin. 

Villin was prepared according to Coleman and Mooseker 
(1985) and stored for several weeks at 4 OC. Fresh dithio- 
threitol was added to a concentration of 0.1 mM once a week. 
Changes in the activity of villin with time were followed by 
titrating 3 pM actin with villin to find the villin-actin ratio 
at which the increase in the steady-state monomer concen- 
tration was maximal, Le., the fluorescence increment was 
lowest. With fresh villin this was usually at an actin-villin 
ratio of about 11800. Villin was rejected when the ratio had 
increased to 11600. 

Protein concentrations for villin and actin were calculated 
from E,,, = 123.5 mM-' cm-' for villin and Ezw = 24.9 mM-l 
cm-' for actin. The concentration of pyrenylactin was cor- 
rected for the absorption of the probe according to Selden and 
colleagues (Selden et al., 1983). 

Fluorescence and Kinetic Measurements. Fluorescence 
measurements were carried out as previously described (Walsh 
et al., 1984a): excitation-emission wavelengths were 360-410 
nm for pyrenylactin and 470-530 nm for NBD-actin. Light 
scattering artifacts were minimized by 390- and 490-nm cut-off 
filters in the emission path for pyrenylactin and NBD-actin, 
respectively. The highest concentration of pyrenylactin used 
was 1.4 pM, calculated to permit 95% transmission aftei 
polymerization, with E370 = 0.016 pM-l cm-l for F-actin. The 
fraction of fluorescent-labeled actin used in different exper- 
iments varied and is given in the legend of each figure. 

Experiments were carried out at 14 OC in polymerizing 
buffer containing 0.5 mM ATP, 10 mM Tris-HCI, pH 7.4 or 

' Abbreviations: EGTA, ethylene glycol bis(fi-aminoethy1 ether)- 
N,N,N',N'-tetraacetic acid; NEM, N-ethylmaleimide: NBD-CI, 7- 
chloro-4-nitro-2,I ,3-benzoxadiazole; VA,, villin-actin oligomers with n 
actin molecules per villin; EDTA, ethylenediaminetetraacetic acid; 
Tris-HCI, tris(hydroxymethy1)aminomethane hydrochloride. 
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7.6, 2.0 mM MgCI2, 0.1 M KCI, and CaCI, as indicated for 
each experiment. Prior to polymerization, G-actin was con- 
verted to Mg-actin; Le., the tightly bound calcium was ex- 
changed for magnesium. This was done to avoid the change 
in elongation rates associated with the conversion of calcium 
to magnesium monomers (Cooper et al., 1983; Frieden, 1983; 
Selden et al., 1983; Tobacman & Korn, 1983) and to study 
actin filaments in their physiological state, since calcium- and 
magnesium-containing filaments differ significantly in some 
properties (Brenner & Korn, 1984). The exchange was carried 
out a short time before polymerization, since we observed a 
decrease in the extent of polymerization on prolonged storage 
of G-actin in magnesium. Godette et al. (1986) very recently 
elucidated the mechanism of this apparent instability of 
magnesium actin. The exchange procedure consisted of a 
15-min incubation at  14 "C in magnesium exchange solution 
containing 10 mM imidazole or Tris-HCI, pH 7.6, EGTA 
equivalent to the calcium present, and varying magnesium 
concentrations dependent on the ATP concentrations used. At 
ATP concentrations between 100 and 300 pM, the total 
magnesium was 100 pM higher than that of A T P  at 500 yM 
ATP, the total magnesium concentration was 500 pM. The 
conversion to Mg-actin was indicated by a small drop in the 
pyrenyl fluorescence. 

Villin-capped actin oligomers and polymers were polym- 
erized 18-24 h prior to use in the presence of 0.1 M KCI and 
2.0 mM MgCI, and 200 yM calcium; concentrations of actin 
varied between 1 and 10 p M  and of villin between 1.0 and 19 
pM. For the determination of the critical concentration (cJ, 
the polymerized actin was allowed to reach steady state at  
16-19 OC for a period of 18 h. ATP was not significantly 
depleted during 24 h since the steady-state rate of ATP hy- 
drolysis by actin present as villin-capped actin filaments 
(average length 100 monomers/villin) at  14 OC was about 
(4-5) X M ATP/M actin per second (Chaparala et ai., 
submitted for publication); i.e., maximally 50 pM ATP was 
hydrolyzed by 10 pM actin during 24 h. Nevertheless, in a 
number of experiments we supplemented the assays with 5 mM 
creatine phosphate and 0.1 mg/mL creatine phosphokinase. 
No difference was observed between assays with and without 
the ATP backup system (Table I, Figure 5). 

Determination of Free Villin Present in Villin-Actin Oli- 
gomer Mixtures by Its Cutting Ability. Three requirements 
must be met to use this assay. The number of cuts per villin 
molecule must be constant over the range of villin concen- 
trations to be measured. Second, the number of cuts made 
per villin molecule must be known; Le., the cutting activity 
of the particular villin preparation must be calibrated under 
the given experimental conditions. Third, the starting con- 
centration of the filaments must be known. The third re- 
quirement was met by using, as a substrate for cutting, vil- 
lin-capped actin filaments of an average size of 600 molecules 
per villin, prepared by polymerizing 7-9 pM actin in the 
presence of villin at a ratio of total actin to villin of 600. For 
the cutting assays (Northrop et al., 1986) the villin-capped 
actin filaments (6 pM actin) were incubated (in the presence 
of 1.0 mM CaCI,) either with a known concentration of free 
villin (20-70 nM) for the calibration or with the villin-actin 
mixtures to be analyzed. After incubation periods of varying 
lengths but not shorter than 90 s, the cutting activity of villin 
was terminated by dilution of the actin filaments into an 
EGTA-containing (6.0 mM) polymerizing solution to a final 
actin concentration of 50-80 nM. The extent of cutting was 
evaluated from the rate of depolymerization. At each step, 
mixing and sample transfer was very slow to minimize filament 
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shearing. The first fluorescence reading was taken about 
20-30 s after dilution of the villin-actin mixture to subcritical 
actin concentrations. 

The extent of cutting was calculated (see below) from the 
depolymerization rate. The extent of cutting was the same 
for incubation periods from 2 to 20 min, indicating that the 
cutting process had reached an end point at less than 2 min, 
i.e., before the assay was terminated, confirming earlier results 
(Northrop et al., 1986). The depolymerization rates of control 
filaments, not subjected to cutting, were measured after the 
same mechanical procedures, substituting villin buffer for villin. 
After some practice runs, the control rates were very repro- 
ducible. The calculation of the number concentration of cuts 
per villin was based on the premise that under the conditions 
chosen the depolymerization rate was proportional to the 
number concentration of the filaments. This has been verified 
for average filament lengths (after cutting) down to, but not 
below, 100 monomers per filament (Northrop et al., 1986). 
The number concentration of cuts per assay is given by q = 
(iv/ic - I)&, where i, and i, are depolymerization rates before 
and after cutting by villin andfo is the number concentration 
of actin filaments before cutting. 

The number of cuts per villin molecule did not change over 
the measured range of villin concentrations from 20 to 170 
nM. Its value, q,, varied for different villin preparations 
between 0.1 8 and 0.5. The free villin present in the villin-actin 
oligomers was given by q/qv ,  where q is the number concen- 
tration of cuts made by the villin-actin oligomer mixture. 

The observation that the number of cuts per villin was 
smaller than the number of filaments produced by villin-nu- 
cleated polymerization may be explained in one of two ways. 
First, it is possible that cutting and nucleating activity are not 
equally susceptible to inactivation. It has been our impression, 
not yet verified by a systematic study, that the cutting activity 
is more labile than the nucleating or the capping activity. 
Second, there may have been competition between villin 
binding alongside the actin filaments (resulting in cutting of 
the filament) and villin interacting with actin monomers to 
form villin-actin nuclei. Elongation of villin-actin dimers and 
trimers to longer oligomers measurable by depolymerization 
tests should take much longer than the cutting times used here. 
The reason is that the diffusional processes responsible for the 
redistribution of actin molecules from preformed filaments to 
the villin-actin nuclei would be very slow (Hill). Thus, the 
filament number remained constant for about 20 min after 
the initial rapid increase after villin addition although it was 
found to have increased after 24 h. 

Calculations. (A) Calculation of G- and F-Actin Concen- 
trations from Fluorescence Data for Figures 2 and 3. Con- 
centrations of G- and F-actin (total polymerized actin) were 
calculated according to the following expression: emission = 
a[G-actin] + b[F-actin], where [G-actin] = [total actin] - 
[F-actin]. This was rearranged to [F-actin] = (emission - 
a[total actin])/(b - a), where a is the molar fluorescence of 
G-actin, determined under the ionic conditions prevailing in 
the mixture of G- and F-actin during the experiment, and b 
is the molar fluorescence of F-actin, obtained from the slope 
of F-actin fluorescence. 

( B )  Model for  Assembly. We employed a simple linear 
model for the binding of villin to actin, with an equilibrium 
constant K, for the binding of the first actin to villin, an 
equilibrium constant Kv for the binding of two actin monomers 
to villin, and an equilibrium constant K, for the binding of 
a monomer to a villin-capped actin filament containing two 
or more actin molecules per villin. This is a simple modifi- 
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cation of the ”linear polymerization” described by Oosawa [cf. 
Oosawa and Asakura (1 976)]. 

Using the mass action law, the concentrations [VA,] of n 
actin monomers bound to villin are given by 

[VA] = K1VG ( la )  

[VA,] = KvVG2 (1b) 

(IC) 
[VA,] = K,[VA,-JG = (KVVG2)(K,G)n-2 for n > 2 

where Vis the free villin concentration and G is the G-actin 
concentration. The total concentration of bound villin Vbd is 
the sum of all the [VA,]: 
V,  = [VA] + [VAZ] + [VA,] + ... = Vt[K,G + (Kv - 

KlKm)G2]/[1 + (Kl - Km)G + (Kv - KlKm)G2] (2) 
where Vt is the total villin concentration. The free villin 
concentration is 
V =  V , -  V ,  = 

V,( 1 - KmG)/ [ 1 + (Kl - Km)G + (Kv - KIK-)@] (3) 

This permits calculation of the concentrations of oligomers 
of each size, [VA,], given the total villin concentration. If co 
is the total concentration of actin molecules, then the total 
concentration of monomers incorporated into villin-actin 
complexes is 
F = CO - G = [VA] + 2[VA2] + 3[VA3] + ... = 

VG[K1 + KvG(2 - KmG)]/[(l - K,G)’] (4) 

The data are normalized by dividing the number concentration 
of filaments by the total villin concentration. Substituting eq 
3 for V then gives 
F/Vt = [G/(1 - K,G)][KI(l - K,G)’ + KvG(2 - 

KmG)]/[ 1 + ( K I  - Km)G + (Kv - KIKm)GZ] (5) 

The appropriate equations were fit to the data with a non- 
linear least-squares procedure that employs a Marquardt al- 
gorithm [cf. Bevington (1969)]. The standard error of the 
parameter is found by inverting the curvature matrix, choosing 
the diagonal element of this inverse that corresponds to the 
parameter of interest, and multiplying this by the square root 
of the reduced x2. The choice of this method for determining 
the standard error was in part motivated to allow for com- 
parisons to popular routines, such as those of MLAB (Knott & 
Shrager, 1972). 

RESULTS 
Polymerization of Actin in the Presence of Stable Nuclei. 

The simplest and most direct measurement of the effect of a 
nucleating substance, such as villin, on actin polymerization 
is to determine the partition of the total actin into F- and 
G-actin. Figure 1 shows a control experiment with pure actin 
in the absence of villin. Data points were clustered in the 
region of actin concentrations near the critical concentration 
c,. A sharp break can clearly be seen between the two linear 
regions of the plot of fluorescence against total actin. The 
abruptness of the transition is typical for condensation-po- 
lymerization and is the result of the low concentration of 
F-actin at subcritical levels (Oosawa & Kasai, 1962), which 
was too small to be detected with the methods employed here, 
although more sensitive techniques may have rendered it ob- 
servable [Lanni & Ware, 1984; Newman et al., 1985; but 
compare Godette et al. (1986)l. 

In the presence of villin two features of the polymerization 
curve were altered. First, the critical concentration (the ex- 
trapolation of the linear part of the curve to the abscissa) was 

pM TOTAL ACTIN 

FIGURE 1: Absence of measurable amounts of actin oligomers at 
subcritical actin concentrations in the absence of added nuclei. Py- 
reny1actin:NEM-actin = 1 : 1. 

raised to the value for the pointed end. This is due to the 
complete block by villin of monomer binding and dissociation 
at  the pointed end. Second, the total observed fluorescence 
increased with a gradually increasing slope, which eventually 
reached a constant value at higher actin concentrations (Figure 
2). This gradual increase in slope is not related to the shift 
in critical concentration. If the monomer binding constant 
were the same at  both filament ends, as in the case of ADP- 
actin in the absence of ATP, then the gradual increase in slope 
would have occurred without any change in critical concen- 
tration. 

This gradual increase in fluorescence was seen both with 
native actin (Figure 2A) and with NEM-NBD-actin (Figure 
2B) and became more obvious with higher villin concentrations 
(Figure 2A). It was less noticeable with NBD fluorescence, 
first, because of the much lower sensitivity of this probe and, 
second, because the VA2-F-actin fluorescence ratio was much 
higher for NBD-actin than for pyrenylactin (see below and 
Figure 4). The gradual increase in slope indicates that initially 
both F- and G-actin increased together until the G-actin 
concentration reached a maximal value where it remained 
constant. At that point, raising the concentration of total actin 
further only resulted in an increase of the concentration of 
F-actin (Figure 3A). The value at  which the G-actin con- 
centration remained constant was independent of the villin 
concentration. 

As the concentration of villin increased, the amount of 
F-actin formed at  submaximal G-actin concentrations also 
increased. However, the ratio of bound actin over total villin 
at a given monomer concentration was independent of the villin 
concentration (Figure 3B). This would be expected for a series 
of equilibria (or steady states) between villin-actin complexes 
of increasing size: 
V i -  A - V A +  A - V A , +  A -  

VA, + A - ... - VA,-, + A - VA, 
At an actin-villin ratio between 10 and 20, the concentration 

of G-actin reached its maximal value, which we define as the 
critical concentration (c , )  for the pointed end because it ap- 
proximates 1/K, for monomer binding to the pointed end 
(Oosawa & Asakura, 1973). 

To obtain the line through the data points of Figure 3, the 
simplifying assumption was made that, except for villin and 
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FIGURE 2: Fluorescence with increasing actin in the presence of a 
constant villin concentration. (A) Native actin containing 20% py- 
renylactin; villin concentrations in nanomolar indicated on curves; 
control, villin absent. (B) With 7 nM villin, 1:3 pyreny1actin:NBD- 
actin. 

Table 1: Equilibrium Constants Used to Fit the Data Showing the 
Increase of F-Actin at Increasing Subcritical G-Actin for Different 
Actin and Villin Preoarations 

3/18 0.94 1.06 f 0.01 0.0 * 0.7 2.5 f 0.6 
4/12 1.19 0.84 f 0.04 0.0 f 2.4 3.5 f 3.0 
4/19 1.28 0.78 f 0.01 0.0 f 0.6 1.1 f 0.2 
5/10 1.07 0.93 f 0.02 0.0 f 1.2 1.2 f 0.4 
6/24' 0.83 1.20 f 0.01 0.0 f 0.7 0.9 * 0.4 

' With 5.0 mM creatine phosphate and 0.1 mg/mL creatine phos- 
ohokinase NP. 

the villin-actin monomer, VA, all villin-actin oligomers had 
the same binding constant, K ,  = l/c,. The curve was cal- 
culated by least-squares fitting the data of Figure 3B to eq 
5 (cf. Experimental Procedures). As can be seen, the data are 
well described by the fit, with reproducible and stable values 
obtained for the fitted parameters (Table I). Two results 
emerge: first, a sizable fraction of the villin is predicted to 
be unbound (over 50% at the lowest measured value of G- 
actin), and second, the binding constant for the first monomer 
is too small to be determined with precision by this procedure. 
These results were checked by direct measurements of free 
villin and villin-actin oligomers with several independent 
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FIGURE 3: Increase in polymerized and monomeric actin with in- 
creasing total actin at 7 and 50 nM villin; data with 7 nM villin were 
calculated from the fluorescence values in Figure 2B. (A) Increase 
in total F-actin; (B) data in (A) expressed as ratio of polymerized 
actin over total villin; 1:3 pyreny1actin:NBD-actin. Curves in both 
(A) and (B) were calculated from eq 5 (Experimental Procedures) 
with Kv = 1.1 X loL2 M-*, KI = 0, and K ,  = 0.78 wM-'. 
methods at  low actin-villin ratios. 

Formation of the Villin-Actin Dimer. The formation of 
the villin-actin dimer, V + A - VA + A - VA,, represents 
the first two steps in the linear reaction scheme describing 
villin-nucleated polymerization. The two steps can be com- 
bined to give the expression Kv = K,K2 = [VA2]/(G2V). To 
obtain a precise value for Kv, the concentrations of monomeric 
actin, G, free villin, V, and the villin-actin dimer, [VA,], must 
be determined. We measured the concentration of monomeric 
actin by a null point method that will be described below. The 
determination of free villin and of the villin-actin dimers is 
more difficult because under most conditions, for example, at 
an actin-villin ratio of 2, villin-actin dimers, unlike gelsolin- 
actin dimers (Bryan & Kurth, 1983; Janmey et al., 1985, 1986; 
Cou6 & Korn, 1985), coexisted with free villin and villin-actin 
oligomers of larger size. Without specific markers for each, 
we could not distinguish between VA, VA,, and VA,. How- 
ever, we did measure free villin directly by its cutting ability 
and the total number concentration of villin-actin oligomers 
by two different methods. 

In the following we describe, step by step, first, the deter- 
mination of G-actin, second, the evidence suggesting that each 
villin-actin oligomer and polymer contains two low-intensity 
molecules, and, third, the determination of free villin by its 
cutting activity. Fourth, from the last two measurements 
together, we determine that VA did not occur in significant 
concentrations even at the lowest actin-villin ratios used. Fifth, 
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Table 11: Determination of the Steady-State Monomer 
Concentration during Polymerization" 

AF/min 
[villin] actin-vil- (arbitrary 

lactinl (uM) (uM) lin ratio cn (nM) units) 
1 .o 2.0 0.5 51 -0.29 

203 0.0 
406 +0.5 

2.0 2.0 1 .o 152 -0.1 
254 +0.07 
406 +0.19 

2.0 1 .o 2.0 102 -0.43 
209 -0.06 
305 0.0 
609 +1.1 

3 .O 1 .o 3.0 305 -0.2 
495 0.0 
71 1 +1.16 

'Actin was polymerized with villin for 18 h at different actin-villin 
ratios (columns 1-3); aliquots were diluted to 40 nM total villin into 
G-actin (c) of increasing concentrations. Simultaneously, MgCI, was 
added to 2.0 mM, KCI to 0.1 M, and CaClz to 0.2 mM. The fluores- 
cence change of NBD-actin, AF/min, was measured in arbitrary units. 
A rate of zero indicates that the fluorescence did not change after di- 
lution for a period of 10 min. It should be noted that elongation rates 
are not linear functions of the monomer concentration (Weber et al., 
19871. 

we are then in a position to determine how the number con- 
centration of villin-actin oligomers increased with increasing 
F-actin-villin ratios and extract a value for Kv by best fit of 
the data with the linear reaction scheme used for fitting the 
data of Figures 2 and 3. 

Determination of G-Actin Concentrations. We determined 
the monomer concentration by a null-point method. Steady- 
state villin-actin oligomers of different average sizes were 
diluted into various G-actin solutions: if the concentration of 
the G-actin solution was not equal to the steady-state value 
for the particular mixture of villin-actin oligomers, then the 
villin-actin oligomers either depolymerized or elongated; if it 
was the same, no change occurred. A representative example 
of these determinations is given in Table 11. The values for 
the G-actin concentrations at the null point were verified with 
NBD-actin, since Carlier and her colleagues (Carlier et al., 
1984) have shown that the fluorescence of NBD-actin is in- 
sensitive to the nucleotide content (ATP vs. ADP) of F-actin. 
By contrast, the fluorescence of pyrenylactin is lower for 
F-ATP-actin than for F-ADP-actin. The same null-point 
values were obtained with both fluorescent probes (data not 
shown), indicating that no changes in nucleotide content oc- 
curred. 

The steady-state G-actin concentration was much lower than 
c, at low actin-villin ratios; it was 0.05 pM at a ratio of 0.08, 
the lowest ratio employed. The reason is that at these low 
ratios the G-actin concentration depended on G = ([VA,]/ 
( VKv))1/2. The G-actin concentration increased with increasing 
villinactin ratios, reaching the value of c, at an F-actin-total 
villin ratio between 10 and 20. At this higher ratio the con- 
trolling factor for the monomer concentration became k J k ,  
of the pointed filament ends, since with decreasing values of 
V the value of  kJk+ eventually became lower than that of 
{[VA,]/(VKV)}1/2. The value of c, was determined from the 
linear part of a graph of fluorescence vs. total actin (Figure 

Determination of the Number Concentration of Villin-Actin 
Oligomers and Polymers Using the Low Fluorescence Intensity 
of Two Pyrenylactin Molecules in Each Mllin-Actin Complex. 
The fluorescence of actin bound to short villin-capped oli- 
gomers was much lower than that of F-ADP-actin in long 

2). 

fluorescence 
maximal fluorescence 

0.41 B 
1 

IO 20 30 40 50 

F 1 "total 

FIGURE 4: Increase in the fluorescence of villin-bound actin with 
increasing F-actin-villin ratio. The data were normalized by dividing 
the observed fluorescence values by that of an equivalent concentration 
of F-ADP-actin in long filaments, obtained from the linear slope of 
measurements shown in Figures 1 and 2. This means that the ordinate 
shows fluorescence as a fraction of 6 (Experimental Procedures). The 
numerator in the ordinate refers to total fluorescence minus that of 
G-actin, and F on the abscissa designates total actin minus G-actin. 
These corrections were small since the G-actin concentration was never 
more than 10% of the total actin. The solid line was drawn by eye 
through the data points. (Open symbols) 10 pM total actin (NBD- 
actin:pyrenylactin:NEM-actin = 1: 1:3) was incubated with increasing 
villin for 18 h without creatine phosphate and creatine phosphokinase. 
(Closed symbols) Different villin and actin preparations: 1.5-2.0 pM 
total actin, 5.0 mM creatine phosphate, and 0.1 mg/mL creatine 
phosphokinase; highest villin concentration 12 pM; pyrenylactin: 
NBD-actin:NEM-actin = 1 : 1 : 1. 

filaments (Figure 4). For example, at  the lowest ratio of 
F-actin to total villin, the pyrenyl fluorescence was only about 
12% of that of F-ADP-actin or 4 times that of G-actin. This 
value is somewhat higher than that observed for gelsolin-bound 
actin in actin-gelsolin mixtures with a ratio of 2 (Harris & 
Weeds, 1983; Janmey et al., 1985; CouE & Korn, 1986). The 
total fluorescence increased with increasing length of the 
villin-capped filaments, Le., increasing F-actin-villin ratio, and 
it approached the value for F-ADP-actin at an average length 
greater than 100 monomers per villin (data not shown). 

The continued increase in fluorescence over such a large 
range of actin-villin ratios suggested that each villin-actin 
oligomer and polymer contained one or more actin molecules 
of low fluorescence intensity. By contrast, if low-intensity 
molecules existed only in villin-actin dimers and trimers and 
if in larger polymers their fluorescence intensity were switched 
to the normal fluorescence values of F-ADP-actin inside a 
polymer, then pyrenyl fluorescence would have reached its 
limiting value at  much lower F-actin-villin ratiosa2 

The number of low fluorescence actin molecules in each 
villin-actin oligomer was obtained from the data in Figure 4, 
by the following calculations. We made the plausible as- 
sumption that each filament contained only two classes of 
fluorescent molecules: normal, high-intensity F-ADP-actin 
and a new low-intensity species. We related the ordinate of 
Figure 4, Le., the observed F-actin fluorescence divided by the 
maximal fluorescence of an equivalent concentration of F- 
ADP-actin free of villin (viz., at  large values of F/V,), to the 
concentration Fli of bound low-intensity molecules: 

em' = [em - a G ] / ( b F )  = [a'FIi + b(F - F , , ) ] / ( b F )  (6) 

where em' is the ordinate in Figure 4, em is the total 
fluorescence and a ,  a', and b are the molar fluorescences of 

For instance, NBD fluorescence reached a limiting value at relatively 
low actin-villin ratios (Figure 4). However, the resolution of NBD 
fluorescence was too low to draw the conclusion that NBD fluorescence 
of a villin-bound actin molecule may have switched to the normal in- 
tensity of NBD-F-actin in larger villin-actin oligomers. 
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Table 111: Number of Low-Intensity Molecules per Oligomer 
Obtained from Fluorescence and Cutting Data 

0.5 
1 .o 
1 .o 
2.0 
2.0 
2.5 
0.75 
5 

10 
15 
20 

0.45 0.17 2.0 
0.87 0.25 3.5 
0.35 2.4 
1.4 0.45 3.0 
0.7 2.0 
1.6 0.65 2.4 
2.0 
2.0 
2.0 
1.9 
2.0 

G-actin, low-intensity F-actin, and normal F-actin, respectively. 
For large F-actin-villin ratios, FIi becomes insignificant com- 
pared with F. In the limit of very small F/V,, essentially all 
bound-actin molecules have low fluorescence, so that FIi = F 
and em’ = u’/b = 0.12 (the intercept of the pyrene curve with 
the ordinate in Figure 4). This yielded the value of a’, which 
was otherwise unknown. 

The total concentration of low-intensity bound actin was 
obtained by rearranging eq 9 (see below) to give 

Fli = F(l - em’)/(l - a’/b) (7) 

The number of low-intensity molecules for each polymer was 
then found by dividing FIi by the number concentration of 
villin-actin oligomers, i.e., the concentration Vu of bound villin. 
[Note that V, approaches V, at high actin-villin ratios when 
each villin molecule nucleates one filament (Northrop et al., 
1986; Coleman & Mooseker, 1985).] 

A simple procedure for obtaining FIi/ V,  is illustrated in 
Table 111. Column 1 gives the values of F/V, for the data 
points in Figure 4. Column 2 gives Fli/ V,, obtained from eq 
7. In column 3 are values of V,/V,, obtained from direct 
measurement of free villin by its cutting activity. Cutting was 
measured by its effect on depolymerization rates after dilution 
of the filaments to subcritical actin concentrations (Northrop 
et al., 1986; cf. Experimental Procedures). The concentration 
of free villin was calculated by comparing the total number 
of cuts made by the actin-villin mixture with the calibrated 
cutting activity of the villin preparation used for the experi- 
ment. These measured free villin concentrations, converted 
to bound villin = total villin - free villin and normalized for 
total villin, are listed in column 3. The number of low-intensity 
molecules per villin-actin oligomer, Fli/ V,, shown in column 
4, was obtained by dividing column 2 by column 3. The 
number shows considerable scatter due to the technical dif- 
ficulty of these experiments, and the mean value is somewhat 
greater than 2. Since even at  very small F-V, ratios two or 
more low-intensity actin molecules per bound villin were found, 
VA must constitute an insignificant fraction of the bound villin. 
In other words, the number concentration of villin-actin oli- 
gomers and polymers is at most equal to half the concentration 
of bound low-intensity actin molecules. However, in view of 
the rather large scatter of the data, it is important that the 
fluorescence data themselves provide an independent confir- 
mation of the insignificance of VA. 

That there are two low-intensity molecules per oligomer is 
also suggested by the lower third of column 2 in Table 111, 
where at F / V ,  greater than 5 Fli/V, may be considered equal 
to Fli/VM [i.e., virtually all villin is bound; cf. also Figure 5 
in Weber et al. (1987)l. The number two is plausible because 
it corresponds on the one hand to the number of terminal actin 
molecules bound to villin and on the other to the number of 
actin molecules in a special position at  the filament end. 

I I I ‘ I  
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0 5 10 15 20 

F-octin/Totol Villin 
FIGURE 5 :  Increase in actin-bound villin with increasing actin-villin 
ratio was calculated for each data point in Figure 4 as outlined under 
Results. Open and closed circles are the result of data points from 
Figure 4 substituted into the right-hand side of eq 9; closed triangles 
are data points obtained from determinations of free villin by its cutting 
activity as described under Results; 5.0 mM creatine phosphate and 
0.1 mg/mL creatine phosphokinase. The solid curve was caIculated 
from eq 10 (ordinate) and e 5 (abscissa) with Kv = 6.9 X 10l2 M-2, 

It is not necessary to employ the cutting data to conclude 
that the concentration of VA is insignificant and to determine 
the binding constant Kv of villin to the first two monomers 
on the barbed end. The decreasing fluorescence with de- 
creasing values of F / V ,  (Le., decreasing lengths of filaments) 
itself provides a direct way of determining the concentration 
of bound villin. That is, if all villin were bound, then the data 
in Figure 4 would lie on a horizontal line. To begin this 
analysis, the fluorescence emission (em) must be written in 
terms of the following contributions from [VA], [VA,], and 
F (total bound actin): 
em = a’([VA] + 2[VA2]) + b(F - [VA] - 2[VA2]) (8) 
where two bound actins per oligomer were assumed to be of 
low intensity. We then normalized em by bF to obtain em’, 
wrote [VA,] in terms of V,  and [VA], and rearranged eq 8 
in such a way that [VA] and V,, the unknown quantities, are 
on the left-hand side of the equation, and em‘ and F, the 
measured quantities, are on the right-hand side of the equation: 

K1 = 0, and K ,  = 1.0 pM- 9 . 

VthdVt - [VA1/(2VJ = (em’ - 1 > ( F / V t ) / [ 2 ( a ’ / b  - 1)1 
(9) 

We then substituted values of em’ and F/ V, from Figure 4 on 
the right-hand side of eq 9 to obtain the measured values for 
V,/V, - [VA]/(2V,) vs. F / K ,  which are plotted as open and 
closed circles in Figure 5. After this conversion we fit these 
data points (solid line in Figure 5) by the following procedure. 
For increasing concentrations of G-actin (determined as de- 
scribed above), the values for total F-actin/total villin (ab- 
scissa) were derived from eq 5 (Experimental Procedures), and 
the values for V,/V, - [VA]/(2V,) were calculated according 
to the following expression, which was obtained from eq 1 and 
2 (Experimental Procedures): 
V,/V, - [VA]/(2V,) = [KiG + G2(Kv - K,K,)I/[I + 

(K, - K,)G + (Kv - K1Km)G2] (10) 

The value obtained for KV by this fitting procedure was 6.9 
f 4.5 pM-* (K, = 1.0 pM-’), while K ,  was indistinguishable 
from zero. This is consistent with the observation from Figure 
5 that, at an actin-villin ratio of 2, about 30% of the villin was 
still free, indicating the coexistence of villin-actin dimers with 
a significant fraction of larger oligomers. It also confirms the 
conclusions of both the cutting data and the analysis of Figures 
1 and 2 that VA constituted an insignificant fraction of the 
solution. Since [VA] is practically zero, the ordinate in Figure 
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5 is essentially VM/V,, and so we plotted the cutting data as 
solid triangles on the same graph in order to show agreement 
with the fluorescence data. 

DISCUSSION 
The major result of this study is a determination of the 

nucleating activity of villin in terms of the relative concen- 
trations of villin-actin monomers, dimers, and oligomers at 
low actin-villin ratios. Relevant for the nucleating activity 
are the following observations. First, villin-actin monomers 
did not exist in significant concentrations even when villin was 
present in 10-fold excess over actin. Second, the villin-actin 
dimer always coexisted with longer villin-actin oligomers and 
free villin. These conclusions are based on direct observations 
from a variety of experiments and are independent of any 
modeling. The relationships between the various villin-actin 
species are defined by the relative values of K, and K2, i.e., 
K1 << K2, and by the ratio of Kv1f2 to K,, which was between 
1 and 3. The further conclusion that the apparent affinity of 
the monomer for the villin-actin dimer is the same as that for 
the pointed end is based on best fit of the data modeled with 
this assumption. 

A value of 10'2-1013 M-2 for Kv is consistent with the value 
for the binding constant of villin to filament ends Kb = 
1011-1012 M-' determined previously (Walsh et al., 1984a; 
Northrop et al., 1986). With Kv1f2 = (1-3) X lo6 M-' and 
K, = 1 X I O 6  M-I at higher actin-villin ratios, practically all 
villin forms villin-actin oligomers larger than VA2, and very 
little villin remains free or bound to actin monomers or dimers. 
This conclusion is confirmed by electron microscopic mea- 
surements of average filament length at actin-villin ratios of 
100 or more, showing one filament per villin (Coleman & 
Mooseker, 1985; Northrop et al., 1986). 

Last, in view of the concerns of one of the reviewers, it 
should be emphasized that the treatment in terms of three 
equilibrium constants can be equally applied to a set of coupled 
equilibria and a set of intermediates at steady state. The 
constants in either case can be written as k+/k- .  This is true 
so long as the concentration of the intermediates remains 
constant. Thus under most conditions, the steady-state be- 
havior of actin in the presence of ATP is accurately described 
by a single constant,K, = l/cm, even though there is ATP 
hydrolysis and treadmilling. That the thermodynamic meaning 
of the constants is quite different in the two cases is not rel- 
evant to this presentation. 

Since the confidence in the equilibrium constant for villin- 
actin dimer formation, Kv, depends on the quality of the 
measurements of G-actin, free villin, and villin-actin oligomers, 
we discuss in the following some of the experimental difficulties 
and their resolution. Experimentally most sensitive were the 
null-point determinations of steady-state monomer concen- 
trations at  low actin-villin ratios; most accurate was the 
measurement of the concentration of the bound low-intensity 
actin molecules, which directly gave the number concentration 
of the villin-actin oligomers. [It is not known whether all 
dimers and barbed filament ends contain two low-intensity 
actin molecules or whether the quenching of the fluorescence 
is the result of capping by villin or gelsolin (Harris & Weeds, 
1983; Janmey et al., 1985; C o d  & Korn, 1985).] 

The values for free villin obtained from the cutting assay 
are not subject to two potential errors that can be associated 
with this assay. First, dissociation of villin from villin-actin 
oligomers after dilution into the cutting assay was prevented 
by the high monomer concentration in the assay. Second, a 
decrease in free villin by binding to actin monomers, which 
were present in a higher concentration in the cutting assay than 
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in the villin-actin mixture to be tested, was canceled out by 
the calibration procedure. 

Villin may form villin-actin dimers in preference over vil- 
lin-actin monomers for one of two reasons. First, the con- 
centration of actin monomers may be very low even in the 
absence of villin if the protomer of magnesium actin should 
be the dimer rather than the monomer. The latter has been 
suggested by Pardee and his colleagues (Pardee et al., 1982) 
but disagrees with the modeling of nucleation data by Frieden 
(1983) and appears to be ruled out by the recent findings by 
Godette and Frieden (1986). If in addition villin, like gelsolin, 
has two actin binding sites (Janmey et al., 1985), then the 
concentration of VA may be quite negligible (energy square 
I). Matsudaira (personal communication) has obtained evi- 
dence suggesting that villin has four actin binding sites. 

The second possibility to consider (energy square 11) is that, 
while in the absence of villin, actin dimer formation is very 
unfavorable [as suggested by Frieden (1983)], the binding of 
the second actin to villin is cooperative. Such a cooperativity 
has been observed for gelsolin-actin binding at low salt (Cou6 
& Korn, 1985, 1986; Janmey et al., 19861, although it is not 
clear whether this is also the case in physiological salt solutions 
[compare Janmey et al. (1985) with Cout and Korn (1985)l. 

The difference between the two mechanisms is most easily 
visualized by energy squares. Their use may be justified in 

V A -- - - ---c 
~ VA A ----!!-- ~ - V A  

I I 1  
noncooperative cooperative 

spite of the ATPase activity of actin because Mockrin and 
Korn (1983) have shown that covalently cross-linked actin 
dimers still contain ATP as their bound nucleotide and Cou6 
and Korn (1986a) have shown the same for the gelsolin-actin 
dimer. 

The numbers on the arrows are the decadic logarithms of 
the equilibrium constants for the reactions described by the 
arrows. The diagonal represents villin-actin dimer formation 
from actin monomers and villin, with log Kv = 12, and the 
two clockwise arrows subdivide this reaction into the two steps 
discussed above with log K, and log K2. The counterclockwise 
arrows show the second pathway for VA, formation, actin 
dimer formation followed by villin binding to the dimers with 
log KD and log (K,K3), whereby K, and K3 describe actin 
binding by each of the two putative actin binding sites on villin. 
It can be seen that for the noncooperative mechanism (energy 
square I) each actin binding site on villin has the same binding 
constant for actin (K1K3 = IO2; K3 = K, = IO1) .  In this case 
monomer binding to VA is so much stronger than monomer 
binding to villin because the actin-actin dimer bond in itself 
is so strong. K2 > KD because the second monomer binds to 
the second site on villin in addition to forming a dimer with 
the first villin-bound actin. For the cooperative mechanism, 
the second monomer binds much more strongly to villin than 
does the first, whereas the actin-actin dimer bond remains 
weak. At this point there are no data that allow a distinction 
to be made between the two mechanisms. 

As a consequence of the high equilibrium constant for 
villin-actin dimer formation, filament assembly no longer 
shows the characteristics of condensation polymerization. 
Instead, it is described by a linear polymerization scheme 
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governed by the same three equilibrium constants that were 
derived from the measurements made at low actin-villin ratios. 
Nucleated polymerization differs from linear polymerization 
treated by Oosawa [cf. Oosawa and Asakura (1976)l only in 
terms of two parameters: the fixed concentration of nucleating 
substance and the resulting greater number of equilibrium 
constants. The equilibrium constant describing actin dimer 
formation in the "linear" polymerization scheme is equivalent 
to KVi/*, since Kv contains the equilibrium constant for villin 
binding to the actin dimer (cf. energy squares, counterclockwise 
arrows). Nucleated polymerization presumably describes 
filament assembly under physiological conditions since cells 
possess many nucleating centers, and therefore, condensation 
polymerization would not be expected to occur. 
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