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Receied January 12, 1998; Resed Manuscript Receed May 11, 1998

ABSTRACT. Three methods, fluorescence anisotropy of rhodamine-labeled profilin, intrinsic fluorescence
and nucleotide exchange, give the same affiity—= 0.1uM, for Acanthamoebarofilins binding amoeba

actin monomers with bound Mg-ATP. Replacement of serine 38 with cysteine created a unique site
where labeling with rhodamine did not alter the affinity of profilin for actin. The affinity for rabbit
skeletal muscle actin is about 4-fold lower. The affinity for both actins-i8%old lower with ADP

bound to actin rather than ATP. Pyrenyliodoacetamide labeling of cysteine 374 of muscle actin reduces
the affinity for profilin 10-fold. The affinity of profilin for nucleotide-free actin is3-fold higher than

for Mg-ATP-actin and~24-fold higher than for Mg-ADP-actin. As a result, profilin binding reduces the
affinity of actin 3-fold for Mg-ATP and 24-fold for Mg-ADP. Mg-ATP dissociates 8 times faster from
actin—profilin than from actin and binds actirprofilin 3 times faster than actin. Mg-ADP dissociates

14 times faster from actiaprofilin than from actin and binds actirprofilin half as fast as actin. Thus,
profilin promotes the exchange of ADP for ATP. These properties allow profilin to bind a high proportion
of unpolymerized ATP-actin in the cell, suppressing spontaneous nucleation but allowing free barbed
ends to elongate at more than 500 subunits/second.

Rearrangement of the actin cytoskeleton during move- barbed ends9%—12). Amoeba actobindin binds two actin
ments of eukaryotic cells depends, in part, on regulated monomers with micromolar affinityl@). Vertebrate thy-
polymerization and depolymerization of actin filaments. A mosins bind actin monomers and inhibit polymerization
large fraction of the total actin is unpolymerizeti—3), (reviewed in refl4) but are not known to exist in lower
presumably bound to sequestering proteins. The concentragukaryotes. Members of the widespread ADF/cofilin family
tion of unassembled actin is well above the concentrations of actin-binding proteins (reviewed in reif5), including
(critical concentrations) required to elongate actin filaments, amoeba actophorin, bind both actin monomers and filaments.
0.14M at the fast-growing barbed end and @M at the  They depolymerize filaments, either by severirig)(or
slow-growing pointed end for Mg-ATP-actir) promoting dissociation of subunits from pointed enti®)

Acc.oun]:ung for tdh's udnassembled Ip00| Of actr|1n has been.albut do not inhibit elongationl(; L. Blanchoin and T. D.
question for two decades. Severa}'protelns ave potentia Pollard, submitted for publication).
to sequester actin monomers. Profilin, a11% kDa protein o
found in all eukaryotes examined (reviewed in Bfbinds To prevent the spontaneous polymerization of a large
actin monomers and catalyzes the exchange of nucleotidecellular pool of actin monomers, sequestering proteins must
bound to actin§—8). Profilin interferes with nucleation of ~ bind actin monomers in complexes that do not assemble.
new filaments and e|0ngati0n at the pointed end of actin ThymOSIn and actobindin fulfill these criteria, but prOfllln
filaments, but its role as a sequestering protein is complicatedrequires the help of barbed end capping proteins. Further,
by the ability of the actir-profilin complex to elongate  the concentration of sequestering proteins must exceed that
of the pool of unassembled actin and their affinity for actin
" This work was supported by NIH Research Grant GM26338 to T. must be sufficient to reduce the free actin concentration
D. P., NIH Research Grant GM35171 to Eaton Lattman and TDP and ; At
an NSF Predoctoral Fellowship Award to E. M. D. L. C. enough t.o SUPPress nuc.leatlor?' Ra.'r.ely’ are the quafmlt.atlve
* To whom correspondence should be addressed. Phone: (619) 453data available to know if the identified monomer-binding
2340. Fax: (619) 452-3683. E-mail: pollard@salk.edu. proteins can account for the unassembled pool of actin. In
FV.K.V. and E.M.D.L.C. contributed equally to this work. some cases, the protein concentrations in vivo are not known.
§ Johns Hopkins University School of Medicine. I
I Department of Biochemistry University of the Western Cape [N Other cases, the equilibrium constants are not known or
Bellville, 7535, South Africa. do not appear strong enough to account for the pool of

_ The Salk Institute. . _ _ unassembled actin. Our attention here is on profilin, the most
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The affinity of profilin for actin has been in question for EXPERIMENTAL PROCEDURES
years. The equilibrium constants vary with the type of

o ; ; ; ; Reagents. Salts, buffers, chemicals, fluorescent grade
profilin, the type of actin, the divalent cation and nucleotide . ' . )
bound to the actin, the ionic strength and modification of 'Midazole, grade | adenosine-&iphosphate (ATP), and

actin b renyl labeling of Cys 374, or loss of the grade VIl potato apyrase were from Sigma Chemical Co.
C-termizalpghen);lalanine rgesidue. On top of these biological (St Louts, MO). Sucrose (Ultrapyre) came from GIBCO
variables, the design of the assays and assumptions used t RL (Gaithersburg, MD). Pyrenyliodoacetamide was from
analyze the data also affect the interpretation. Assays fall olecular Probes (Eugene, OR) .

into two classes: some measure interactions directly; others, Preparation of Mutant Profilin for Labeling.We used
depend on an effect of profilin on actin function. An four primer polymerase chain reaction (PCR) mutagenesis

advantage of direct assays such as intrinsic fluorescagpe ( (26) 1o convert residues S38, N47, N58, and AG63 of

is that no assumptions are required to interpret the Conse_Acanthamoebprofilin—ll to cysteine. Since amoeba profilin-

quences of interaction. Functional assays such as polym—II has no cysteine, these new cysteines became specific and
erization are essential to assess potential functions of theexgl_uswe s_|tes ;or atrt]achrper;t of a fluorescegt pr_obe.S The
interaction, but are compromised by a major disadvantage,CO ing region of éach mutant was sequenced, using seque-

namely that interpretation requires assumptions regardingnase 2.0 (U'. S. Biochemicals). The mutant pl’(.)fl|l.nS mlthe
mechanism that may be difficult to verify. Ideally, one uses pT5 expression vector were transformed iBszherichia coli

a direct assay to measure the thermodynamics and kinetictan BI.".Zl(.DE3) lysogenic for' 7 polymerasg. Expression
of interaction and then applies these values to interpret ar_1d purlflcatl_o_n of mutant profilins was _ldgntlca_l to that of
functional assays, rather than the reverse. In the case oWV'Id'pre proﬂ_lln (27), except that 1 mM _d|th_|othre|tol (DTT.)

profilin, the macromolecular partners include actin, Arp2/3 was included in all buffers to prevent oxidation. After elution

S . - from the polyt-proline affinity column, profilins were
complex 19), proline-rich sequences in a number of proteins . .
including VASP @0) and other proteins, and polyphosphoi- refolded and stored in 20 mM Tris, pH 7.0, 20 mM KCl,

nositides (reviewed in re5) and 1 mM DTT.
. e . Fluorescent Labeling of Profilin-Il.Approximately 75uM
Since none of the available d'|rect assays was |d§al for the e combinant profilin in reducing buffer was dialyzed for 2
full range of ligands and experimental situations, including , into labeling buffer (30 mM Tris, pH 8.0, 30 mM KCl

live cells, a new approach was useful. We sought an assay,nq 1 mm EDTA) and then reacted overnight at room
for profilin binding to actin that requires minimal assump- temperature with an 8-fold molar excess of tetramethyl-
tions for interpretation and is applicable for both kinetic and ,54amine maleimide (mixed isomers, Catalog no. T489,
equilibrium measurements. We used site-directed mutagen- oiecular Probes, Eugene, OR) from a 20 mM stock in
esis to create sites for labelidganthamoebarofilin-1l with DMSO. Addition of 10 mM DTT terminated the reaction.
the fluorescent dye rhodamine. As shown in this paper, afier clarification by ultracentrifugation, free dye was
fluorescence anisotropy of the rhodamingofilin provides  removed by gel filtration on Sephadex G25 equilibrated with
a direct assay for binding actin monomers. The absorbancesy mm Tris, pH 7.5, 100 mM glycine, and 100 mM NaCl
of rhodamine-profilin-Il at visible wavelengths provides a  ang affinity chromatography on polyproline, eluting
probe to assay equilibrium binding to actin and Arp2/3 |apeled profilin wih 8 M urea in G25 buffer after a wash
complex by analytical ultracentrifugatio®). Fluorescence  \yith 3 M urea in the same buffer. Labeled protein was
microscopy of rhodamineprofilin-1l loaded into live cells refolded by dialysis against 20 mM Tris, pH 7.0, 20 mM
allowed us to document the distribution and dynamics of kc| and 1 mM DTT.
profilinin vivo (D. A. Kaiser, V. K. Vinson, D. B. Murphy, The concentration of rhodamine-labeled profilin was
and T. D. Pollard, submitted for publication). determined by densitometry of a Coomassie blue stained
Our second topic is the influence of profilin on the polyacrylamide gel after electrophoresis in SDS using
exchange of the nucleotide bound to actin. ADP-actin is unlabeled profilin standards and by the absorbance at 280
released during the turnover of actin filaments, but most of nm, corrected for the absorbance of rhodamine. The
the unpolymerized actin in cell extracts has bound AZB.( concentration of tetramethylrhodamine was estimated by
Profilin enhances exchange of the nucleotide bound to actinabsorbance at 541 nm using the molar extinction coefficients
and may be important to exchange ADP for ATP in the cell, 90 000 Mt cm! for rhodamine at 541 nm (Molecular
where ADF/cofilin proteins inhibit exchang&)( To deter- Probes catalog) and 14 000 Mcm™* for profilin at 280
mine how profilin enhances nucleotide exchange, it is nm (28). The absorbance of rhodamine at 280 nm was 30%
necessary to define a quantitative mechanism in thermody-of that at 541 nm. Therefore, we used the equatig(—
namic and kinetic terms. Many of the rate and equilibrium 0.3As47)/14000 M* cm™ to calculate the concentration of
constants are known for ATP- and ADP-actit2( 18, 23. profilin. The concentration of free sulfhydryls was deter-
However, the affinity of profilin for nucleotide-free actin was mined by absorbance after reaction with'&8hiobis(2-
inferred rather than measured directly due to lack of a nitro)benzoic acid (DTNB, Sigma ChemicaB9).
preparation of pure nucleotide-free actin. Residual ATP-  Other Proteins. Actin was purified fromAcanthamoeba
actin in earlier preparation24, 29 precluded firm conclu-  castellanii (30) or rabbit skeletal muscle3(). Monomers
sions about the capacity of nucleotide-free actin to bind were purified by gel filtration on Sephacryl S-300 in G-buffer
profilin. A new preparation of actin 99% free of bound (2 mM Tris, pH 7.5, 0.2 mM ATP, 0.1 mM Cagland 0.5
nucleotide allowed us to test its interaction with profilinand mM DTT) and used within 2 weeks. For some experiments,
complete the thermodynamic and kinetic analysis of how actin was labeled3Q) with pyrenyliodoacetamide (Molecular
profilin enhances nucleotide exchange. Probes, OR). Extent of labeling was measured by absorbance
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using extinction coefficients of 22 000 Mcm™* at 344 nm

for bound pyrene and 26 600 Mcm™* at 290 nm 82) for
actin after correction for pyreneg8). Mg-ATP actin was
prepared by incubating Ca-ATP actin with 20M EGTA
and 80uM MgCl; for 5 min on ice. Mg-ADP-actin was
prepared by treatment of Mg-ATP-actin with hexokinase and
glucose 80). Nucleotide-free actin was prepared by mixing
250 uL of Ca-ATP G-actin treated with Dowex to remove
free nucleotides and 856 of ice cold S-buffer (1 g sucrose
plus 750uL of 20 mM Tris, pH 8.0) containing 0.5 mM
DTT and 500uM EGTA (to decrease free [€4 and
dissociate the bound ATP), equilibrating on ice for 5 min.,
then treating with 20 units/mL apyrase for 60 min on ice.
This procedure removes99% of ATP and ADP from the
actin, which is still competent to polymerize in 50% sucrose
with a critical concentration less than ATP-actin (E. De La
Cruz and T. D. Pollard, submitted for publication). The final
sucrose concentration is calculated to be 51% (w/v). In
control samples, the 5 min preincubation with EGTA was
omitted, 20 mM Tris buffer, pH 8.0, was substituted for
apyrase, ATP and EGTA were added to 200 and MgCh

to 50-80 uM. This yields a solution of Mg-ATP-actin in
51% sucrose. Profilin-1 and -Il were purified frorA.
castellanii(10). Dr. Vivianne Nachmias of the University
of Pennsylvania kindly provided thymosfit.

Fluorescence Spectroscop¥luorescence data were col-
lected on a PTI Alphascan spectrofluorimeter (Photon

Technology International, Santa Clara, CA). Fluorescence

anisotropy,r, is defined as

r=(,— Gl )/, + 2Gl,) (1)
wherely andly are the parallel and perpendicular compo-
nents of the polarized fluorescence light & a correction
factor to account for instrumental differences in detecting
the emitted componentdy andly were recorded simulta-

neously using a T-format with sheet polarizers. Rhodamine-

labeled profilin was excited with polarized light at 549 nm,
and horizontal and vertical components of the emitted light

were detected at 573 nm. Measurements were made for 4
s at 5 points/s, and the average anisotropy was calculate
using the data processing software Felix (Photon Technology

International, Santa Clara, CA). THe factor was deter-
mined for the protein solution excited with horizontally
polarized light.

Bound actin does not change the fluorescence of rhodamine
profilin-11, so the observed anisotropy is a linear function of
the fraction of profilin with bound to actin

r=r¢+ (r, — ro) ((PJ/[P]) (2)
wherer; is the anisotropy of free profilirr, is the anisotropy

of the complex P, is the bound profilin concentration, and
P is the total concentration of profilin.

At any total concentration of profilin [P, depends on
the total actin [A] and the dissociation equilibrium constant
for the complex Kq) according to eq 3.

Biochemistry, Vol. 37, No. 31, 19980873
r=ri+(r,—ry)

(Kg+ [P1+ [A]) — (K, + [P] + [A]) 2 — (4[P][A])‘
2[P]

3)

Fitting this equation to titration data yields the amplitudes
(ro — r¢), the anisotropy value of the free profilims( and
the affinity.

In cases where [PF Ky, essentially all of the added actin
is free ([A] = [Af]) and eq 3 simplifies to the hyperbolic
function

r=rp+(r, = IAJ(Ky + [Af) 4)

Competition ExperimentsIf a second nonfluorescent
ligand competes with labeled profilin for binding actin, then
the concentration of free actin is

[Ad =[Ad — [LIIA /K, (5)
which can be rearranged to give
[Ad = KJAJ/(L] + Ky (6)

where [L] is the concentration of the competing ligakd,

is the dissociation equilibrium constant of its complex with
actin, and [A] is the free actin concentration at [I=F O.
Substituting eq 6 into eq 4 gives

r=r;+ (rp, — r)/[(Ky([L] + K)KJ[AD + 1] (7)
Provided the competing ligand is in excess, the concentration
of free ligand is approximately equal to the total concentra-
tion. If Ky is known, [AJ] can be calculated and a plot of
observed anisotropy versus concentration of competing
ligand, can be fitted to giv&s.

Intrinsic Fluorescence Measurement§ryptophan intrin-
sic fluorescence was measured on a MD-5020 spectrofluo-
rimeter (Photon Technology International), with excitation
at 295 nm and emission at 327.5 nb8), Samples contained
2 mM Tris-Cl, pH 8.0, 0.2 mM ATP or ADP, 0.1 mM Mggl
or CaC}, and 0.5 mM DTT. Profilin was titrated into a fixed

0concentration of actin (0.2zM for Acanthamoebactin and
OO.ZSIMM rabbit skeletal muscle actin) from a concentrated

stock containing the same actin concentration. The starting
volume in the cuvette was 2.25 mL, and readings were taken
after 5, 10, or 2QuL aliquots of the profilin/actin solution
were added, up to a volume of 2.5 mL. Conversion of raw
data was carried out as follows:

AF=F,— (F,u—FJ)

whereAF is the difference in intrinsic fluorescence between
profilin alone ) and profilin with saturating actinFp;).
F.is the fluorescence of actin aloné\F is proportional to
the concentration of profiliractin complex 18). A plot
of AF vs [profilin] is fit to give aKq for the interaction.
Kinetics. The time course for the dissociation of
rhodamine-profilin from actin was determined from the
reduction in anisotropy after mixing with 10-fold excess
of unlabeled profilin. Rhodaminreprofilin bound to actin
was mixed with unlabeledcanthamoebarofilin Il using a
hand-driven model SFA-12 Rapid Kinetics Stopped-Flow



10874 Biochemistry, Vol. 37, No. 31, 1998 Vinson et al.

1.20

1.00

0.80

0.60

Ficure 1: Stereo ribbon diagram éfcanthamoebarofilin-Il based
on the crystal structure of Fedorov et &7) drawn using Setor
software. The side chains of residues S38, N47, N58, and A63 are +
shown as space filling. These individual residues were replaced
with cysteine to allow specific labeling with rhodamine-maleimide. 0.20
van der Waals surface contours of residues involved in actin binding

(38) and polyt-proline binding 89) are shown as dots with the

actin binding surface on the left and back at lower density than the 0.00 ‘ | . | , | - |
poly-L-proline binding surface on the right.

raction bound

0.40

0 2 4 6 8 10
Accessory (Hi-Tech Scientific Ltd., Salisbury, U.K.) with a [actinl/uM

dead time of about 50 ms. The time course of dissociation Ficure 2: Fluorescence anisotropy assay for the binding of
fit a single exponential. rhodamine-labeled S38C-profilin-1l thcanthamoebdg-ATP- and

Nucleotide Exchange in the Presence of Profilifihe ngA'Dlpzﬁi”bf_P”gitliomh %\Agg -'—Zrizsoch %t?c')é)é%n mZIQJeFI)egr
dissociation rate constant of the nucleotide was determinedsagc _profilin-Il (75 nM) was titrated with solutions of ATP-actin
from the time course of fluorescence change after mixing (open circles) or ADP-actin (filled circles) containing 75 nM
equal volumes of 2.8¢M Mg-¢ATP or Mg<ADP Acan- rhodamine-labeled S38C-profilin-1l. A sample of Mg-ADP-actin
thamoebaactin with nativeAcanthamoebarofilin-1l in 2 was reconverted to Mg-ATP-actin by addition of 1 mM ATP and
mM MgCl,, 600uM ATP, and 2 mM Tris (pH 8.0) buffer. titrated into profilin to reconstitute higher affinity binding (filled
Measurem,ents were mzide on a PTI Alphascan ﬂuorimeterfsquares). Data are fit with eq 3, yielding the equilibrium constants

p in Table 1.

equipped with a Hi-Tech SFA-12 rapid mixer. Time courses

were fitted to single-exponential functions. The profilin the |abeling reaction with 10 mM DTT should reduce any
concentration dependence of the nucleotide dissociation rateyyidized unlabeled protein. Twenty to thirty percent labeling
was fitted to a form of eq 1. is sufficient for the biochemical experiments reported here
and for observing profilin in live cells by fluorescence micro-

RESULTS - . ) L
scopy. Unlabeled profilin does not interfere with quantitative
Characterization of Labeled ProteinsWe usedAcan- measurements of actin binding to labeled profilin, since both
thamoebaprofilin-Il for these experiments, since it lacks profilins have the same affinity for actin (see below). The
cysteine residues3g) and binds well to actin1(0), poly-- new 3 and 6 purified isomers of rhodamine maleimide now

proline 35), and polyphosphoinositide8€). We mutated provided by Molecular Probes require modified labeling
four residues, S38, N47, N58, and A63, to cysteine (Figure protocols that we are still perfecting.
1) for reaction with rhodamine maleimide. We selected these Rhodamine-labeled profilin-1l S38C and N58C bind actin
residues based on the following criteria: (i) each residue is with the same affinity as native profilin-11, as detailed below.
variable in profilins from across the phylogenetic tree, with These labeled profilins have a fluorescent anisotropy of 0.10,
a cysteine or serine present at three of the four positions inindependent of dilution, as expected for a 13 kDa monomeric
another profilin sequence in the database; (ii) each residueprotein. Rhodamine-labeled S38C and N58C profilins are
is at least partially exposed to solvent in the crystal structure homogeneous monomers when analyzed by sedimentation
(37); and (iii) none of the residues patrticipates in the binding equilibrium analytical ultracentrifugation and measuring
sites for actin 88) or poly--proline 39). either absorbance at 550 nm (for rhodamine) or at 280 nm
Reaction of mutant profilins with mixed isomers of (for protein) @1). Attempts to achieve higher levels of
rhodamine maleimide for 16 h at room temperature labels labeling of S38C resulted in rhodaminprofilin-Il with
the single cysteine of 2630% of each of the four mutant  higher r; values, perhaps due to aggregation, so these
profilins, based on absorbance at 280 and 541 nm. Thepreparations were not used. Labeling with rhodamine
extinction coefficient of rhodamine bound to the protein is iodoacetamide gave less than 10% labeling with N58C
not known, so the stoichiometry is not determined precisely; profilin-1l and precipitated S38C profilin-1l. The values
however, reaction of the labeled protein with DTNB gave of rhodamine-labeled A63C and N47C were slightly higher
similar results. Reactions are much slower &Gt The and changed little upon the addition of actin, so they were
reaction of DTNB with unlabeled mutant profilins is also not used for quantitative analysis. All four rhodamine-
slow, taking 20 min to reach 8800% completion at room labeled profilin-Il mutants bind the poly-proline affinity
temperature. These slow reactions indicate that none of thecolumn and elute under the same conditions as unlabeled,
engineered sulfhydryls is well exposed to solvent. Prior to wild-type profilin-Il.
labeling, protein is dialyzed into labeling buffer containing Binding to Actin. Fluorescence anisotropy is a direct assay
EDTA (to chelate heavy metals)rf@ h at 4°C to minimize to measure binding of rhodaming@rofilin-11 to actin (Figure
oxidation, but oxidation probably competes with tetrameth- 2). The r value is 0.22 in the presence of saturating
ylrhodamine maleimide for the cysteines. Termination of concentrations of monomeric actin, as expected for a globular
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Table 1: Dissociation Equilibrium ConstangsM) for Profilin-Binding Actin Monomer3

amoeba actin muscle actin
fluorescence intrinsic nucleotide fluorescence intrinsic
bound ligands anisotropy fluorescence exchange anisotropy fluorescence
Mg-ATP-actin 0.10+ 0.01 0.10+ 0.01 0.11 0.48k 0.06 1.014- 0.06
Mg-ATP in 50 mM KClI 0.20+£ 0.02 2.06+0.18
Mg-ATP-actin in 50% sucrose 0.02
nucleotide-free-actin in 50% sucrose 0.006
nucleotide-free-actin in buffer 0.035 (calculated)
Mg-ADP-actin 0.45+ 0.04 0.41+ 0.04 0.84 2.06t 0.54 1.06+0.10
Ca-ATP-actin 0.1 0.02 0.24+ 0.05 0.55+ 0.05
Ca-ATP-pyrenyl actin 5.26+ 0.46

a All values for Acanthamoebarofilin-Il, except intrinsic fluorescence measurements, which were made with a mixture profilin-I and profilin-

Il. Errors are deviations from theoretical binding isotherms.

complex of 57 kDa40). Equation 3 fits well the dependence

of ther value on the concentration of actin monomers and

yields the equilibrium constant of the complex (Table 1).
The affinity of S38C-rhodamineprofilin-1l for actin

ATP-, and Mg-ADP-amoeba actin (Table 1). Furthermore,
the affinities of rhodamine-labeled S38C profilin-1l and
native profilins for Mg-ATP-amoeba actin are similar. The
affinity of amoeba profilin for Mg-ATP actin from both

depends on the source of the actin, the bound nucleotide,amoeba and muscle is about 2-fold-lower in 50 mM KCI

and bound divalent cation (Table 1). In less extensive
experiments with rhodamine-labeled N58C profilin-1l, we

than in low salt (Figure 4 and Table 1). This concentration
of KCI quenches the fluorescence about 3% [less than

obtained identical binding constants, suggesting that thereported by Perelroizen et all§)], but does not preclude

locations of these two probes do not affect interaction with
actin. Irrespective of the divalent cation and bound nucle-
otide, the affinity ofAcanthamoebarofilin-1l is about 4-fold

measurement of the interaction of the two proteins.
Measurements on rabbit muscle actin by intrinsic fluo-
rescence differ from those obtained by anisotropy in two

higher for amoeba actin than rabbit skeletal muscle actin, asways. First, the apparei; values from intrinsic fluores-

noted previously with polymerization assaykl(49. For
both actins, the affinity for profilin is about 5-fold higher
with ATP-bound to the actin rather than ADP. To confirm
that this difference in affinity is not due to denaturation of
ADP-actin, we regenerated ATP-actin and found that the
higher affinity was restored (Figure 2). The metal ion bound
to actin has a small, but significant effect on profilin binding,
with Mg?* favoring actin binding slightly compared with
C&". Labeling muscle actin cysteine 374 with pyre-
nyliodoacetamide reduces affinity for profilin 10-fold. Less

cence are about 2-fold higher. Second, intrinsic fluorescence
gives the same affinities for Mg-ATP- and Mg-ADP-muscle
actin, as observed by Perelroizen et &8)for bovine spleen
profilin.

Kinetics of Profilin Binding to Actin MonomersWe
determined the rate constants for dissociation of rhodamine-
S38C-profilin-1l from Ca-ATP-, Mg-ATP-, and Mg-ADP-
Acanthamoebactin by stopped-flow fluorescence anisotropy
(Figure 5, Table 3). Rate constants were obtained from the
average of four measurements. Faster dissociation accounts

quantitative assays originally suggested that profilin does notfor the slightly lower affinity of profilin for Ca-actin than

bind pyrenyl actin at all43).

Competition Experiments.To determine if rhodamine
labeling affects actin binding, we titrated unlabeled profilin
into a constant concentration of actin and rhodamine-S38C
profilin (Figure 3A). We used eq 7 and the binding constant
for rhodamine-S38€Eprofilin-11 to calculate the affinity of
the competing ligand for actin monomers. Dissociation
equilibrium constants of unlabeled and labeled profilin are
the same within experimental error. Similar competition
experiments gave binding constants fAicanthamoeba
profilin-1 (Table 2) that differed by less than a factor of 2
from those of profilin-I1.

Thymosinf4 competes with labeled profilin for binding
actin monomers (Figure 3B, Table 2), confirming that their

binding sites on actin overlap, as suggested by chemical

cross-linking experimentsgt4, 45. The 50-fold difference
in the equilibrium constants for ATP- and ADP-actin agree
with those measured from the effect of thymogih-on the
critical concentration for actin polymerizatiod®).

Intrinsic Fluorescence Measurement3.o confirm the

Mg-actin. The difference in dissociation rate constants for
ATP- and ADP-actin does not explain the 5-fold difference
in affinity and suggests that profilin binds ADP-actin slower
than ATP-actin.

Interaction of Nucleotide-Free Actin with ProfilinWe
used fluorescence anisotropy to compare the affinity of
rhodamine-labeledcanthamoebarofilin-1l for Acanthamoe-
ba actin with bound Mg-ATP or free of nucleotide in 50%
sucrose. Sucrose prevents the denaturation of nucleotide-
free actin monomers. Mg-ATP actin binds profilin with a
dissociation equilibrium constant of 19 nM (Figure 6), 5
times more strongly than without sucrose. In 50% sucrose,
nucleotide-free actin binds profilin 3 times stronger than Mg-
ATP actin Kg = 6 nM).

The complex of nucleotide-free actin with profilin is one
of the intermediates in the process of actin nucleotide
exchange enhanced by profilin, so to provide a consistent
set of rate and equilibrium constants for the mechanism, we
reexamined the effect of profilin on actin nucleotide exchange
in the presence of a physiological concentration of?Mg

results obtained by fluorescence anisotropy, we measuredFigure 7). Profilin increases the rate of nucleotide exchange

profilin binding to actin using the intrinsic fluorescence assay
of Perelroizen et al.18) (Figure 4). The two assays gave
the same values for native profilin binding Mg-ATP-, Ca-

in a concentration-dependent manner. In 1 mM MdWIfer
without sucrose, saturating profilin increases the rateAaiP
dissociation 8-fold from 0.024 to 0.19 s (Figure 7B).
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Ficure 3: Fluorescence anisotropy assay for competition between
rhodamine-labeled S38C-profilin-Il and unlabeled profilin for
binding to actin. Conditions: 2 mM Tris pH 8.0, 0.2 mM ATP or
ADP, 1 mM DTT, 0.1 mM MgC}, 22 °C. (Upper panel) 75 nM
rhodamine-labeled S38C-profilin-Il with 0,2M Acanthamoeba
ATP-G-actin (filled symbols) or 0.5 mMcanthamoeb&Ig-ADP-
actin (open symbols) was titrated with unlabeldanthamoeba
profilin-1 (squares) or profilin-ll (circles), containing the same
concentrations of actin and labeled profilin. The curves were fitted
to eq 7 to obtain the equilibrium constants listed in Table 2. (Lower
panel) Rhodamine-labeled S38C-profilin-1l (75 nM) with @M
rabbit skeletal muscle Mg-ATP-actin (filled circles) or 3®! rabbit
skeletal muscle Mg-ADP-actin (open circles) were titrated with
thymosing4. The concentrations of actin and labeled profilin were
maintained constant throughout the titration. Data are fit with eq
7, yielding the equilibrium constants in Table 2.

Perelroizen et al.23) reported a much larger enhancement
of the exchange rate from 0.054 to 2.1 svith different
profilin and actin in 1 mM Mg Gl and 100 mM KCI. The
affinity of profilin for Mg-ATP-actin determined from the
exchange data is 110 nM, identical to the affinity measured

by fluorescence anisotropy and intrinsic fluorescence. The

results are similar when bound ATP is exchanged#forP.
Saturating profilin increases the rate of exchange of Mg-
¢ADP 14 times (Figure 7B). The profilin concentration
dependence gives &y of 840 nM similar to the value of
500 nM obtained by fluorescence anisotropy.

Vinson et al.

Table 2: Fluorescence Anisotropy Assay for Competition between
Unlabeled Proteins and S38C-Rhodamine Profilin-Il Binding Actin

unlabeled protein actin Ka (uM)
amoeba profilin-I| amoeba Ca-ATP-actin 0.200.05
amoeba profilin-| amoeba Ca-ATP-actin 0410.04
amoeba profilin-I| amoeba Mg-ADP-actin 0.660.08
amoeba profilin-| amoeba Mg-ADP-actin 0.970.14
thymosing4 muscle Mg-ATP-actin 1.1%# 0.36
thymosing4 muscle Mg-ADP-actin 53.% 13.7

aErrors are the deviation of the data from eq 7.
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Ficure 4: Instrinsic fluorescence assay for native amoeba profilin
binding to actin monomers. Conditions: 2 mM Tris pH 8.0, 0.2
mM ATP, 0.1 mM MgC}, 0.5 mM DTT,+ 50 mM KCI, 0.1uM
Acanthamoebactin, 22°C. The sample was titrated by adding
aliquots of concentrated stock of amoeba profilin containing the
same actin concentration in the same buffer. The curves are least-
squares fit to the data. No KCI (open circles) or 50 mM KCI (filled
circles).
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Ficure 5: Time course of dissociation of the profilin-actin complex.
Conditions: 2 mM Tris pH 8.0, 0.2 mM ATP or ADP, 1 mM DTT,
0.1 mM MgCh, 22 °C. Syringe 1 contained 0,8M rhodamine-
labeled S38C-profilin-1l and 0.8M Acanthamoebdg-ATP-actin.
Syringe 2 contained 1M unlabeledAcanthamoebarofilin. Equal
volumes of the two reactants were mixed to start the reaction. The
displacement of labeled profilin by unlabeled profilin was ac-
companied by a decrease in anisotropy. The time course was fitted
to a single exponential to give a rate constant of4.8.5 s for
dissociation of profilin from Mg-ATP actin.

DISCUSSION

Comparison of Actin-Binding AssayRhodamine-labeled
profilins provide a direct fluorescence anisotropy assay to
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Table 3: Kinetics of Profilin Binding to Actin Monomers by § .....
Stopped-Flow Fluorescence Anisotropy N ]
measured measured calculated g ]
actin Ka (uM) k-(sY)  ki(uMts) g ]
amoeba Mg-ATP actin 0.1 0.01 4.3+ 05 35-53 ~ 7
amoeba Ca-ATP actin 0.1 0.02 6.6+ 0.8 34-57 P ]
amoeba Mg-ADP actin  0.4%0.04 10.9+25 1733 q@) ]
E : o 1‘0 2‘0 30 40 E
0.225 ——— 1T T o [ ]
F ] e I ]
> r o [ N
2 o.220f o r ]
..3 E o n X
w 0.215 C g Civ v 00t sy aay : L
= [t T o0 30 60 90 120 150
@ 0.210? time (sec)
C
3 0 20575 b
8 : / 1 0.600 1 r 1+ 1 v v 1 11 v 1 1t 1 v T ]
§ 0.200 i ] B ]
T ] 0.5001 =
o P -] S A S R S S S ST - L ]
0 0.1 0.2 0.3 0.4 0.5 K 0.400 .
[ Acanthamoeba Actin] (uUM) 3 0.300 - 1
Ficure 6: Profilin binds to ATP and nucleotide-free actin. Binding 3 ' F
was determined from the fluorescence anisotropy of S38C labeled ‘ZS 0.200F ]
Acanthamoebarofilin-1l. Conditions: 20 mM Tris (pH 8.0), 51% ~ ) E 3
sucrose, 23.3 nM profilinex = 549 nm,Aem = 573 nm, 22°C. C ]
The solid lines are the best fits to eq 1. TKgs determined from 0.100 - 3
the fits are 0.01%M for Mg-ATP-actin (open circles) and 0.006 .
M for nucleotide-free actin (filled circles 0.00 bttt e
# ( ) 0 2 4 6 8 10
evaluate binding to cytoplasmic and skeletal muscle actins. [Profilin]  (uM)

This assay has advantages over previous methods to studygure 7: Profilin increases the rate of nucleotide dissociation from
the interaction of profilin with actin. Placement of the rhod- actin. (A) Time course of fluorescence change after mixing 1.4

amine well away from the known ligand-binding sites avoids #M Acanthamoeba/g-eATP-actin with Acanthamoebarofilin-
interference with these interactions. The absorbance of rhod-!! and 300uM ATP in 1 mM MgCl, buffer at 22°C. Curves from

; L . .. left to right are 10, 1.0, 0.5, 0.25, 0.10, andu® profilin.
amine allows measurement of profilin concentrations in mix- Amplitudes are equal for all traces. The inset shows the early times

tures with unlabeled proteins, which is convenient to study of the transients. Solid lines are the best fits to single exponentials.
interactions by analytical ultracentrifugatid?lf. Rhodamine (B) Profilin concentration dependence of the nucleotide dissociation

profilin can also be used to study the dynamics of profilin [I_ar:e- K(fi”%d tCier?S) é\/lfgeATtl;-atf:_ttin,t(operi CirClgim?ﬂngil?rgCtir:j

i i H _ €KgS determinea trrom the nits to eq 1 are or an

in live ?Z”S'. T?racf}an(tjanl :}.n dl‘]{"a”@ﬁ pre_pa;gd a tﬂlg.) 0.84uM for ADP-actin. Error bars represent the standard deviations
rescent derivative of rat profilin-I for microinjection studies, ¢ three 1o five replicate measurements.

but did not use the fluorescence to study binding to actin.

Fluorescent dyes at the interface of actin and profilin, such and kinetics experimentd ). This assay with unlabeled
as pyrene on actin cys 374, are sensitive to the interactionproteins is more convenient than fluorescence anisotropy,
of the proteins 48). The signal from the pyrene yielded but the signal-to-noise ratio is low and the method is not
the correct equilibrium constant for profilin binding to  applicable to complex mixtures of proteins or to live cells.
pyrene-labeled Ca-ATP muscle actin®l), but the pyrene  Intrinsic fluorescence also gives one result that is not
reduces the affinity43, 49, measured for the first time in  confirmed by other reliable assays. By intrinsic fluorescence,
this study to be 10-fold less. Earlier reports stated that amoeba profilin and bovine spleen profilibg) bind muscle

pyrene-actin does not bind profilin. ATP- and ADP-actin with the same affinity. Fluorescence
Actin polymerization assays that were used in the initial anisotropy (current report), polymerization assay®,(and
studies of actir-profilin interaction @1, 42, 49 are com- nucleotide exchang@3; current report) all indicate that both

plicated by reactions of profilin and profilinactin with the profilins have a higher affinity for muscle ATP-actin than
barbed end of actin filament8{12). Polymerization assays ADP-actin. We have no explanation for this anomaly.
employing only the pointed end of actin filaments (i.e., with  Affinity of Profilin for Actin. Affinity of profilin for actin
the barbed end capped) give the correct equilibrium constantdepends on the type of actin, the bound nucleotide, and
(12, 50. This strongly supports models of profilin action divalent cation. Affinity is highest for cytoplasmic actin
where the actirrprofilin complex cannot elongate pointed  without nucleotide, followed by cytoplasmic Mg-ATP actin.
ends 0—12). Filtration assays for profilin-binding actin  |n 1 mM Mg?*, the affinity is only slightly lower in 50 mM
monomers§) should be free of these complications but gave KCl than no salt, so ionic conditions have little effect on
high values for the dissociation equilibrium constant. binding. Affinity is lower for Mg-ADP actin even though
Profilin binding quenches the tryptophan fluorescence of polymerization assayst9) had suggested that the affinity
actin by about 25%, providing an assay for both equilibrium of amoeba profilin for Mg-ADP-actinKg = 1—2 uM) is
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higher than for Mg-ATP actinKq = 5 uM). Our results
with ADP-actin agree with the experiments of Perelroizen
et al. 3) on bovine profilin. The affinity of amoeba profilin
is also 4-fold lower for muscle actin, a reminder that actins

Vinson et al.

profilin to actin without bound nucleotide lowers the affinity
of actin about 3-fold for Mg-ATP. For a Mg-ADP exchange
cycle, the equilibrium constants have the following values:
K1 = 840 nM (from Figure 7)K, = 4.8 nM [since Mg-
ADP binds about 4 times weaker than Mg-AT#2)], Ks =
0.029 nM* and, thereforeK, = 0.0086 nM* (Kq = 116
nM). Thus, the higher affinity of profilin for nucleotide-
free actin lowers the affinity of actin 24-fold for Mg-ADP.
Our results agree in general with extensive studies of
Perelroizen et al.18, 23. We agree that the affinity of
profilin for Mg-ATP actin (amoeba in our case and muscle
in theirs) is 0.1uM. We find that the affinity for Mg-ADP
actin is 5-8-fold lower, while they measured 30-fold lower

differ among species and cell types, so that homogeneousn the nucleotide exchange assay and no difference by
systems are necessary to provide the rigorous quantitativeintrinsic fluorescence. They estimated that the affinity of
data that are required to advance our understanding of actin-Ca-ATP for actir-profilin complex is 100 times lower than

binding proteins and cellular dynamics.

Effect of Profilin on Nucleotide Exchange by Actin.
During rapid filament turnover in motile cells, ADP-actin is
released from filaments and slow dissociation of Mg-ADP
from these actin subunits (half time 330 s depending on
conditions; refs 51, 18, current report) is rate limiting prior
to ATP binding and high-affinity association of ATP-actin
with profilin or thymosing4. Profilin acceleratesg and
ADF/cofilin proteins inhibit #) nucleotide exchange. At

for actin alone from nucleotide exchange experiments in very
low salt and C&", while our values calculated from detailed
balance are 3-fold lower for Mg-ATP and 24-fold lower for
Mg-ADP. By detailed balance, their Ca-ATP cycle gives a
Kgq of 1.5 nM for profilin-binding nucleotide-free actin, quite
different from our measured value of 34 nM with a different
profilin and actin.

The equilibrium constants provide important insights about
the effect of profilin on the kinetics of nucleotide exchange.

steady state, most of the unpolymerized actin has bound ATP,Since profilin reduces the affinity of actin for Mg-ATP only

at least in cellular extract®®).

Knowledge of the affinity of profilin for nucleotide-free
actin provides the information required to explain thermo-
dynamically how profilin enhances nucleotide exchange.
Binding of nucleotide and divalent cations is coupled,
especially in 1 mM MgCl (52), so we consider them together
here as a cationnucleotide complex, N in Scheme 1. The

3-fold, while increasing the rate of Mg-ATP dissociation
8-fold, profilin must alsoincreasethe rate of nucleotide
association nearly 3-fold. This is reasonable, because ATP
binding is much slower than the diffusion limi2%),
suggesting that the site is inaccessible. Thus, a conforma-
tional change that opens the nucleotide-binding pocket and
increases the rate of dissociation is expected to increase the

new experiments were performed in 50% sucrose, becauseate of association as well. On the other hand, profilin

nucleotide-free actin denatures rapidly and irreversibly

reduces the affinity of actin for Mg-ADP 24-fold, while

without stabilizers. To interpret these data, we assume thatincreasing the rate of Mg-ADP dissociation 14-fold (Figure

sucrose has the same effect on profilin binding to nucleotide-

4B), so, in contrast to Mg-ATP, Mg-ADP binds the actin

free actin and Mg-ATP actin. This assumption is supported profilin complex about half as fast as free actin. ADP binds

by the following observations and by detailed balance. (i)
Sucrose does not affect the affinity of actin for MgTP
(Kg= 4.4 nM in water and 5.1 nM in 50% sucrose), although

slower than ATP %3, 25, so association may involve a
conformational change rather than a simple collision and the
binding mechanisms may differ for the two nucleotides.

both the association and dissociation rate constants are lower These effects of profilin on nucleotide affinity and

in sucrose 25). (ii) In both dilute buffers (Figure 4) and

exchange rates presumably arise from alteration of the

50% sucrose (data not shown), Mg-ATP dissociates 7 timesconformation of the nucleotide-binding pocket. Although

faster from the actifrprofilin complex than from actin alone,
so sucrose does not affect the affinity of actin for nucleotide
or the mechanism of nucleotide exchange by profilin. Thus,
to maintain detailed balance, the affinity of profilin for actin
with and without bound nucleotide must be affected to the
same extent by sucrose. Given that the affinity of profilin
for nucleotide-free actin is 3 times higher than for Mg-ATP
actin in high sucrose (Figure 3) and that the affinity of
profilin for Mg-ATP actin is about 4 times higher in high

the conformation of actin in the crystal of the actiprofilin
complex studied by Schutt et aB§) is very similar to the
actin subunit in both the actirDNase complex34) and the
actin—gelsolin S1 complex §5), the nucleotide-binding
pocket is more exposed in new crystal forms of the actin
profilin complex 66). These two conformations differ little

in energy 66) and may be in equilibrium. Profilin may
enhance nucleotide dissociation by stabilizing the open
conformation. A shift toward an open conformation may

sucrose than dilute buffer (Figure 4B), we calculate that the also explain why Mg-ATP binds faster to the actiprofilin

Kq for the complex of profilin and nucleotide-free actin in
buffer without sucrose is about 35 nM{= 0.029 nM™%).
Therefore, in low sucrose buffer with 1 mM Mg the
equilibrium constants for the Mg-ATP exchange cycle in
Scheme 1 have the following values: going clockwise,
=110 nM;K, = 1.2 nM (25); andKz = 0.029 nM L. Since
the product of equilibrium constants in a cyclic path equals
1, Ky = 0.26 nM! (Kq = 3.8 nM). Thus, the binding of

complex.

Since profilin enhances the rate of Mg-ADP dissociation,
but not association, the net result is rapid exchange of any
Mg-ADP for Mg-ATP in an ATP-rich environment like the
cell. Thus, profilin may contribute to the observed saturation
of actin with ATP in cellular extract2@) in those cells with
profilins that enhance the rate of nucleotide exchange.
Perelroizen et al 50) argued that enhancement of nucleotide
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exchange by profilin is not physiologically relevant, based profilin, so its effect on the free actin monomer concentration
on an absence of an effect of a plant profilin on nucleotide is much less important than profilin.

exchange of muscle actin in vitr6@) and the ability of plant Acanthamoebaontains proteins that cap both ends of actin
profilins to substitute for endogenous profilins in yedst)( filaments with nanomolar affinity. The Arp2/3 complex
andDictyostelium(58). We suggest having an open mind [total concentration about2M (62)] caps pointed end$9),
about this question until assays are available to assessand capping protein [total aboupM (63)] caps barbed ends
nucleotide exchange in these cells, particularly since profilin (64). The concentrations of both classes of capping proteins
can overcome the inhibition of ADP exchange by proteins appear to exceed the concentration of filament ends in the
in the ADF/cofilin family (L. Blanchoin and T. D. Pollard, cell, about 0.2uM, given 100uM polymerized actin and
submitted for publication). filaments of 500 subunits. Therefore, at any point in time,

Role of Profilin in Regulating Actin Polymerization in the MOSt barbed ends should be cappdib)( The same
Cell. Knowledge of the equilibrium constants for profilin- rgumentapplies to the pointed end. Occasional interactions
binding actin monomersle, 18, 23 current work) and of Wlt.h membrane ponphosphomoaudes or other uncharac-
the effects of profilin on assembly at the two ends of actin terized regulatory_ mechanisms may uncap some of the barbed
filaments @—12) makes it possible to predict the distribution end§ and r?ucleatlng Processes g%nerat$l;1¢w barbedsehds ( d
of actin and profilin under cellular conditions. The approach  CIVen these concentrations and equilibrium constants an
used by Perelroizen et al23) was to make reasonable assuming that only profilin sequesters actin monomers, we
assumptions and to use the equilibrium constants to calculatec@culate cellular concentrations ofid/ free ATP—actin,

the concentrations of the various species. They assumed th 7 M ATP._;]"%“”_%“:E;E’ a'r|1|df 3uM freeblprofilin. IAny. h
(i) all barbed ends and no pointed ends of actin filaments ree actin with boun will form a stable complex wit

; ; - : actophorin, but the concentration is low, because profilin
are capped in resting cells, (ii) the free actin monomer ’ ’ _
concentration equals the critical concentration at the pointedStImUIateS the exchange of ADP for ATP (L. Blanchoin and

end (taken to be 0.6M), and (iii) a hypothetical cell with T. D. Pollarc:, submitted ffrtpgbl'cﬁt'onz' I?lochzmlcal

a total profilin concentration of 5@M, total thymosing4 meisurgmtlen s on concetn rate ::e tex ractjc f‘ a(T |Ir|nmu”—
concentration of 100M, and no other sequestering proteins. nochemical measurements on extracts and fixed celis ?

Using Kgs of 0.1uM for profilin and 1.0uM for thymosin- supp_ort_ the conclu5|0_n that the majorlty of _the amoeba’s

B4 binding muscle Mg-ATP actin monomers, they calculated profilin is bound to actin (D. A. Kaiser, V. K. Vinson, D. B.

equilibrium cellular concentrations of 3@ for thymosin— MOUJF rg}i a9n7d -I';/I DM P_zl_ll_apr(iailii?]mg;i?]éortopualc')?ﬁlitr']oc\)/i'" A
actin and 41.5M for profilin—actin. It was not clear if b “ 9 P

these reactions account for the pool of unpolymerized actin elongate any uncapped barbed ends at a rate greater than

. . ; . 500 subunits/s, a rate more than sufficient to account for
in the hypothetical cell, because the total unpolymerized actin . . )
e . . the extension of lamellapodia at the advancing edge of a
was not specified. The assumptions that pointed ends are_ ~..
oo . motile amoeba, about 0/Am/s (66).
uncapped and that free actin is @ have not been verified The calculated concentration of8/ free actin is higher
and may be false, given the existence of a high-affinity

pointed end capping complex in celBgj. The assumption than the critical concentration for polymerization at either
that profilin binds muscle and cytoplasmic actin with the end (0.1uM atbarbed ends and 0uM at pointed ends). If

same affinity also needs to verified one assumes that the free actin conce_r!tration must b_e less
’ than or equal to one or both of these critical concentrations,

We took a different approach to account for the pool of additional sequestering proteins are required. However, the
unpolymerized actirmeasure the cellular concentrations of cellular concentrations of actin and profilin should be
the relevant proteins and then use equilibrium constants toreevaluated, since small adjustments of the published values
calculate if the known proteins can account for the pool of might account for the unpolymerized actin pool without
unpolymerized actin. In the case Atanthamoebamost resorting to other sequestering proteins. On the other hand
of the required information is availableAcanthamoeba  the free actin concentration might actually be higher than
contains approximately 20@M total actin 60), about half  ejther critical concentration, since both ends may be capped
of which is polymerizedZ). Profilin, present at a concentra- most of the time and since spontaneous nucleation is
tion of 100 uM (28), binds ATP-actin monomers with a unfavorable.
higher affinity (<; = 0.14M) than ADP-actin. Actophorin,
present at 2Q«M (61), binds ADP-actin monomers with REFERENCES
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