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ABSTRACT. The interaction of profilin and non-muscfgy-actin prepared from bovine spleen has been
investigated under physiologic ionic conditions. Profilin binding to actin decreases the affinity of actin
for MgADP and MgATP by about 65- and 13-fold, respectively. Kinetic measurements indicate that profilin
binding to actin weakens the affinity of actin for nucleotides primarily due to an increased nucleotide
dissociation rate constant, but the nucleotide association rate constant is also increased about 2-fold. Removal
of the actin-bound nucleotide and divalent cation produces the labile intermediate species in the nucleotide
exchange reaction, nucleotide free actin (NF-actin), and increases the affinity of actin for profilin about
10-fold. Profilin binds NF-actin with high affinityip = 0.013uM, and slows the observed denaturation

rate of NF-actin. Addition of ATP to NF-actin weakens the affinity for profilin and addition of vig
ATP-actin further weakens the affinity for profilin. The high-affinity Kfgof actin regulates binding of

both nucleotide and profilin to actin and is important for actin interdomain coupling. The data suggest
that profilin binding to actin weakens nucleotide binding to actin by disruptinggordination in the

actin central cleft.

Actin and profilin are ubiquitous vertebrate proteins found actin filaments formed from a homogeneous population of
intracellularly in high concentrations. Profilin is thought to MgATPactin which after polymerization hydrolyze ATP to
play important roles in signal pathways and control of cellular transiently produce F-actin containing bound MgADP and
cytoskeletal changes via interactions with proteins and lipids inorganic phosphate (R3). The dissociation of Hrom the
(for review see refl). Profilin binding by actin has been actin filament is thought to be a limiting step for the binding
shown to increase the rate of nucleotide exchange onof ADF/cofilin (10), Arp2/3 complex 8) and subsequent
monomeric actin Z-5). It is thought that profilin func- rapid actin depolymerizatiori (). Moreover, because DNase
tions in vivo to promote actin polymerization from a |, thymosing,, and cofilin inhibit nucleotide exchange on
sequestered pool of monomeric actin bound to thym@sin-  actin, profilin may be necessary for adequate nucleotide
(6, 7) and profilin—actin interacts with WASP/Scar proteins exchange on actin in the presence of these intracellular
to elongate actin filament barbed en@3. (Overexpression  proteins.
of profilin by Chinese hamster ovary cells leads to increases To our knowledge, the interaction of profilin with non-
in F-actin concentration and actin filament half-lif8 (This muscle vertebrate actin in its physiological MgATP and
observation is in concert with the report that in vitro in the MgADP containing forms and in the presence of physiologi-
presence of high number concentrations of actin filaments, cal salt concentrations has not been previously investigated.
profilin decreases the steady-state concentration of monomeit has been previously reported that actin and profilin from
MgADPactit and increases the steady-state F-actin con- different sources have different binding affinities and function
centration by increasing the nucleotide exchange @tdt( differently; for example, some plant profilins do not increase
has been proposed that profilin promotes the formation of actin-bound nucleotide exchande). We find that compared

to what has been previously reported fosskeletal muscle

R . actin @, 13), non-muscles,y-actin binds nucleotides with
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means that compared to skeletal muscle actin, non-musclewas used, because even after apyrase was diluted 20-fold, it
actin exchanges bound nucleotide faster and that profilin was found to enzymatically destr@ATP andeADP within
more effectively enhances the rate of nucleotide exchangeminutes. The apyrase method for NF-actin preparation was
on non-muscle actin. Teleologically, it appears that non- used in rapid stopped flow kinetic experiments. NF-actin in
muscle §,y-actin is well suited for rapid actin monomer 50% sucrose was diluted 2@00-fold with buffer to a final
cycling that is known to take place in motile cells. concentration of 0.52.5% sucrose, so that the effect of

Profilin-actin crystal structures demonstrate that the actin SUCrose on solution viscosity was minimal; for example, at
nucleotide binding cleft opens and closes as the two major 20 °C the viscosities of solutions of 50% and 5% sucrose
actin domains move relative to each other via shear motions&re 15.4 and 1.14 cp, respectiveBp), and the viscosity of
involving residues that are part of an interdomain helig, ( ~ Water is 1.002 cpZg).

15). In the open state of actin, the nucleotide is much more ~ Fluorescence Measuremeniuorescence measurements
solvent accessible and the divalent cation coordination with Were done using an Aminco Bowman Series 2 Luminescence
protein residues in the cleft is disrupted. The profilin binding SPectrometer, Spectronic Instruments, Inc. For profilin

site is located at the actin “barbed” end between the two litration experiments, tryptophan fluorescence intensity was
major actin domains and at the opposite side of the measured with excitation and emission wavelengths of 300

interdomain helix from the nucleotide binding clef( 16).
It has been suggested that binding of profilin by actin fixes
the actin interdomain anglelY).

In the present report, we characterize the interaction of

profilin and nucleotides with3,y-actin under physiologic
ionic conditions. Profilin catalyzes nucleotide exchange for
the physiologically relevant MgADPactin form of actin by

increasing the MgADP dissociation rate constant by about

2 orders of magnitude. In contrast, profilin has little effect
on the rate constant for dissociation of ATP from DCF-
ATPactin. The data suggest that profilin binding to actin
weakens the nucleotide affinity primarily by disruption of
the Mg+ coordination by residues in the actin cleft.
Conversely, MgADP or MgATP binding to actin weakens
profilin affinity compared to NF-actin. NF-actin is the labile
intermediate species for the exchange of nucleotides on acti

and undergoes spontaneous irreversible denaturation; profilin
binding stabilizes NF-actin against denaturation. The stabi-

lization of NF-actin by profilin supports the idea that profilin

compensates for the actin interdomain coupling that is lost

in the absence of MgADP and MgATP.

MATERIALS AND METHODS

Protein PreparationNon-muscle actin and profilin were
purified from bovine spleen by previously published proce-
dures 8, 18). Briefly, clarified calf spleen homogenate was
applied to a 5x 8 cm poly(-proline) column 19) and actin
was eluted with buffer containing 0.5 M KI20Q). After
washing wih 4 M urea, profilin was eluted wit8 M urea
(21). Profilin was concentrated by application on a CM
Sepharose FF column at pH 6.0 and elution with buffer
containing 0.5 M KClI, pH 8.03), and then dialyzed against
10 mM Tris, 0.5 mM DTT, pH 8.0, and stored af@ until
used. MgATPactin was prepared from CaATPactin by
incubation with 0.3 mM EGTA and 0.3 mM Mgglto
exchange the high affinity divalent cation. MgADPactin was
prepared from MgATPactin as previously describ2g) py
incubation on ice fo1 h with 10 units/mL hexokinase, 1
mM glucose, pH 8.0, then brought to pH 7.0 before use.
NF-actin was prepared in the presence-&0% sucrose by
two methods, one employing Dowex AG 1 ion-exchange
resin and EDTA 23) and another using apyras24j to
remove bound ATP from actin. For experiments that
measured the equilibrium dissociation constant forMgP
and MgADP to actin (Figure 4), the AG 1/EDTA method

n

and 335 nm, respectively. For actin denaturation experiments,
tryptophan fluorescence intensity was measured with excita-
tion and emission wavelengths of 300 and 320 nm, respec-
tively. TheeATP fluorescence intensity was measured with
excitation and emission wavelengths of 344 and 410 nm,
respectively. Kinetic measurements used a Hi-Tech SFA-
11 stopped flow reactor and 1:1 volume mixing.

Actin Denaturation Experimentés background for actin
denaturation experiments in the presence of profilin and 100
mM KClI, the affinity of ATP for DCF-actin in low ionic
strength buffer was determined. Actinv40 uM) was
preincubated for~2 min with 2 mM EDTA, 2 mM Tris,

0.5 mM DTT, 0.2 mM ATP, 0.2 mM CaGl pH 7.8, then
diluted to 0.1uM in 10 mM MOPS, pH 7.0, 2 mM EDTA,
and various ATP concentrations. The tryptophan fluorescence
time course was recorded and fit by a single-exponential
function to yield an observed denaturation rate conskapt,
(13). Data were fit by equation

Kops = Kaer (1 1+ [ATP/Karp)

wherekgenis the denaturation rate constant for actin without
bound nucleotide an&atp is the equilibrium dissociation
constant for ATP and actin. The equilibrium dissociation
constants for ATP andATP binding tog,y-actin areKare

= 2.8 uM and Karp = 7.0 uM, respectively (data not
shown). Addition of KCI| weakens the affinity of actin for
nucleotides severalfol2).

For experiments depicted in Figure 1 the actin was
pretreated with AG 1 anion-exchange resin to remove
unbound ATP, and then added to buffer containing 10 mM
MOPS, 2 mM EDTA, pH 7.0, to remove the bound?Ca
and initiate denaturation. The removal of the high affinity
Ca* from spleeng,y-actin is relatively rapidq{~ 10 s, data
not shown). The denaturation rate measured here is that for
NF-actin because the concentration of ATP is far below the
Karp for the DCF-actin.

Titrations of Actin with Profilin. Aliquots of profilin were
added to actin solutions and the tryptophan fluorescence
intensity recorded. Binding of profilin by actin results in
qguenching of the actin fluorescence intensiB7)( The
equilibrium dissociation constant for profilin and actin was
determined from a global fit to a family of observed
fluorescence intensity curves using data from several total
actin concentrations. The concentration of the profixctin
complex, PA, is calculated from the total actifyy, total
profilin, Py, concentrations, and equilibrium dissociation
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constantkp, by a quadratic binding equation: mM EDTA, pH 7.0, 20°C. To validate the pseudo-first-
B order analysis, differential equations were used to model
[PA] = second-order reaction kinetics and it was found that the

Al + [Pod + Kp— \/([Atm] + [Pl + Ko)? — 4[A Pl pseudo-first-order kinetics described the data within experi-
2 mental error.

1 Nucleotide Dissociation Kinetic Measuremerifle time
(1) ) o

course of the fluorescence intensity increase/AfP upon
The unbound actin, A, and profilin, P, concentrations are binding to actin was measured to determine nucleotide

described by exchange kinetics. Under the conditions used in these
experiments, JATP]/[ATP] = 10 or [ATP]/[ADP] = 10;
A= Ag — PAandP =P — PA (2)  therefore, the rate constant observed 48P binding is

limited by and reflects the dissociation rate constant for ATP
or ADP release from actinl@). For MgATPactin stopped-
. . drow experiments, one syringe contained @M actin, 0.6
value, Fp, due to light scattering from the buffer alone: «M ATP, 100 mM KCI, 10 mM MOPS, 2 mM MgG| pH
Fope= FJA] + F[P] +F_[PA] + F 7.0, 20°C (KM-buffer), and the other syringe contained 6
obs " a P P b UM eATP and 2x [profilin] in KM-buffer. In stopped flow
whereF,, F,, andF,, are the respective specific fluores- €xperiments with MgADPactin, one syringe containge\2
cence yields for actin, profilin, and profiliractin, respec-  actin and 12¢M ADP in KM-buffer and the other syringe

The observed fluorescendé,ps is the sum of the fluores-

tively. Substituting for A and P, contained 12Q«M eATP and 2x [profilin] in KM-buffer.
For experiments measuring the dissociation rate of MgGATP
Fobs= FalAtol T FolPiwod + (Fpa— Fa— FJIPA] + F, from profilin—actin, the binding of profilin to MgATPactin

. o ~can be considered to be a rapid preequilibriiy) §o that
The fluorescence quenching due to profilin binding to actin, the observed rate constant for nucleotide exchange is

Q, is calculated: described by the equation
Q=FJAl T FPid — (Fops— Fp)
Aol + FilPiol = (Foos = Fs  KaigarelAl + K ygurelPA]
For all titrations, the volumes of the added aliquots were Kobs = (Al
recorded and the concentrations of actin and profilin were
adjusted for dilution for eackops value. _ The concentrations of [PA] and [A] are calculated from a
Nucleotide Equilibrium Binding Measuremenfdiquots quadratic binding equation (egs 1 and 2 abokejgare is

of MgeATP or MgeADP were added to various concentra- he dissociation rate constant for MgATP from actin,

gg:?] gfn'\:;gggg:x) F::r:r:i"tr:e_,-N dzgg:;géght?yamount of actin- k’ngATP is the dissociation rate constant for MgATP from

profilin—actin.
[eA] = RESULTS
f— 2 f—
[Ad + [ed K, \/ (Al T+ [€od T K= 4[A]l€] Profilin Stabilizes Actin against DenaturatioMF-actin
2 is the obligate intermediate species for nucleotide exchange

reactions. For some of the experiments that measure the
affinity of profilin for NF-actin as well as the affinities of
; " . actin and profilin-actin for nucleotides, NF-actin must be
constant for nucleotide binding to actin. The observed d and d. Thus. it is imoortant to know the rate at
fluorescence intensity is the sum of the fluorescence Con_prﬁpﬁreNFan .US§ ' ' d ph S diti d
tributions of the free and bound etheno-nucleotide analogues:¥v Ic -actin denatures under the fonic conditions use
or the experiments described here. The decrease in tryp-
Fops= F.al€A] + F [, — €A] = tophan fluorescence intensity was used to measure actin
(F.n — F)I€A] + F.[e0] denaturation 28, 29). Figure 1 shows time courses for
€A € eltto denaturation of 0.kM fj,y-actin in the presence and absence
of 2 uM profilin and at various salt conditions. In low ionic
strength buffer (circles), the denaturation time constant for
NF-actin, 7gen = 80 (£2) s. After the rapid fluorescence
decrease reflecting the initial actin unfolding, the actin goes
through a subsequent slower fluorescence increase that is
due to protein aggregatioB@ 31). Addition of 2uM profilin
Ap = (F o — F)[€A] to NF-actin in low ionic strength buffer (triangles) stabilizes
NF-actin against denaturation and increases the denaturation
and is proportional to the amount of bound nucleotide and time constant tortgen = 395 &11) s. NF-actin is also
is represented in Figure 4. stabilized by the presence of 100 mM KCI in the absence of
Nucleotide Association Kinetic Measurement$:-actin profilin, tgen= 771 @&11) s (for clarity, data not shown). In
was prepared using the apyrase mett#2) énd reacted with  the presence of both 100 mM KCI and /@ profilin
a 5-fold molar excess of profilin in a stopped flow reactor (squares) NF-actin is further stabilizede, = 3273 239)
in buffer containing 100 mM KCI, 10 mM MOPS, and 2 s. A control curve for 100 mM KCI, 2 mM MgGJ and 0.2

where Ayt and ey are the total concentrations of actin and
MgeAXP, respectively, an. is the equilibrium dissociation

whereF. and F. are the specific fluorescence yields for
the free €) and bound4A) forms of the etheno-nucleotides,
respectivelyFqps values were fit to yield values fdf., F.a,
andF.. The increase in fluorescence intensity above that in
the absence of actim\¢, is described by
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Ficure 1: Time course data for isothermal denaturatiorfof- FiGure 3: Association rate kinetics for profilin binding 16,y-

NF-actin measured by actin tryptophan fluorescence intensity. Actin actin measured by tryptophan fluorescence quenching. Using a
was diluted to 0.M in various buffers containing 10 MM MOPS,  stopped-flow reactor, profilin was mixed with MgATPactir®,(
2 mM EDTA, pH 7.0, 20°C, plus the following additional solid line), MgADPactin, [, dashed-dotted line), or NF-actin, A,
components: none&l); 2 M profilin (v); 100 mM KCI, and 2 dashed line). Buffers contained 100 mM KCI, 10 mM MOPS, and
uM profilin (O). The upper most curve<f) shows data for an 2 mM MgCl,, pH 7.0, 20°C, and additionally for MgATPactin,
untreated control of 0.4M MgATPactin in 100 mM KCI, 10 mM 0.2 mM ATP, and for MgADPactin, 1 mM ADP. The observed
MOPS, 2 mM MgC}, 0.2 mM ATP, pH 7.0, 20C. pseudo-first-order rate constanis,s for profilin binding to actin
were determined from stopped flow measurements of the tryptophan
MgADPactin fluorescence quenching time course. Symbols and errors bars
represent values and standard errors, respectively, determined from
fits to time course data. The association rate constants were
determined from linear regression analysis and are 141D5)
40 uM~1s1 156 2.9 uM1s1 and 10.8 £2.7) uM~1 s71, for
MgATPactin, MgADPactin, and NF-actin, respectively.

MgATPactin

50
40
30

Quench

20

10 4 of actin does not polymerize during the time of the

-0 experiment, even though the ionic conditions are near optimal
for actin polymerization.
F 40 These data indicate that profilin binding stabilizes NF-
actin and dramatically decreases the rate at which actin
irreversibly unfolds. Actin is also stabilized by the presence
- 20 of 100 mM KCI, a salt concentration which also promotes
actin polymerization and causes the actin conformational
change as measured by fluorescence of I-AEDANS-labeled
S -0 actin 32). Together, KCI and profilin decrease the rate
00 02 04 06 08 00 02 04 06 08 constant for NF-actin denaturation 40-fold compared to that
for NF-actin alone in low ionic strength buffer.
Profilin (uM) Profilin (uM) Affinity of Actin for Profilin; Tryptophan Fluorescence
FIGURE 2: Equilibrium profilin binding tog,y-actin measured by ~ Measurementshe affinities of profilin for various isoforms
tryptophan fluorescence quenching. Several concentrations of actinof actin have been measured by indirect techniques which

(indicated in the figure iruM units) containing bound MgATP, have proven to be problematic. Early measurements used

gﬂgf?e?sb ﬁthF;in%r d”gobooﬁ‘& ”;g:eg%d%meﬁé'ggte&wghoprzoé'“”' pyrene-labeled actin to monitor changes in the critical
and: for MgATPactin, 2 mM MgGl and 0.2 mM ATP; for  concentration of actin. However, profilin has been shown to

MgADPactin, 2 mM MgC} and 0.2 mM ADP; for DCF-ATPactin  bind poorly to pyrene-labled actin, complicating this analysis.
2 mM EDTA and 1 mM ATP; for NF-actin, 2 mM MgGl The Furthermore, because the profilin actin complex can add to
denaturation rate of the actin is slow for those experiments the parbed ends of filaments, this type of analysis requires

containing nucleotide, and NF-actin is stabilized by the presence e . . o
of 100 mM KCI, and is further attenuated by the addition of profilin _2ddition of a barbed end capping protein. Determination of

during the titrations. Each panel shows data for several concentra-the affinity of actin for profilin based on the profilin
tions of actin (different symbols represent different initial actin concentration dependence of nucleotide exchange rates can

concentrations) and a global fit (lines) to the binding isotherms by also be misleading as described below (Figure 7). More direct

a quadratic binding equation. The equilibrium constants for profilin . ; ;
binding to the actin species: MgATPactki = 0.099 (-0.014) affinity measurements using fluorescence anisotropy of

uM; MgADPactin, Kp = 0.12 #0.05) uM; DCF-ATPactin,Kp = rhodamine-labeled engineered profiliA) (and tryptophan
0.037 £:0.009)uM; NF-actin, Kp = 0.013 (0.004)xM. fluorescence quenching using only native proteiP)safe
simpler to interpret.

mM ATP (diamonds) shows no change in tryptophan  The affinity of non-muscles,y-actin for profilin was
fluorescence, indicating the actin is stabilized by the binding determined in the present report by measuring the tryptophan
of MgATP. Moreover, because actin polymerization also fluorescence intensity quenching that occurs when actin binds
results in a tryptophan fluorescence quench, potentially profilin (27). Figure 2 shows tryptophan fluorescence quench
complicating the interpretation of this experiment, a constant data for profilin titrations of MgATPactin, MgADPactin,
fluorescence intensity indicates that this low concentration DCF-ATPactin, and NF-actin. Each data set of several actin

04
P

157 DCF-ATPactin
0.20

v T

Quench
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Ficure 5: Kinetic measurements of the association reaction for
binding of nucleotides t@,y-actin in the absence and presence of

0 profilin. The observed pseudo first-order rate constakijs, for

0.01 0.1 1 10 MgeATP or MgeADP binding to actin and profilirractin were
determined from stopped flow measurements of the fluorescence
intensity increases of M@ATP or MgeADP upon binding by actin.
Values determined fok,,s are plotted for NF-actin reacted with

MgeATP (circles) or MgADP (2) in the absence (open symbols)
g or presence (filled symbols) of 2M profilin in buffer containing
g 100 mM KCI, 10 mM MOPS, and 2 mM MgglpH 7.0, 20°C.
5 Error bars represent standard errors for dagfvalue determined
3 from fits to time course data. The rate constants were determined
E from linear regression analysis of the data sets: values for
2 MgeATP binding to actin and profilirractin are 1.740.05)uM 1
2 s1and 3.0 £0.18)uM~1 s71, respectively; and thk, value for
= MgeADP binding to actin is 0.94£0.04) uM~t 571,
1 10 100 030 § §
ADP/cATP 0257
Ficure 4: Equilibrium binding of nucleotides t@,y-actin and . 0204
profilin-f3,y-actin. Experiments were conducted in buffer containing o
100 mM KCI, 10 mM MOPS, and 2 mM MgglpH 7.0, 20°C. & 015 -
(A, B) Various concentrations of NF-actin and profilin-NF-actin, 3
as indicated, were titrated with MTP. The increase iRATP < 0104
fluorescence in the presence of actin above that in the absence of
actin,A¢, is plotted versus theATP concentration. Data for three 0.05 4

concentrations of actin and a global fit with a quadratic binding
equation are shown for each experimental condition. The equilib-
rium constants for MgATP binding to actin and profilirractin

are Kygeate = 0.031 uM (+0.002) anthP,lggATp = 0.51 uM
(£0.01), respectively. (C) Varying concentrations of ADP were Profilin (uM)
added to 0.2uM MgeATPactin (open symbols) or profilin-
MgeATPactin (filled symbols) and theATP fluorescence intensity
was converted to fractional saturation waATP. Fits to the data
yield the ratio of equilibrium constants for MgADP and B&TP
binding to actin and profilir-actin, Kugaop/Kugeatr = 3.0 (0.2)
and Kjyoapp/Kingearp = 12.8 €:0.4), respectively.

FiGURE 6: Rate constant for MgATP dissociation frgfy-actin

is increased by profilin binding to actin. A stopped flow reactor
was used to mix (final concentrations) QM MgATPactin with

6 uM €ATP in buffer containing 100 mM KCI, 10 mM MOPS, 2
mM MgCl,, 0.6uM ATP, pH 7.0, 20°C, and various concentrations
of profilin. Symbols and errors bars represdgts values and
standard errors, respectively, determined from fits toe NP
concentrations was globally fit as described in Material and fluorescence intensity time course data. The data were fit with a

Methods and yielded an equilibrium dissociation constant quadratic function (see text for details) which yielded the rate

(Kp) for profilin binding; the values are summarized in Table constant for dissociation of MgATP from profikiractin, K2 ygatp

1. Profilin binds MgATPactin and MgADPactin with similar  _ 0:3 S, and the equilibrium constant for profilin binding to
e . T b MgATPactin,Kp = 0.08 uM.

affinity, with values forK, = 0.099 M and K; = 0.12

#M, respectively. This is in contrast to a previous report using g.013,M. Thus, removal of Mg from the central cleft of
a-skeletal muscle actin that indicated a 20-fold lower affinity \gaTPactin increases the affinity for profilin about 3-fold.
of profilin for MgADPactin compared to MgATPactir). Removal of MgATP from MgATPactin increases the affinity
However, the data presented here are in agreement Withfor profilin by about 8-fold.

previously published results from our laboratory using  Kinetic Rate Constants for Profilin Binding to Actifihe
o-skeletal muscle actin that showed similar affinities of association rate constants for profilin binding to actin are
profilin for MgATPactin and MgADPacting). Profilin binds  yseful for modeling the actin-bound nucleotide exchange
DCF-ATPactin with an equilibrium constak“" = 0.037 reaction in the presence of profilin (Figure 7, below), and
uM and binds NF-actin with equilibrium constal(f;‘F = the kinetic constants can be used to calculate equilibrium
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Ficure 7: Time courses for MgGADP dissociation froffy-actin

in the presence of varying concentrations of profilin. A stopped
flow reactor was used to mix AM MgADPactin with MgcADP
and in the presence of (from right to left) 0, 0.2, 0.5, 1, ang/¥D
profilin in buffer containing 100 mM KCI, 10 mM MOPS, 2 mM
MgCl,, 0.6 uM ATP, pH 7.0, 20°C. The lines represent a global

fit to all six time courses using a series of differential equations as
described in the text. The solid lines are calculated with Scheme 1

and with the following values for the rate constantsigaor =
0.07 s, K yyonpp = 8 5% kip = 15uM 151 kI = 1.5 s, and
K,=15s1 (e, Kl =KZ=15sY15uM1 st =0.1uM).
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The etheno-nucleotide analogue#\TP andADP, in-
crease in fluorescence intensity upon binding to actin. Figure
4, panels A and B, show data from experiments in which
aliquots of eATP were added to NF-actin; the increase in
fluorescence intensity above that in the absence of aktin,
is proportional to the amount of bound nucleotide. Fluores-
cence intensity data farATP in the absence and presence
of various concentrations of actin or profitiractin were
globally fit with a quadratic binding equation to yield
equilibrium dissociation constants for nucleotide binding to
actin. Figure 4 showdg values and fits for titration with
€ATP of various concentrations actin (panel A) and profilin
actin (panel B) yielding respective equilibrium dissociation
constantsKygearp = 0.031 ¢-0.002) uM, and Ky arp =
0.51 @0.01) uM. A similar experiment (data not shown)
using eADP titration of actin yielded an equilibrium dis-
sociation constaryg.apr = 0.38 &0.032)uM. However,
experiments to measure the affinity of profitiactin for
MgeADP proved to be inconsistent: the high concentrations
of eADP needed to saturate the actin, the inner filter effect,
and the low signal-to-noise ratio combined to confound the
measurements. To more accurately determine the effect of
profilin binding on the affinity of actin for ADP, MgATP

The dashed lines are calculated with the same constants excepbound to actin and profilinactin was displaced with varying

K, =657 (e, K = k2 /kip = 0.4 uM).

concentrations of ADP. Panel C shows the results from such
experiments in which the fractional saturation of actin or

constants and verify the equilibrium measurements presentecprofilin—actin with eATP is plotted against the ratio of

in Figure 2. Using a stopped flow reactor, tryptophan

concentrations of ADP andATP. The data indicate that the

fluorescence quenching was measured to determine the ratgatio of equilibrium constants for actin and nucleotides

constants for profilin binding to non-musgkey-actin. Time
course data were fit with a single-exponential function to

yield values for the observed pseudo-first-order rate con-

stants kops Figure 3 shows the values feg,s as a function

Kmgapr/Kmgeare = 3.0 (0.2), and for profilin-actin and
nucleotidesKi anp/Kiygarp = 12.8 (£0.4). From the rela-
tive affinities of MgcATP and MgADP for actin and
profilin—actin (panel C), we can calculatgigape = Kmgeate

of profilin concentration; error bars represent the standard , K, \oe/Kygeare = 0.031uM x 3.0 = 0.093 xM, and

error for each value. Linear regression analysis yielded valuesyp

for the association rate constant for profilin binding to
MgATPactin (circles)k,, = 14.0 &1.5) uM~! st and
dissociation rate constakt, = 1.3 @1.2) s, corresponding
values obtained for MgADPactin (squareg),, = 15.6
(£2.9)uMt st andk, = 2.6 (£3.1) s%, and for NF-
actin (triangles)k:p = 10.8 @&2.7) uM~t st andk_,= 0.7
(£1.2) s'. Theky, values for MgATPactin, MgADPactin,
and NF-actin are not significantly different from each other.
The ki, value reported here in buffer containing 100 mM
KCl is about 3-fold slower than values previously reported
for profilin binding to actin in low ionic strength buffer: for
bovine spleen profilin binding toa-skeletal muscle
MgATPactin,k;, = 45uM~1s71 (27) and forAcanthamoeba
castellanii profilin binding to Acanthamoeba castellanii
MgATPactin, ki, = 35-53 uM~1 s71 (4).

Equilibrium Binding of Nucleotides to Actin and Profilin-
Actin. Although it is accepted that profilin binding to actin
weakens the affinity for nucleotides, the equilibrium con-
stants for nucleotide binding to profiliractin have not

MgADP — KE/IgeATP X KI\PAgADP/KEAgEATp =0.51uM x 12.8=

6.5 uM.

These data indicate that profilin binding by actin differ-
entially affects the relative affinities of actin for MgATP and
MgADP. Profilin binding weakens the affinity of actin for
both MgATP and MgADP, but weakens MgADP binding
70-fold and weakens MgATP binding 16-fold. Other experi-
ments (data not shown) were conducted in which actin-bound
MgeATP or MgeADP was displaced with added MgATP or
MgADP, respectively. Actin binds MgATP with about 4-fold
greater affinity than MgATP; similarly, actin binds MgADP
with about 4-fold greater affinity than for M@\DP and the
binding of profilin by actin does not alter the ratio of affinities
for etheno versus native nucleotides. The 4-fold weaker
MgeATP binding compared to MgATP binding by actin is
in good agreement with previously published values for
nucleotide binding toa-skeletal actin 13, 23) and in
agreement with the dissociation rate constants for native and
etheno-nucleotides. Thus, we are able to calculate the

previously been measured directly. Quantitation of the €duilibrium constants for native nucleotide binding to actin
equilibrium constants for nucleotides have been based on2nd profilin—actin from the etheno-nucleotide data, and the
nucleotide dissociation rate constants, relative affinities of Values are summarized in Table 2.

native and etheno- nucleotides or have been calculated from Kinetics for Nucleotide Association to Actin and Profilin-
thermodynamic considerations of an energy squaré, 0, Actin. Crystal structures of profiliractin have been solved
33). The ability to prepare relatively stable NF-actin allows that exhibit two conformations termed “open” and “tight”
the direct equilibrium measurements of nucleotide binding states, differing by the relative positions of the two major
to profilin—actin using fluorescent nucleotide analogues. actin domains that are separated by the central actin cleft
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Table 1: Equilibrium and Rate Constants for Profilin Binding to Attin

ligands Kp (uM) Kip (@Mts7Y) kop (s calc.kp (s79)
NF-actin profilin 0.013 0.004 10.8+ 2.7 0.7£ 0.9 0.14+ 0.8
DCF-ATPactin profilin 0.03'A-0.009
MgATPactin profilin 0.099+ 0.014 14.0+£ 1.5 1.3+1.2 1.4+ 0.35
MgADPactin profilin 0.12+ 0.05 15.6+ 2.9 2.6+ 3.1 19+1.1

a All conditions include 100 mM KCI, 10 mM MOPS, pH 7.0, and either 2 mM Mg&@12 mM EDTA.Kp values were determined from profilin
titration experiments (Figure 2) and standard errors are from a fit to the binding isotherms. Valugsdodk-, were determined from kinetic
data (Figure 3) and standard errors are from linear regression to data. Values fd¢galere calculated froniKpk:, and standard errors are
calculated from the sum of the relative error in each measured value.

Table 2: Equilibrium and Rate Constants for Nucleotide Binding to Actin and Profilin-Actin

ligands Ko (uM) Ko = k-/ky (uM) k (s ki (uM~ts?)
MgADP actin 0.094 0.079 0.07H: 0.001 0.96
MgeADP actin 0.40+ 0.02 0.33 0.36t 0.01 0.90+ 0.04
MgATP actin 0.007 0.0065 0.01H 0.003 1.7
MgeATP actin 0.031t 0.002 0.027 0.046- 0.001 1.7£01
MgADP profilin-actin 6.% 8d 1.2
MgeADP profilin-actin 26 3 1.2
MgATP profilin-actin 0.13 0.10 0.30+ 0.03 3.0
MgeATP profilin-actin 0.51+0.01 0.38 1.10.1 3.0+ 0.2

aBuffers contain 100 mM KCI, 10 mM MOPS, 2 mM Mg&IpH 7.0, 20°C. MeasuredKp values were determined from data presented in
Figure 4,k- values were determined from exponential fits to time course datakandlues were determined from data presented in Figure 5,
except as noted. Measured values include standard errors determined from analysis of expéraémtkated from the relative affinities of
MgeATP or MgeADP and MgATP or MgADP, see Figure 4 and text for detdilassociation rate constants for etheno nucleotides are the same
as native nucleotided 8). ¢ Determined using differential equations model fit to data time courses from Fig@i@alculated fronk, = k_/Kp.

(14, 16). These observations suggest that profilin could affect responding association rate constant for the same reasons
the actin interdomain angle and thereby regulate the affinity that complicate the equilibrium measurements above;
of the nucleotide bound in the actin central cléff), a more however, K2 ,.app Can be calculated fronh(,\P,,geADp and
open actin cleft could allow faster association and dissocia- kEMgeADP (see below) and is listed in Table 2 among the
tion of nucleotide to profilir-actin. On the basis of data gther constants.
using Acanthamoebagroteins, Vinson et al.4) calculated
that thek,mgate value was three times faster for MgATP
association to profilin-actin than to actin; in contrast, the
binding of profilin to actin slowed the MgADP association
rate constant about 2-fold. However, the association rate
constant for nucleotide binding to profiliractin has not been
measured directly.

The observed rate constankg,s for nucleotide binding
to actin were determined by mixing NF-actin with either
MgeATP or MgeADP in a stopped flow reactor and fitting
the time course of the fluorescence intensity increase to an

Earlier work from our laboratory showed the rate constants
for association of MGATP and MgATP to actin to be equal
(13); therefore, in Table 2, we have used the measured
association rate constants for the etheno-nucleotide analogues
along with measured dissociation rate constants for native
nucleotides (see below) to calculate equilibrium constants
for binding of MgATP and MgADP to actin and profilin
actin. Our results indicate that binding of profilin by actin
increases the association rate constants for MgGATP and
MgADP, but only to a relatively small extent, less than

exponential function. The values fky,sare plotted in Figure 2-fo.ld. ) ) o ) -

5 as a function of MgATP (circles) or MgGADP (triangles) Kinetics for MgATP Dissociation from Actin and Profilin-
in the absence (Open Symbo|s) or presence (f|||ed Symbo]s)ACtin. Measurements Of.the Obser\./.Ed MgATP di'SSOCiation
of profilin. The rate constant for association of MgIP to rate constant as a function of profilin concentration can be
actin has a valudygarp = 1.68 (0.06) uM ™t s, the analyzed with a binding function to determine the rate at

addition of saturating concentration of profilin increases the Which MgATP dissociates from profilinactin,k®-ugare, and
association rate constant about 2-fold Mbgare = 3.0 the equilibrium constant for profilin binding to MgATPactin,
(+0.2)uM 1 s°L. The intercept of the linear regression lines K (see Material and Methods for details). Non-mugtfe
with the ordinate indicate an increased value for the rate MgATPactin was mixed in a stopped flow reactor with
constant for dissociation of M&TP from profilin—actin, ~ varying concentrations of profilin and M TP in a 10-fold
qualitatively in agreement with measurements of ATP molar excess over MgATP concentration. The observed rate
dissociation rates (see below), but the values have a highconstantkss for MgATP dissociation was determined from
uncertainty with about 50% coefficient of variation. The exponential fits to fluorescence time course data and plotted
value for the rate constant for association of dA®P to as a function of profilin concentration (shown in Figure 6).
actin iskimgeapr = 0.90 @0.04) uM~1 s and the value From a fit to the data in Figure 6, the rate constant for
determined from the intercept of the regression line with the MgATP dissociation from actin was determined tobggare
ordinate for the MgADP dissociation rate constamt,yg.app = 0.02 0.01) and saturation of MgATPactin with profilin

= 0.15 @&0.19) s'. The weak binding of MgADP by increases the MgATP dissociation rate constark’{g,rp
profilin—actin prevented reliable measurements of the cor- = 0.30 #0.02) s!. The fit to the data also yields an
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equilibrium dissociation constant for profilin binding to
MgATPactin,Kp = 0.08 &0.03) M. Another experiment
(not shown) using M actin yielded valueKp = 0.16
(+£0.06) and k2 Arp = 0.35 @0.02) s*. The values
determined folKp from nucleotide exchange measurements
agree well with the value obtained from tryptophan fluores-
cence intensity measurements, = 0.1 uM. The rate
constants for dissociation of MgATP from actin and for
dissociation of MgATP from actin and profilir-actin were

measured with additional nucleotide exchange experiments

(data not shown) and the values are included in Table 2.
Kinetics for MgADP Dissociation from Actin and Profilin-
Actin. It is thought that the enhancement of exchange of

actin-bound MgADP for MgATP by profilin may be an
important physiological function of profilin, thereby provid-
ing a homogeneous pool of MgATPactin that can rapidly
add on to the ends of actin filaments during cellular motile
events 20). Our previous work showed that the rate of
MgADP dissociation from monomeric skeletal muscle actin
can limit the amount of actin polymer formed in vitro under
conditions of high actin filament number concentration
approximating that found in vivo3j. The quantitation of
actin bound MgADP exchange using non musgle-actin
under physiological ionic conditions should provide informa-
tion useful for modeling intracellular motile systems.

To determine the effect of profilin on MgADP dissociation,
MgADPactin was mixed in a stopped flow reactor with a
MgeATP concentration in excess of the MgADP concentra-
tion; the observed rate of nucleotide exchange is limited by
the dissociation of MgADP from actin. Figure 7 shows
nucleotide exchange time course data faM. MgADPactin.
The analysis used for MgATP dissociation from actin in the
presence of profilin (Figure 6) is not valid for the case of
MgADP dissociation from actin because MgADP dissociates
from profilin—actin rapidly relative to the kinetics of profilin
interaction with actin. The time to equilibrium for profilin
binding to actin ist = 1/(ksp[profilin] + k-,), wherek,, =
15uM~tstandk_p = 1.5 s'%; therefore, we can calculate
a value for the time constant for O/ profilin, 7~ 0.1 s.
From Figure 7, the exchange of MgADP for MATP in
the presence of 0,6M profilin has a half time of about 0.03
s; therefore, profilin cannot be considered in rapid pre-
equilibrium with MgADPactin. The nucleotide exchange
reaction in the presence of profilin can be described by
Scheme 1, from which we can derive the following series
of differential equations:

% = —k;([PI[AD] + K2 [PAD] — K_yy4applAD]
S = K PTAT] + KL {PAT] + K ygu0nl D]
d[PdAt\D] =k, [PI[AD] — Kk [PAD] — K 10n0p[PAD]
d[z/?ﬂ = k;([PIIAT] — K [PAT] + K yigapp[PAD]

where AD and AT are actin containing bound MgADP and
MgeATP, respectively; PAD and PAT are profiliractin
complexes containing bound MgADP and 8J P, respec-
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Scheme 1

k.mgaDP

P+AD+T ————» P+AT+D

k*P kD'P k+p kT‘P

PAD+T —» PAT+D

kP mganp

tively; P is profilin; k-mgaoe and K2y, ,pp are the rate
constants for MgADP dissociation from actin and profitin
actin, respectivelyk., is the association rate constant for
profilin and actin; k°. and k_ are the respective rate
constants for profilin dissociation from MgADPactin or
MgeATPactin. From mass conservation,

[P]=[Pid — [PAT] — [PAD]
[AT o] = [AT] + [PAT]

where [P] is free profilin and [A#{ is the total MgATPactin
concentration.

The fluorescence data were converted toelgPactin
concentrations as shown in Figure 7, and the predetermined
values fork ygapp = 0.07 s, kip = 15uM "1 s7%, K2,
1.5s? and kIp = 1.5 s* were used to calculate the solid
lines. The single parametkt,,,,np Was varied manually to
achieve a best fit to the nucleotide exchange time course
data, and a valug’, ,pp = 8 st was determined. To test
the possibility that profilin binds weaker to MgADPactin than
MgATPactin, the dashed lines show time courses calculated
using the same constant as above exceplkTgrz 6st
(KE = k?p/kJrp = 0.4 uM). The time course data are fit by
the model about equally well using the two values Ker
which are different by a factor of 4; therefore, from these
data we cannot rule out a differential affinity of profilin for
MgADPactin and MgATPactin.

Effect of Profilin on Dissociation of ATP from DCF-
ATPactin. The dissociation rate of nucleotides from actin
has been shown to be limited by the dissociation of the high
affinity divalent cation and to be dependent on the concen-
tration of divalent cations in solutiorl8). Removal of the
high affinity divalent cation from actin reduces the affinity
of actin for nucleotide by orders of magnitudes|. Because
profilin binding by actin also weakens the affinity of actin
for nucleotides, it is of interest to examine the effect of
profilin binding by DCF-ATPactin. Figure 8 shows the time
course data for nucleotide exchange experiments in which
€ATP binding to DCF-actin is limited by the dissociation of
ATP from DCF-ATPactin. The dissociation time courses are
shown for DCF-ATPactin in the absence (upper panel) and
presence (lower panel) of profilin. The data (symbols) were
fit with an exponential function (lines) to yield values for
the dissociation rate constant of ATP from ackilnre =
39.4 {=4.7) s'. Addition of a saturating amount of profilin
results in about a 40% faster ATP dissociation rate constant
kK orp = 55.7 (6.5) s Actin conformational changes
caused by profilin binding to DCF-ATPactin apparently do
little to accelerate nucleotide dissociation compared to the
approximately 30-fold enhancement of MgATP dissociation
and 100-fold enhancement of MgADP dissociation. It must
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physiological ionic conditions, non-muscle MgADPactin
complexed with profilin exchanges nucleotide with a rate
constant of 8 5!, about 6-fold faster than doesskeletal
muscle profilin—actin. Another striking difference between
o-actin andp,y-actin isoforms is the denaturation rate of
NF-actin;o-skeletal muscle NF-actin denatures 15-fold faster
than does non-muscjey-NF-actin.

Actin DenaturationActin denaturation proceeds through
the labile intermediate species NF-actihi3( 36). The
lessened stability of NF-actin suggests that the loss of
interdomain coupling that occurs when the nucleotide is
removed leads to irreversible unfolding. Conformational
changes have been shown to take place in actin through a
shear motion involving an alpha helix at the bottom of the
actin interdomain cleft that links subdomains 1 and 3 and
allows the two domains to rotate relative to one anottéy (
15). Data from denaturation experiments support the idea
that profilin binding between actin subdomains 1 and 3 at
the “barbed” end of the actin molecule may provide
alternative actin interdomain coupling thereby stabilizing NF-
actin against unfolding3().

In low ionic strength bufferp-skeletal muscle NF-actin
denatures rapidly withgen = 5 s (L3), reflecting a denatur-
ation rate about 15-fold faster than that for non-mugcje
NF-actin as reported here. This observation appears to
contradict the conclusion drawn by Schuler et a6)( who

ATPactin in the absence and presence profilin. CaATPactin was reported that thet-actin isoform was more stabile than non-

diluted into buffer containing 10 mM MOPS, 2 mM EDTA, pH
7.0, to remove the tightly bound &aion, then mixed witheATP

in a stopped-flow reactor to yield final concentrations of 1B
eATP, 25 uM ATP, 2.5 uM DCF-ATPactin, and either 3M
profilin or no profilin. The lines are exponential fits to the data
and yield the rate constants for dissociation of ATP from DCF-
ATPactin, k_atp = 39.4 *4.7) s1, and from profilin-DCF-

ATPactin,k® ;rp = 55.7 @&6.5) s™.

be that disruption of Mg coordination in the nucleotide
binding cleft of actin is the predominant mechanism by which
profilin enhances nucleotide dissociation from actin.

DISCUSSION

Comparison of Actin Isoformd.0 better understand the
role of profilin in cellular motile processes that involve actin

musclef,y-actin isoforms. They also reported that profilin
decreased the stability of actin containing bound MgATP or
CaATP, whereas, in contrast, we find that profilin greatly
stabilizes NF-actin. However, in their experiments the
denaturation of actin was monitored in the presence of
MgATP or CaATP, and thus, the observed denaturation rate
was limited by the rate of NF-actin formation (i.e., the
dissociation rate of nucleotide from actin), which is faster
for non-muscle actin than for muscle actin and is increased
by profilin.

Actin Tryptophan Fluorescence Quenching by Profilin
Binding. The well documented tryptophan fluorescence
guenching that occurs upon binding of profilin to actin
suggests that profilin binding alters the conformation of actin.
Perelroizen et alZ7) concluded that profilin binding by actin

polymerization, we have characterized the interaction of resulted in quenching of actin tryptophan residues and that

profilin with non-muscles,y-actin. Although some studies

the solvent accessible actin tryptophans are no longer exposed

with non-muscle actin isotypes have been reported, theto the solvent in the profiliractin complex. The four

physiological MgATP- and MgADP-containing forms of
vertebrate non-musclg,y-actin in the presence of physi-

tryptophans of actin are located in subdomain 1 which has
direct contact with profilin; therefore, tryptophan fluores-

ological salt concentrations have not been characterized.cence alone does not reveal how profilin changes the

X-ray crystallographic structures of profiljfractin (L6) show
differences from both the-actin-DNase | structure3d) and
the a-actin-gelsolin segment 1 structur@s}, but there are

conformation of other more distal portions of the actin
molecule.
Data from titrations of3,y-actin with profilin presented

no direct crystallographic structure comparisons of the actin here indicate that profilin binds to MgATPactin and

isoforms either alone or complexed with the same actin-

MgADPactin with similar affinity. This finding is in agree-

binding protein. Comparison of the work presented here with ment with reports for-skeletal muscle actin that also used

our previously published data forskeletal muscle actirB(

actin tryptophan fluorescence to measure profilin bindihg (

13) shows some functional differences between the muscle27). Our nucleotide exchange experiments (Figures 6 and
and non-muscle actin isoforms. Profilin binds to non-muscle 7) are also consistent with equal affinity of profilin for

actin with about 6-fold greater affinity than tw-skeletal

MgATPactin and MgADPactin although they do not rule

muscle actin. Nonmuscle actin exchanges its bound MgADP out differential affinity of profilin for MgATPactin and

for MgATP about 7-fold faster than does muscle ac8p (

MgADPactin. Vinson et al. reported about a 4-fold

Of particular interest is the enhanced nucleotide exchangegreater affinity of profilin for MgATPactin compared to

reaction that occurs when profilin binds MgADPactin. Under

MgADPactin for both a-actin and amoeba actin using
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tryptophan quenching for amoeba actin and using fluores- Scheme 2

cence anisotropy of labeled profilin for both muscle actin Kutgare Kntgaoe
and amoeba actirl]. We cannot explain these discrepancies 0.007 uM 0.09 uM P+ AD
between methods for measuring profilin affinity for actin. PHAT <> PrA «——

Profilin Regulation of Nucleotide Exchange on Actin. T T - P K>

. K'p K™Y P

Measurements of nucleotide exchange on non-mysgle 0.1 pM 0.013 uM 012 uM
actin indicate that profilin increases the MgATP dissociation T D
rate constant value about 30-fold to a maximal value of ) \
K = 0.3 s Thi itude of enh t of PAT PA PAD
“mgarp = 0.3 s This magnitude of enhancement o Kiysonrr Kytganr
MgATP dissociation by profilin is comparable to that 0.13 uM 6.5 uM

previously reported fon-skeletal muscle MgATPactin of o . i
32-fold (3) and 40-fold @). Profilin was found to increase €SS than 2-fold when profilin binds actin. Asymmetrical
the MgADP dissociation rate constant 114'f0|dkaAgADp effects on association and_ _dls_somatl_or_l reactions result in an
= 8 51, similar to the 160-fold increase) and 120-fold overall weakening of equilibrium affinity for MgADP and

increase?) reported for-skeletal muscle MgADPactin. The MYATP to profilin—actin compared to actin alone, and
value for the equilibrium dissociation constant for profilin suggest that more than steric factors are responsible for the

binding to MgATPactin derived from nucleotide exchange profilin-induced change in affinity of actin for nucleotides.
experiments (Figure 6K% = 0.08xM, agrees with the&s Equilibrium Binding of Profilin and Nucleotides to Actin.
P : ’

value determined from fluorescence quenching titrations Schem_e 2 |IIustrate_s_ the_ eqwllbrlum_reactlons involved in
(Figure 2),KT = 0.1 uM. Because the rate constant for nugleonde an(_j_proﬂlm bln_dlng to actin. A and P represent
MAADP di,ssgciatio.n lfrtorfﬂ _actin is relatively fast com- actin and profilin, respectively, T and D represent MgATP

9 SO 28 uvely and MgADP, respectively, and PA, PAT, and PAD represent
pared to profilin binding, a simple analysis of the observed

MgADP dissociation rate constants which assumes a ra idthe complexes of profilin with NF-actin, MgATPactin, and
9Al Lo : . ap MgADP actin, respectively. In Scheme 2, two energy squares
profilin pre-equilibrium for nucleotide exchange is not valid.

. . .~ are linked by the central reaction of profilin binding to NF-
We demonstrate that the time course for MGADP dissociation o . "5 A" pA. From thermodynamic considerations,
from f,y-actin is described by a 114-fold increase in the

MAADP dissociation rate constant upon orofilin binding b the equilibrium constants calculated between states must be
ac%in and an equilibrium dissociatio% co%stant for rgfiliz independent of the paths taken, and the products of the
binding to ngADPactin similar to that for bindir?g o equilibrium constants around each square must be equal to
MgATPactin, in the range 0:10.4 uM. This is in contrast 1. For the MgA TPactin cycle, starting with-P A, and going

to what had been reported assuming a simple hyperbolic;f\)/lu)rltle Elgcsk:{\"?:%rotﬁngMQXDoﬁ,yé 'uNr|1 zyl(gelssp;zr:rtrng\?vﬁ p
dependence of MgADP exchange rate constants on profilin+ A and 6in. clockwise. 0.0% 0.12 4M X’ (6.5 x 0.013
concentration, from which it was concluded that profilin gong o et ; :

) L i . uM)~t = 0.13. The product of measured equilibrium
K)/IISdA%rlgoa([l\ﬂﬂg,A\QE))Pactln with 20-fold lower affinity than to constants differ from the theoretical product of 1, by about

a factor of 2 for the ATP cycle and by about a factor of 8
Nucleotide Binding Kineticsrofilin-actin has been shown o the ADP cycle. The sum of the relative standard errors
by X-ray crystallography to exist in two conformationally ~ for the equilibrium constants for the MgATP-actin-profilin
distinct states termed “open” and “tight4, 16). Inthe tight  square is 90% and for the MgADP-actin-profilin square is
state the nucleotide appears to be sterically blocked from 12096, Thus, the equilibrium constants for the ATP energy

(1.8 A?). This tight structure is very similar to the DNase  estimated error going around the square. In contrast, the ADP
I-aCtIn Structure Wthh IS knOWn tO I’e|ease nucleot|de Very energy Square does not appear Consistent'

slowly (34). In contrast, the open profilinactin structure To explain the apparently inconsistent energetics, we can
has a greater interdomain separation, and the nucleotide hagonsider that either the scheme is incorrect or one or more
a much greater solvent accessible area (525 (A4). It of the constants are inaccurate. Since the MgATP energy

would appear that in order for nucleotide to either enter or cycle is consistent, it appears that the scheme itself is correct.
leave the _binding site in the central actin cleft, the actin Although we have measured the binding of profilin to actin
conformation would have to resemble that of the open ¢ontaining various bound nucleotides with both equilibrium
profilin—actin structure. Closing of the actin interdomain cleft g4 kinetic experiments, the relatively low signal-to-noise
and steric blockage of the nucleotide release may in part beyatio of the tryptophan fluorescence signal and the sensitivity
responsible for the very high affinity of actin for nucleotides. of the fluorescence signal to factors such as protein dena-
Measurements of the kinetics of binding of MgATP and turation and aggregation can complicate such measurements.
MgADP to actin and profilin-actin support the idea that The constants for nucleotide binding to actin and profilin
profilin binding to actin either opens the actin interdomain actin have been verified by correlation between kinetic and
cleft or shifts the conformational equilibrium toward the open equilibrium measurements with the exception of MgADP
state @). Such a conformational shift would relax the steric binding to profilin—actin, which was determined from
constraints to nucleotide dissociation and result in a much different methodology using competitive equilibrium binding
higher dissociation rate constant; similarly, a more open experiments. The data (Figure 4) clearly show that profilin
target for nucleotide association could increase the associa-binding changes the relative affinity of non-musglg-actin
tion rate constant. We find that the rate constants for for MgQATP versus MgADP in agreement with what was
association of MgATP and MgADP to actin are increased reported for skeletal muscle-actin (). Starting with the
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ratio of the nucleotide equilibrium dissociation constants for

the bottom and top sides of the energy squares in Scheme 2

KiTP/KATP = 19 and Kr/IgADP/KMQADP = 72, we can cal-
culate the preference of profiliractin for MgQATP over
MgADP is 72/19= 3.8-fold greater than that for actin. Using

these numbers and the relationships from Scheme 2,

Khgare/Kngare = Kg/Kp™ and Kiyoapp/Kugaoe = Kp/Kp",

we can calculat&K/K} = 3.8; therefore, profilin should
bind MgADPactin 3.8-fold more weakly than MgATPactin.
This calculation argues that the imbalance in the
MgADPactin cycle could be due to overestimation of the
affinity of profilin for MgADPactin. It has been reported by
others &) that profilin binds MgADPactin with~4-fold
weaker affinity, as discussed abovengADp were 4-fold
greater, (i.e., 0.4@M), the product of the constants around

Kinosian et al.

the energy square would then equal about 0.5 and would Ficure 9: Stereoview illustrating the role of the tightly bound

then appear to be energetically consistent. If that were the

divalent cation in actin interdomain coupling. Segments of the
phosphate binding loops and the interdomain helix of actin are

case, then the products for the MgATP and MgADP energy shown as ribbon representations, ATP, Asp11, GIn137, and Asp154
cycles would both equal 0.5, and it would suggest that the are shown as stick representations?'Cand waters are shown as

affinity for profilin for NF-actin is 2-fold greater than the
0.013uM value determined here (i.e., 0.006M).

Equilibrium measurements of nucleotide affinity show that
non-musclef,y-actin binds MgATP with 13-fold greater
affinity than MgADP. This preference for MgATP is further
enhanced upon profilin binding to actin; profitiractin binds
MgATP with 50-fold greater affinity than MgADP. This
enhanced preference of profitiractin for MgATP over
MgADP was also reported far-skeletal muscle actin3j.
How does profilin differentially affect MgATP versus
MgADP binding to actin? Scheme 2 does not explicitly
consider the equilibria of Mg binding to ATP and ADP;
ATP binds Mg+ with 20—30-fold greater affinity than does
ADP (13, 25). If we consider that actin undergoes transient
opening and closing movements of the central cleft, profilin
binding to actin may affect the actin conformational equi-
librium. If Mg?* coordination in the actin nucleotide binding
cleft is transiently disrupted by such actin conformational
dynamics, then the ability of the bound nucleotide to retain
a bound M@" during a transient conformational shift may
contribute to the observed lifetime of the nucleotide in the
cleft. Given the much weaker affinity for Mg of ADP than
ATP, Mg?t bound to ADP in the actin cleft might dissociate
within the lifetime of the open state, resulting in DCF-
ADPactin to which ADP is weakly bound. Comparison with
MgATPactin suggests that Mgbound to ATP in the actin
cleft would be much less likely to dissociate within the
lifetime of the open state and more likely to reform ligation
bonds with the protein so that the high affinity MgATP
complex would be retained in the cleft.

Role of M@t in Maintaining Actin StructureATP and

balls, and the Cd ligation and hydrogen bonds are shown as
dashed lines. The shades of gray depict the following atoms: white,
oxygen,; gray, carbon; dark gray, nitrogen and phosphorus; black,
calcium. Taken from the structure BfictyosteliuniTetrahymena
half chimera-1 actin38) (PDB accession code 1C0G) and drawn
with RasMol (Windows Version 2.7.1).

oxygens of Aspll, thél oxygen of Asp154, and thel
oxygen of GIn137 of actin, illustrated in Figure 9. Other actin
structures lacking water molecules suggest the same coor-
dination for the high affinity divalent cation by ATP
phosphate oxygens and actin residues Aspl1, GIn137, and
Aspl54 (16, 34, 35). A structure for the physiologic form

of actin containing Mg" bound at the high affinity site is
not available; in contrast to what has been found fot'Ca
the Mg ion may be expected to be bound with an
octahedral coordination sphere that is typically found in
MgATPases and MgGTPase39%-41).

In addition to intramolecular salt bridges and the protein
interactions with bound nucleotide that provide interdomain
coupling in actin, the water mediated coordination of the
high affinity divalent cation links actin subdomains 1 (Asp11)
and 3 (Asp154) and the interdomain helix 3350 (GIn137)

(14, 16, 38). Figure 9 illustrates a partial view of CaATPactin
centered around the high affinity divalent cation showing a
ribbon drawing of three segments of the protein backbone.
Shown on the right of Figure 9 is segment-11® from the
subdomain 1 phosphate binding loop, on the left is segment
153-161 from the subdomain 3 phosphate binding loop, and
at the bottom of the figure is segment 13744 from the
interdomain helix. The transition between the tight and open
actin states takes place through shear motions involving
rotations of GIn137, Alal138, Leul40, Leul42, and Arg335

ADP binding to actin have been shown to be mediated by (15). Since GIn137 is part of the interdomain helix that
divalent cation binding to the nucleotide phosphates and enables actin domain movements and GIn137 also coordi-

protein amide groupsl@, 16, 34). The mechanism estab-

nates the high affinity divalent catiervia hydrogen bonds

lished for divalent cation and nucleotide exchange on actin with an intervening water molecutehis residue provides a

is not changed by binding of profilin to acti@)( The recently
published structure dbictyosteliumactin complexed with
gelsolin segment 13@) includes water molecules that are

link between the high affinity divalent cation and actin
domain motions. It is interesting to note that the ATP
dissociation rate constant from DCF-ATPactin is only slightly

shown to participate in the pentagonal bipyramid coordina- affected by profilin binding to actin. Profilin may weaken

tion of the bound C& in addition to the coordination by
the O and OZ% phosphate oxygens of ATP; these water
molecules also form hydrogen bonds with th& and 62

nucleotide binding by interfering with divalent cation
coordination by Aspll, GIn137, and Aspl54. A similar
mechanism has been proposed to explain how guanine
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nucleotide exchange factors (GEF) activate GTPases; theconstants involved in Scheme 2. We also thank Willie

binding of GEF by a GTPase disrupts the ¥goordination
at the GTP binding site resulting in rapid nucleotide

Wriggers for the shading scheme used in Figure 9.

dissociation, and GEF binding stabilizes the nucleotide-free REFERENCES

GTPase42). The open state structure of profilin-CaATPactin
(14) shows that the G4 ion interacts only with the ATP
phosphate oxygens; this disruption of the divalent cation
coordination by protein residues would be expected to greatly
weaken the observed binding of the nucleotide to profilin
actin. A reciprocal effect is that the absence of divalent cation
in the actin central cleft affects the profilin binding to actin,
increasing the affinity severalfold.

It appears that the Mg and profilin are pulling on
opposite sides of the hinge between the two major actin
domains, exerting opposing forces on the structure. By
analogy, one could envision the actin molecule as a clothes
pin with MgATP pinched by the spring tension in the
clamping end of the clothespin. Profilin pulls on the handle
end of the clothespin opening it and releasing the MgATP
from the clamp. Extending the analogy, with profilin inserted
between the two lever arms of the clothes pin handle, the
open clamping end is prevented from opening too far against
the spring tension; this prevents breaking the spring which
would result in a nonfunctional (denatured) clothespin.

CONCLUSIONS

The data in the present report support the idea that profilin
opens the central cleft of actin to some degree but restricts
further openingd7). Profilin binding to NF-actin slows down
the irreversible unfolding that results in actin denaturation,
suggesting that the actin interdomain coupling which is lost
when nucleotide and divalent cation are absent is compen-
sated for by the actin interdomain coupling via profilin. This
seems plausible considering that profilin contacts both
subdomains 1 and 3 of actiti§) and that actin subdomains
3 and 4 do not move independently of each other but function
as a single conformational unit%). Profilin binding to actin
increases both the association and dissociation rate constants
for nucleotide binding to actin, implying that the interdomain
cleft of actin becomes more open. Compared to those for
actin, the MgATP and MgADP association rate constants
for profilin—actin are less than 2-fold faster, but the rate
constants for MgATP and MgADP dissociation from pro-
filin —actin are 30-fold and 114-fold faster, respectively.
Moreover, the ATP dissociation rate constant from DCF-
ATPactin is only slightly accelerated by profilin binding.
Apparently, the principal mechanism by which profilin
affects nucleotide binding to actin is via disruption of the
divalent metal coordination in the actin nucleotide binding
cleft. Analogous to what has been suggested for GEF
activation of GTPasegtp), profilin may act as an adenine
exchange factor.

NOTE ADDED IN PROOF

Structures are now available in the Protein Data Bank for
MgATPactin complexed with gelsolin segment 1: PDB ID’s
1DGA, 1YAG, and 1YVN. They all show octahedral
coordination of the bound Mg.
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