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ABSTRACT:. We studied the effect of mutations in arhelical region of actophorin (residues-9108) on

F-actin and PIRbinding. As in cofilin, residues in the N-terminal half of this region are involved in
F-actin binding. We show here also that basic residues in the COOH-terminal half of the region participate
in this interaction whereby we extend the previously defined actin binding interface [Lappalainen, P., et
al. (1997)EMBO J. 16 5520-5530]. In addition, we demonstrate that some of the lysines irutislical

region in actophorin are implicated in BIBinding. This indicates that the binding sites of F-actin and
PIP, on actophorin overlap, explaining the mutually exclusive binding of these ligands. Phel€aendent

F-actin binding of a number of actophorin mutants

(carrying a lysine to glutamic acid substitution at the

COOH-terminal positions of the actin binding helical region) may mimic the behavior of members of the
gelsolin family. In addition, we show that PiBinding, but not actin binding, of actophorin is strongly
enhanced by a point mutation that leads to a reinforcement of the positive electrostatic potential of the

studieda-helical region.

The ADF/cofilin family of actin binding proteins is
ubiquitously present in eukaryotic speciés These proteins

Three factors have been described that regulate and affect
the action of cofilin on actin filaments. First, LIM kinase,

are required for the high turnover of the actin cytoskeleton acting downstream of Rho-family GTPasds,(18), phos-
(2—4) which forms the basis of numerous essential processesphorylates cofilin on an Nkterminal serine residue, result-
in vivo. The yeast cofilin null mutant is not viablé,(6), ing in the loss of actin binding10—22). Second, actin
and various representatives of the family are shown to be interacting protein 1 (Aip-1) forms a ternary complex with

implicated in cytokinesis?, 8), cellular motility, and shape
changesq, 10). ADF/cofilins interact with both monomeric
and filamentous actirl{, 12) and bring about an acceleration
of the actin depolymerizationpolymerization process. This
is achieved either by severingi2Z—14) or by increasing the
rate of dissociation of actin subunits from the pointed en
of actin filaments 15, 16). Consequently, by feeding the

d

monomer pool, they also increase the rate of association at

the barbed end, resulting in an enhanced filament turnover
(15). Accordingly, the rate of overall actin depolymerization
in yeast cells expressing a mutated cofilin is shown to be
decreased compared to the wild-type situatigh (
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actin and cofilin, cooperating with the latter to disassemble
actin filaments 23—25). Last, polyphosphoinositides interact
with cofilin in vitro and inhibit its binding to actinZ6, 27).
Evidence for the in vivo relevance of this activity was
indirectly presented in a microinjection study of cofilin and
phosphatidylinositide 4,5-bisphosphate (iR muscle cells
by Nagaoka et al.28).
The degree of sequence similarity between members of
the ADF/cofilin family is extremely high in am-helical
region (residues 112128 in porcine cofilin and residues 91
108 in actophorin) Z9) that has a structural irregularity in
its central region, leading to a kinkedhelix in cofilin or a
helix—turn—helix structure in actophorin30—32). This
region has been implicated in actin bindirg 83). In this
amino acid stretch, actophorin, the cofilin homologue from
Acanthamoeba castellani{27, 34), only differs at five
residues from porcine cofilin (two of which are conservative
substitutions). Two highly conserved basic residues in the
extreme NH-terminal part of this helical region were shown
to be involved in the contact of cofilin with actir8%, 36).
Moriyama et al. 85) demonstrated that the first of these NH
terminal lysines is also implicated in RIBinding. However,
the role of other residues in RIBinding is unexplored.

In this report, we present a mutational analysis of this
a-helical region. We design variants of the corresponding
cofilin peptide (residues 102131), create mutants of acto-
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phorin, and examine the impact of the mutations on both Actin Binding Assays

F-actin and PIRbinding. Our analysis reveals also that the

COOH-terminal lysines of the-helical region are involved Chemical Cross-Linking Experimenttoss-linking using

in both activities, but more importantly shows a clear, albeit EDC of the cofilin peptides or actophorin proteins to
partial, overlap between the two binding sites. Surprisingly, Prepolymerized actin (1@M) was performed as described
the reduced actin binding of a number of actophorin mutants by Van Troys et al. §3). Spinning these samples at high
can be partially restored in the presence of'Cén view of speed confirms that cofilin peptides and actophorins are
the structural and functional similarity between the cofilin cross-linked to actin filaments (not shown). The degree of
and gelsolin family 29, 30, 33), this provides insight into  cross-linking by the labeled cofilin peptides was quantified
the mechanism of Ga dependency of actin binding by from SDS gels using a Phosphorimager (Molecular Dynam-
segments of gelsolin and related proteins. In addition, we ics) and the ImageQuant software package. Both the WT
designed an actophorin gain-of-function mutant with regard and variant peptides had a specific activity of 8000 cpm/
to PIR binding that may prove to be useful in further studies nmol of peptide, allowing easy comparison of the yield of

on the complex regulation of cofilins in vivo. cross-linking. We used densitometry of SDS gels to deter-
mine the WT or mutant actophorin concentrations at which
EXPERIMENTAL PROCEDURES maximal cross-linking is reached.

Cosedimentation Assayo study the cosedimentation of
actophorin (WT or mutants) with actin filaments (actin

Cofilin wild type (WT) and mutant peptides were chemi- concentration of 1M), we followed the same procedure
cally synthesized on a model 431A peptide synthesizer described by Van Troys et aBf). After centrifugation, the
(Applied Biosystems Inc., Foster City, CA). We checked supernatant and resuspended pellet were analyzed on SDS
their purity and mass as described in 8% The peptides  gels followed by Coomassie staining. We used densitometry
were labeled with*4C on methionine 115 using{C]- to quantify the results.

methyliodide (Dupont), according to the method of 88t Depolymerization AssayBarbed end-capped actin fila-
After labeling, the peptides were purified via reversed phase ments were prepared by overnight incubation on ice of
high-pressure liquid chromatography, lyophilized, and dis- polymerized actin (&M, 25% pyrene labeled) with gelsolin
solved in 10 mM phosphate buffer (pH 7.5). The peptide (40 nM, gelsolin:actin molar ratio of 1:50). These were
concentration was determined by following the method of giluted in G-buffer to a final concentration of QM in the
Vancompernolle et al.39). A competition assay between apsence or presence of WT or mutant actophorin at the
labeled and nonlabeled WT peptide proved that both bind ¢oncentrations indicated in the legend of Figure 3. The
actin with the same affinity (data not shown). fluorescence decrease was recorded over the course of 8 min

Ca—ATP—G-actin was prepared from rabbit skeletal on an F-4500 fluorimeter (Hitachi) (excitation at 365 nm
muscle as described by Spudich and W46@) @nd further and emission at 388 nm). The G-buffer was supplemented
purified over a Sephadex G-200 gel filtration column in with either CaCJ (0.1-1 mM) or EGTA (1 mM).

G-buffer [5 mM Tris-HCI (pH 7.7), 0.1 mM Cagl0.2 mM
ATP, 0.2 mM DTT, and 0.01% Nadll The actin was labeled  PIP, Binding Assays
with N-pyrenyliodoacetamide on Cys3741j. o _

WT actophorin was prepared recombinantlyEscherichia Gel Filtration ChromatographyWe incubated WT or
coli using a T7 expression vector carrying the actophorin Mutant actophorin with increasing concentrations of,PIP
cDNA, which was generously provided by T. Pollard. To (Sigma) micelles in 25 mM Tris-HCI, 50 mM KCl, 0.2 mM
introduce mutations into the actophorin gene, we used theDTT, and 0.2 mM EGTA (pH 7.5) for 20 min at 2.
polymerase chain reaction-based overlap extension mutagenSubsequently, the samples were loaded on a Superdex 75
esis approach4@). Mutant cDNAs were cloned either as g€l filtration column (75PC3.2/30, Pharmacia), equilibrated
Ndd—BarHI or asNcd —BanHI fragments in the pET3a N the same buffer, on a Smart fast protein liquid chro.ma-
or pET11d expression vector, respectively (Promega). In thetography system (Pharmacia). PHicelles and actophorin
latter case, the mutant actophorins carry an additional alanine?ound to micelles elute in the column flow through, and free
following the NH-terminal methionine. All DNA construc- actophorin is retarded on the column. The amount of free
tions were Sequenced using an ALF EXPRESS DNA protein (and based here Upon the amount of bound prOtein)
Sequenator (Pharmacia Biotech) or an ABI Prism 377 Was obtained by integration of the absorption peédsd.
Automated Sequencer (Applied Biosystems). We purified We used uM (or 20 uM for Figure 4B) WT or mutant
actophorin (WT or mutants) as described by Quirck et al. actophorin; the PIPconcentrations ranged from 0 to 125
(27). As a final concentration step, the proteins were dialyzed #M (from 0 to 350uM for Figure 4B).
against 20% polyethylene glycol (M= 20000) in the Via Microfiltration. Microfiltration assays were performed
appropriate buffer solution. as described by Lambrechts et a3). In brief, 5uM WT

The unfolding profiles of the WT and mutant actophorins or mutant actophorin was incubated for 30 min on ice with
as a function of urea concentration were recorded by PIP. micelles (G-450uM PIP;) prior to spinning for 1 min
measuring the intrinsic tryptophan fluorescence emission at 400@ in a microfiltration device with a molecular weight
spectrum. The proteins were diluted to 10 o in urea, cutoff of 30 000 (Millipore). PIR micelles and actophorin
buffered with 20 mM Tris-HCI (pH 8.0). We performed the that is bound to micelles remain in the retentate; a fraction
measurements on an F-4500 fluorimeter (Hitachi) (excitation of the filtrate containing the free protein was analyzed on
at 295 nm and emission at 327 nm) at room temperature. SDS-PAGE.

Peptides and Proteins
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F-Actin vs PIP, Competition Assay Table 1: Sequences of WT and Variant Cofilin Peptides and

. . . . Mutant Positons (underlined) in Actophorin and Stability of the
We incubated F-actin (1aM), which was polymerized  actophorin MutarSts ) P Y

starting from Mg-ATP—G-actin using 100 mM KClI, with — - -
WT or D102K actophorin (1&M) in 5 mM Tris-HCI (pH cofilin peptides (residues 102-131)

7.7), 0.2 mM ATP, 0.2 mM DTT, and 40 mM KClI prior to PI(WT) IFWAPECAPLKSKMIYASSKDAIKKKLTG
adding increasing amounts of micellar P(PIP; concentra- P2 IFWAPECAPLESEMIYASSKDAIKKKLTG
tion ranging from 0 to 30@M). The actin-bound actophorin P3 IFWAPECAPLKSKMIYASSKDAIEEELTG
was visualized by SDSPAGE analysis of the pellets after P4 IFWAPECAPLKSKMIYASSKDAIEKKLTG
high-speed sedimentation (10 min at 100908eckman P5 IFWAPECAPLKSEMIYASSKDAIEKKLTG

Airfuge). Free and PIPmicelle-bound actophorin remain
in the supernatant. F-Actin-bound actophorin was quantified
using densitometry (TotalLab, Phoretix International).

urea concentration

actophorin (residues 91-108) at start denaturation
Calculation of the Electrostatic Potential of Actophorin wr IKSKMMYTSTHDSIKKKL M
and Actophorin Mutant D102K Ko2E IESKMMYTSTKDSIKKKL M
K94E IKSEMMYTSTKDSIKKKL 0.75M
'_I'he electrostatic potentials of the protein_s were calculgted D102K IKSKMMYTSTKKSIKKKL ™
using the DELPHI software (Molecular Simulations) with K10SE IKSKMMYTSTKDSIEKKL ™
def;aultlse:gp parimet?rs utsmg a ?I‘Id that contta|gs Cghe K106E IKSKMMYTSTKDSIKEKL oM
molecule. For each protein, two contours are created. One K107E IKSKMMYTSTKDSIKKEL 0.5M
contour (in blue) connects all grid points that have a potential . ESENMYTSTKDSIKKKL
value of 2.5 kT/e, and a second contour (in red) connects KiK92,94EE =o ot stable
all grid points that have a potential of2.5 kT/e. We KD101,102AA IKSKMMYTSTAASIKKKL M
analyzed the results using the INSIGHT Il package. KD101,102DK HKSKMMYTSTDKSIKKKL 0.5M
KK105,106EE IKSKMMYTSTKDSIEEKL M
RESULTS KK105,107EE IKSKMMYTSTKDSIEKEL ™
. L . - . KK106,107EE IKSKMMYTSTKDSIKEEL 1.5M
Analysis of Actin Binding by a Set of Variant Cofilin Actin
KKK105,106,107EEE IKSKMMYTSTKDSIEEEL 1.5M

Binding Peptide MimeticsAs a pilot experiment, a set of
synthetic peptides corresponding to the cofilin sequence
ranging from amino acid 102 to 131 (with amino acids +12
128 forming thea-helical region of interest) and carrying
lysine to glutamic acid exchanges in various combinations

-
=]
o
1
L

-
£
5 g 80+

was synthesized. The ability of the peptides to farhelices €5
in 60% 2,2,2-trifluoroethanol was compared to that of the ~ @ 3 6o
wild type (WT) peptide (P1, Table 1) using circular dichro- E B
ism measurements (not shown). Only those peptides- (P2 -z 2 40+
P5, Table 1) that exhibited a WT or a quasi-WT spectrum & &
were further studied. The actin binding of each peptide was § 20
assayed in a cross-linking experiment in which the peptide
was added to polymerized actin and treated with the zero- 0 T T Y 1
length cross-linker EDC. Peptides were radiolabeled to allow ° 100 200 300 400 500
a quantification of the yield of cross-linking as a function [peptide] (HM)

of peptide concentration (Figure 1). P1, representing the WT Figure 1:  Chemical cross-linking of cofilin peptides (WT and
actin bindinga-helical region, reaches a plateau value of variants) to F-actin. Increasing concentrations of radiolabeled
cross-linking (set at 100%) at about BM peptide. For the peptides (for nomenclature, see Table 1) were chemically cross-
variant peptides, in which lysine residues at either the startlinked to 12uM prepolymerized actin and analyzed by SBS

- . . PAGE. We quantified the gels using a Phosphorimager system.
(P2, residues 92 and 94) or the end (P3, residues-103; The graph shows the relative amount of cross-linking as a function

P4, residue 105) of ther-helical region were substituted, of peptide concentration: WT PHJ, P2 (a), P3 (v), P4 (’), and
much higher concentrations are needed to obtain a high yieldP5 @).

of cross-linking. The effect of combining charge reversals

in the NH- and COOH-terminal part of the-helical region substitution (KKK105,106,107EEE) were created (Table 1).
(P5, KK114,125EE) proved to be even more dramatic. Taken In analogy to WT, our actophorin mutants were produced
together, these results clearly indicate that basic residues atn high amounts as soluble protein n coli, and we were
either end of thisx-helical region in cofilin are implicated  able to purify them using the same purification procedure
in the contact with actin. (27). All mutants were essentially pure as judged by SDS

Generation and Stability of Actophorin Mutantas a ~ PAGE of 2.5u9 of the purified material (not shown).
followup to these peptide data, we set out to study the effect Given our experience with the mutant peptide mimetics,
of mutations in thisa-helical region in a native protein we ensured that the actophorin mutants have a stable
background, here actophorin, the cofilin homologue fldm  conformation under the conditions used in our actin binding
castellanii(27). Mutants having either a single (e.g., K92E), assays. Therefore, we assessed unfolding as a function of
a double (e.g., KD101,102AA), or a triple amino acid increasing urea concentrations. Most mutants start unfolding
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at lower urea concentrations than WT (Table 1). This is A. WILD

possibly due to small local differences that occur upon TYPE KK105,107EE
introduction of an oppositely charged residue, disrupting, A10 15 20 102030 40 506070 M
among other structures, internal salt bridgj#¢e experienced —_———— el R—Mre]
difficulties purifying mutants K94E, KK92,94EE, K107E, e ";:_:-:.
and KD101,102DK, suggesting the introduced mutation o™ o L
affects the stability of these proteins. Although only very ) e
small amounts of urea are necessary to induce unfolding of

mutants K94E, K107E, and KD101,102DK, their denatur- 0 isiis pw: r"m"

ation profiles start with a plateau valé&hus, all but one
mutant (KK92,94EE) adopt a stable conformation at 0 M
urea and, hence, under the conditions used in the assays

described below. Mutant KK92,94EE was not further B. WILD TYPE K107E

investigated. A2551015 3040 50 60
Charge Changes at Both Ends of theHelical Region ‘:’;_

Affect Actin Binding by ActophorinWe examined the P owe wew

actophorin mutants for their ability to interact with actin

under physiological salt conditions. As for the cofilin

peptides, their capacity to cross-link to F-actin was compared

to that of WT actophorin. Adding 18M WT actophorin to

10uM prepolymerized actin results in the maximal formation S
of the cross-linked actinactophorin complex (50% relative e

to the total amount of actin). This and the cross-linking data B

for one actophorin mutant (KK105,107EE) are shown in Ficure 2: Binding of actophorin mutants to F-actin. (A) SBS
Figure 2A. For all mutants, the data are summarized in Table PAGE analysis of the chemical cross-linking of actophorin WT
2. In a second binding assay, we analyzed the amount 0fand mutant KK105,107EE to prepolymerized actin (). The

WT tant actophorin that iat ith E-actin. Th actophorin concentration is indicated in micromolar above each lane.
or mutant actophorin that associates with F-actin. 1n€ a genotes actin in the absence of actophorin. Actin, the cross-linked

protein composition of the pellets obtained after high-speed actin—actophorin complex, and free actophorin are indicated by
sedimentation of WT and one mutant (K107E) is shown in an arrowhead, arrow, and closed circle, respectively. Molecular mass
Figure 2B; for all mutants, the data are given in Table 2. markers of 20, 30, 43, and 67 kDa are shown. (B) SDS analysis of

; : . : ; .. resuspended pellets of a cosedimentation experiment of actophorin
Consistent with our cofilin peptide data, lysine to glutamic WT and mutant K107E (concentration in micromolar above each

acid substitutions at positions 92, 94, and 087 in |ane) with F-actin (1QuM) (actin, arrowhead; actophorin, closed
actophorin lead to a reduction in the F-actin binding capacity circle). The lane headed A contained only actin. All mutants were
of actophorin. The change of K94 in the RH&rminal tested using these two assays; the quantified data are shown in Table

a-helix has by far the most dramatic effect, followed by
substitution of K92, K107, and K106. K105 is least affected.
This again indicates that both ends of thidelical stretch

Table 2: Binding of WT and Mutant Actophorin to F-Actin

are implicated in the contact with F-actin. maximal cross-linking  saturation of

Both assays were also used to test the double and triple (50%) cosedimentation
mutants (Table 2). Substitution of either K105 or K106 in  WT 15uM 10uM
combination with K107 does not strongly enhance the already KgiE ﬂi ﬁgd_GO”M
substar}tial phenotype of t_he latter mutation. Likewise, pjgok 15uM 20-25uM
combining the change of lysines 105 and 106 resembles the k105E 20-30uM 20uM
K106E mutation in the cross-linking assay, although the K106E 70uM 15uM
sedimentation assay shows that binding is more strongly %%E L02AA 15&#% " iggg"o "
affected than for either single mutation. The triple mutant  5701'702Dk 30uM # 50 uM H
KKK105,106,107EEE does not interact or only very weakly k105 106EE 55-60 M 100 4M
interacts with F-actin at the highest concentration that was KK105,107EE 65-70uM 60 uM
tested. KK106,107EE 75M 75uM

For some mutants, we observe minor differences in the KKK105,106,107EEE rfc 70-80uM

binding data obtained with each of the two assays that were *Actin concentration of 1&M. ns, no saturatior? Fifteen percent

used. The formation of a cross-linked aetimctophorin  cross-linking at 75M. ©No cross-linking at 9:M.  Five percent
L . osedimenting at 52M.

complex depends on the permanent fixation of an established’

electrostatic contact. Consequently, the cross-linking capacity Ca2" Partially Restores the Actity of Actophorin Mutated

of a number of actophorin charge reversal mutants may bein the COOH-Terminal Half of thei-Helical Region.The

more severely affected than their ability to cosediment with in vitro actin interaction of WT actophorin and of other

F-actin (e.g., for K92E, D102K, and K106E), suggesting that members of the cofilin/ADF family is independent of €a

these may be involved in salt bridges in the aetigtophorin Because of a number of arguments, including the high degree

interface. Alternatively, these mutations may influence the of structural similarity 80) and the functional analogya®)

cross-linking capacity of a neighboring residue. of these proteins to segment 2 of gelsolin, in addition to the

differential C&" dependence of members of the gelsolin

2J.-L. Verschelde et al., unpublished results. family in their F-actin interaction44, 45) (see also the
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A mutants, the resulting change in fluorescence in &Cl
WT lK92E .K94E IK105E|K106E lK107E about 1.5-3 times higher than in EGTA (Figure 3A). This
0 J 'L@I BT b stronger effect in CaGlversus EGTA remained constant

within a range of 0.1 mM CaC} as shown for K105E in
-10 A Figure 3B. The C& dependency of the fluorescence
decrease suggests that mutants K105E, K106E, and K107E
bind more strongly to actin in the presence ofCthan in

its absence. In contrast, for WT and for mutants K92E and
K94E, the fluorescence decrease hardly differs with or
-30 1 without CaC} (Figure 3A), suggesting that the differential
signal observed for mutants K105E, K106E, and K107E is
-40 indeed due to a different binding capacity and not to a
different quenching factor per molecule bound in GacCl
versus EGTA.

Taken together, these results suggest that the effect of
charge changes at specific positions in the COOH-terminal
025 05 075 1.00mM CaCl, part of the actin bindingo-helical region can be partly
counteracted by Ca ions.

Residues in the Actin Binding-Helical Region Also
Contact PIR. Actophorin binds to the phosphoinositide PIP
in a concentration-dependent mann27)( and Yonezawa
et al. 6) demonstrated that the binding of cofilin to RIP
and actin is mutually exclusive. Consequently, we were
interested in determining the effect of the mutations,
introduced into the actin binding region, on RIBinding.
FiGURE 3: Ca&* dependency of actin binding of selected actophorin The binding characteristics were assayed using gel filtration
mutants. (A) Effect of C& on the fluorescence decrease observed (Figure 4A,B) and microfiltration (Figure 4C). Both assays
8 min after dilution of F-actin (25% pyrene-labeled, capped at rendered the same results; mainly data of the former are
barbed end) to 0.4M in G-buffer supplemented with either L MM ghq\wn.

EGTA (white bars) or CaGl(hatched bars), and containing WT, S . .
K92E, K94E. K105E, K106E, or K107E at 0.6, 4.8, 1.2, 1.2, 2.4 Binding to micelles of WT actophorin and of the mutants,

or 3 uM, respectively. Ther-axis is the decrease in fluorescence Carrying a single lysine to glutamic acid substitution, as a
induced by actophorin (WT or mutant) corrected for the decrease function of PIR concentration is shown in Figure 4A.
already observed in control samples with only actin. This change Relative to WT actophorin, Phbinding of K107 was not

is expressed as a percentage of the start fluorescence and Proporstfacted and that of K105E and K94E was slightly affected.

tional to 100F. — F,)/Fo, with Fo being the initial fluorescence . ;
andF. andF. being the fluorescence decrease 8 min after dilution !N contrast, mutations K106E and K92E lead, at the highest

of the control sample and the sample containing actophorin, PIP, concentration that was tested, to an approximately 50
respectively. (B) The fluorescence decrease induced by mutantand 75% reduction in the amount of bound actophorin,
K105E using the same assay as described for panel A is shown agespectively. These data clearly demonstrate thabttisli-

a function of CaGl concentration. cal region contributes to the PiPactophorin interface that
Discussion), we analyzed whether®Caould alleviate the = consequently overlaps with the actin binding surface.
decrease in F-actin binding capacity of our actophorin PIP, Binding Is Enhanced by Introducing an Extra
mutants. We used an assay in which barbed end-cappedPositive Charge in the Central Part of the-Helical Region.
pyrene-labeled actin filaments are induced to depolymerize As both ends of the-helical region appear to be implicated
by dilution. Actophorin (and other family members) enhances in the actophorin-PIP,—micelle interaction, we also set out
the rate of monomers dissociating from the pointed end but to analyze the role of charges in the middle of this secondary
in addition quenches the fluorescence of the pyrene labelstructural element, namely, K101 and D102. First, we
upon binding to the actin filameni®, 15). This combined compared the calculated electrostatic potential of molecules
effect of actophorin binding, thereby promoting depolym- with changes at these positions with that of WT. As shown
erization, results in a strong decrease in fluorescencein Figure 5, the impact is fairly dramatic for mutant D102K.
(compared to a control sample containing only actin). Of In WT actophorin (Figure 5, left), the regions of positive
interest to us is the fact that for WT actophorin the resulting potential (blue) are relatively dispersed along the actin
reduction in the magnitude of the fluorescent signal is bindinga-helical region. By in silico introduction of lysine
approximately the same in the presence or absence ot CaClinstead of aspartic acid at position 102 in the mutant (Figure
(Figure 3A). For the mutants carrying changes in the COOH- 5, right), these regions are linked together to a bulgy positive
terminal half of thea-helical region, the results in EGTA  patch predicting an improvement of the attractive properties
confirm our binding data presented above. Note that althoughof this mutant for PIR micelles relative to WT. Guided by
the mutants are used at higher concentrations than WT (sedhese modeling experiments, we constructed a set of mutants.
the legend of Figure 3A), they display less than half of the We assayed the stability (Table 1) and actin binding capacity
WT activity. Upon comparison of the fluorescence decrease of these mutants (Table 2). They all show a WT or nearly
induced by the mutants in either CaGt EGTA, it is evident WT actin binding. Of particular interest is mutant D102K
that in the presence of €athe effect on fluorescence is that appears not to be affected in its actin binding capacity.
stronger for K105E, K106E, and K107E. Indeed, for these In contrast, the binding data in panels B and C of Figure 4

Fluorescence change
induced by actophorin (%)

W

K105E (%)

Fluorescence change
induced by actophorin
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Ficure 4: PIR, binding activity of actophorin WT and mutants.
(A) For each data point, a gel filtration run was performed at a
constant actophorin concentration oft® and the indicated PP
concentration. The graph shows the percentage of bound actophori
[WT (m), K92E (a), K94E (1), K105E @), K106E @), K107E

(0), and KD101,102AA ¥)] as a function of PIRconcentration.

(B) For actophorin WT M) and D102K @), similar experiments

50 100

were performed as described for panel A. The actophorin concen-

tration was 2QuM. (C) SDS-PAGE analysis of the filtrates of a
microfiltration experiment, containing the unbound actophorin, is
shown. The actophorin WT and D102K concentration used is 5
uM, and the PIR concentrations are indicated above each lane.
(D) The competition between actin filaments and Ft#® binding
actophorin WT or mutant D102K is shown. Mixtures of actophorin
(15 uM), F-actin (154M), and PIR micelles (PIRB concentration
varying from 0 to 30Q:M) were subjected to sedimentation. Pellets,
containing F-actin-bound protein, were analyzed by SPAGE
and quantified by densitometry. The relative amount of F-actin-
bound actophorin WTH) and D102K @) is shown as a function

of PIP, concentration. The amount of actophorin protein bound to
F-actin in the absence of Plis set to 1.

(resulting from gel filtration and microfiltration analysis,
respectively) demonstrate that mutant D102K shavit order

Van Troys et al.

Ficure 5: Electrostatic potential of actophorin WT and D102K.
The contours of electrostatic potential for the wild type (left) and
D102K mutant (right) molecule are shown (same orientation as in
Figure 6). The location of the axis of thehelical region formed

by residues 93108 is indicated by a line. Red and blue represent
the negative and positive electrostatic potential, respectively. In the
WT molecule, the positions of the residues that strongly affect PIP
binding upon substitution are indicated.

of magnitude stronger binding to Rlknicelles than WT.
Removal of both charges in the central part of thelix
(mutant KD101,102AA) did not affect P}®inding activity
(Figure 4A), indicating that K101 has no major role in
binding to the negatively charged BIReadgroup.

If mutant D102K exhibits an increased affinity for BJP
this should be reflected in an increased level of inhibition
of actin binding. To test this, we incubated a constant amount
of F-actin with a constant amount of WT or mutant D102K
actophorin together with varying concentrations of 2IP
Indeed, competition occurs more efficiently for D102K as
less PIR is required to decrease the amount of actin-bound
protein (Figure 4D).

DISCUSSION

Lysine Residues in the COOH-Terminal Half of the Actin
Bindinga-Helical Region Contribute to F-Actin Bindinghe
overall degree of identity within the cofilin/ADF family is
sufficiently large to assume they contact actin filaments in
a very similar way 46). The variations, apparent from
aligning primary and overlaying tertiary structures, however,
suggest subtle differences in the detailed kinetic properties
of the actin-ADF/cofilin interaction. The latter is supported
by several studies in which different combinations of cofilin

Nsoforms and one actin form (or vice versa) were compared

(12, 47—49). Therefore, in our effort to probe the importance
of the ADF/cofilin a-helical region in establishing the F-actin
contact using actophorin (or cofilin peptide mimetics), we
chose to use assays (cross-linking and cosedimentation) that
probed binding rather than detailed kinetics.

The binding data presented in this study extend the actin
binding interface of ADF/cofilin (Figure 6) on the basis of
previous reports for yeast and porcine cofilBb(36). As
in these studies, we demonstrate the active participation of
the NH-terminal lysine residues (K92 and K94) but in
addition clearly show also that the COOH-terminal lysine
residues (K105, K106, and K107) in the actin binding
o-helical region of actophorin contact F-actin. A contribution
of the COOH-terminal part was up to now only suggested
by peptide mimetics33, 50), and here we identify lysines
that are important in actophorin. Lappalainen et 36) did
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binding to a similar site on the actin filament by contacting
two neighboring actin monomers81—53). On the basis of

a structural overlay, gelsolin segment 2 R221 corresponds
to actophorin K105. In contrast, severin, the gelsolin
analogue ofDictyostelium has an acidic residue at this
position in segment 2 (D182). Severin interacts with actin
in a C&™-dependent fashiomB). Moreover, NMR analysis

of the second severin segment demonstrated that this residue
complexes C# (54). The fact that the residues at the
corresponding position in gelsolin segment 2 and in acto-
phorin are basic is consistent with theirZandependent
actin binding {, 55) and suggests that by exchanging lysine
for glutamic acid in actophorin we altered the charges in
the actin binding surface of actophorin, thereby mimicking
the C&*-dependent F-actin association of severin segment
2. Unfortunately, we were unable to check the?Ca
dependence of a gelsolin segment 2 variant carrying a
negative charge at the relevant position (221) because the
mutant segment was unstable upon productiok.icoli.

The Binding Sites of Actin and PJPon Actophorin
Overlap. Proteins of the ADF/cofilin family also interact with
the signaling molecule PPK92 and K106 are crucial in
PIP, binding and participate in F-actin interaction; the other
lysines of thea-helical region involved in F-actin binding
FiGURE 6: Actin- and PIR-interacting residues okcanthamoeba  do not or weakly affect Pibinding (Figure 6). Hence, the
actophorin Space-filling model of actophorin (residues 234) 31) overlap between the actin and RIBinding sites is only
showing the location in the three-dimensional structure of the partial but sufficient to explain the mutually exclusive

o-helical region (residues 91108, in gray). The lysine residues A : . .
within this region that are involved only in actin binding (dark blue), binding of these two ligands on actophorin. This shared

in actin binding and strong P4Rinding (dark green), or in actin  Pinding site is spatially close to the actophorin extremeNH
binding and weak in PiPbinding (light green) are shown. K101, terminus that has been implicated in PHd actin binding
of little or no importance for both activities, is shown in dark gray; in yeast and chicken cofilin3g, 56). Consequently, the

D102, resulting in a gain in the level of Rifdinding upon — gyerjap between the actin and RIBinding sites on acto-
substitution into lysine, is colored in red. In cyan are shown the T .
phorin is likely to be even more extensive.

residues implicated in actin interaction in yeast cofil28,(36). X : L
The first (G2) and last (K134) residue of the resolved structure ~ Mutually exclusive PIP and actin binding has been
indicate the approximate position of the Mtnd COOH-termini. described for other actin binding proteins, e.g., profibim)(

and gelsolin 44). In the case of profilin, this is also due to

not observe a significant effect on actin organization in yeast partially overlapping binding sites5g, 59). The globally
in vivo upon mutating the corresponding COOH-terminal similar fold between domains of gelsolin and ADF/cofilin
basic residues in yeast cofilin to alanine. Whether this is due (30) allows a structural comparison of their proposed,PIP
to the fact that charge reversals have more impact on actinbinding sites. Two such sites, characterized by the consensus
interaction than the change from lysine to alanine or due to sequence K/R(%)/KXK/RK/R, have been identified in
the use of a less sensitive in vivo assay is presently unclear.segment 2 of various gelsolin membes§,(61). In the three-
Indirect support for the participation of the COOH-terminal dimensional structure of gelsolin segment62)( some of
residues in contacting actin comes from a recent stddy (  the basic residues in these motifs (residues 135, 168, and
on the function of the central kink in the-helical region 169) group together at one edge of the cergiraheet close
studied here 30—32). This kink evidently influences the to the gelsolin segment 2 actin bindinghelix (63) that
spatial position of the following residues, and one can argue corresponds to the-helical region in actophorin. Interest-
that the functional significance attributed to this kirfkd) ingly, villin residues at some of the homologous positions
is (in part) based on the fact that residues located botk NH (corresponding to gelsolin residues 168 and 169) are also
and COOH-terminally of this structural irregularity need to involved in F-actin binding &4). In this respect, it is also
be in a defined relative orientation for efficient complex noteworthy that some of the positive charges on the actin
formation. binding a-helix of gelsolin segment 2 are conserved with

Ca*"-Dependent F-Actin Binding of Actophorin Mutants respect to cofilin and actophori29, 33). Thus, in addition
May Mimic Segment 2-Mediated F-Actin Binding by Gelso- to analogous F-actin bindin@38), gelsolin segment 2 and
lin-Related Proteinslntriguingly, our data suggest that the cofilin may display similar PIPbinding and/or regulation.
actin binding capacity of actophorin mutants carrying a Increasing the Positie Electrostatic Potential of the
charge reversal of the COOH-terminal lysines K105, K106, Actophorinoa-Helix Promotes PIR Binding. The observed
and K107 can be partially restored when?Cés present. gain in the extent of PiPbinding for actophorin mutant
Evidently, actin binding by members of the cofilin/ADF D102K probably results from the dramatic increase in the
family does not require calcium. However, the observett Ca positive electrostatic potential of its-helical region. The
dependence of the COOH-terminal mutants strengthens oumet positive charge of the-helical region differs between
view that cofilin is a gelsolin segment 2 homolog&s)( ADF/cofilin isoforms, suggesting their affinity for Pilfnay
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vary. Also, the extent of “kinking” of thex-helical region

in the different isoforms will affect the shape of the positively
charged PIptarget surface. In cells, the strength of the PIP
interaction of ADF/cofilins may modulate the availability
of cofilins for binding and depolymerizing actin filaments.

The latter activity forms a key step in a recently suggested

regulated treadmilling model of actin-based cellular motility
(65). Thus, the delicate balance between J#ndd actin
binding may be important in the reorganization of actin
networks. As it is unaffected in actin binding but its actin
binding more efficiently inhibited by PEP our gain-of-
function mutant will be an important tool in elucidating the
regulation of ADF/cofilin action on actin by P}Rn vivo.
Moreover, in combination with other mutations, the D102K

substitution may allow us to unravel possible interactions

between the PlPand other regulatory pathways. Several

studies have shown that cofilin is translocated to the plasma

membrane upon cell stimulation and is concomitantly
activated by dephosphorylation (references inG@ft PIP,
could function in recruiting cofilin and/or phosphorylated
cofilin to the cell periphery, presenting it to either the
phosphatase or the kinase. Meberg et @r) 6howed that

after stimulation of certain cell types the phosphate turnover
on ADF is strongly enhanced whereas the net amount of

activated cofilin remains unchanged, which is indicative of

simultaneous but spatially separated activation and deactiva-
tion. Consequently, understanding the possible role of PIP

in specifically localizing cofilins will be of major interest.
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