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ABSTRACT. Yeast actin mutants with relocated charged residues within subdomain 1 were constructed so
we could investigate the functional importance of individual clusters of acidic residues in mediating
actomyosin weak-binding states in the cross-bridge cycle. Past studies have established a functional role
for three distinct pairs of charged residues within this region of yeast actin (D2/E4, D24/D25, and E99/
E100); the loss of any one of these pairs resulted in the same impairment in weak actomyosin interaction
and in its function. However, the specificity of myosin interaction with these sites has not yet been
addressed. To investigate this, we made and analyzed two new actin mutants, 4Ac/D24A/D25A and 4Ac/
E99A/E100A. In these mutants, the acidic residues of the D24/D25 or E9Q9/E100 sites were replaced with
uncharged residues (alanines) and a pair of acidic residues was inserted at the N-terminus, maintaining
the overall charge density of subdomain 1. Using the in vitro motility assays, we found that the sliding
and force generation properties of these mutant actins were identical to those of wild-type actin. Similarly,
actin-activated ATPase activities of the mutant and wild-type actins were also indistinguishable.
Additionally, the binding of S1 to these mutant actins in the presence of ATP was similar to that of
wild-type actin. These results show that relocation of charged residues in subdomain 1 of actin does not
affect the weak actomyosin interactions and actomyosin function.

An understanding of the events leading to force generation weak acto-S1 binding. Immunochemicdai@8), biochemical
in actomyosin requires a complete description of each of the (9—11), and mutational 2—15) studies shed light on this
actomyosin states in the cross-bridge cycle. These states fallssue. They showed that D2/E4, D24/D25, and E99/E100
into two main categories, the weakly and strongly bound on yeast actin contribute to the weak acto-S1 binding while
actomyosin complexes. One of the important goals of muscle only the N-terminal acidic residues contribute also to the
biochemistry is to clarify the transition between the weakly strong binding interactionsld, 15).
and strongly bound actomyosin states and to map the An interesting result of the previous studies was that the
structural changes associated with this transition on myosinloss of any one of these pairs of acidic residues on actin,
and actin and at their interface. either via substitution (DNEQ, D24A/D25A, and E99A/

Structural models of acto-$1(1—3) identified several E100A) or deletion ADSE, for deletion of D2, S3, and E4)
elements of the two proteins which might bind to each other. had the same effect on the main parameters of actomyosin
These suggestions, which were based on both the results ofunction. In all cases, the loss of two negative charges on
prior biochemical studies and considerations of docking the actin decreased the binding constant for weak acto-S1
atomic structure of S1 to the model of the F-actin structure, binding about 3-fold, decreased greatly the acto-S1 ATPase,
focused attention on the role of acidic clusters of residues and reduced the force generated against external load in the
1-4, 24/25, and 99/100 in subdomain 1 of actin in myosin in vitro motility assays by about 30944, 15). Experimen-
binding. Although it has been implicit to all acto-S1 models tally, the most convenient consequence of the decreased weak
that weak binding of S1 to actin (in the presence of ATP) is myosin binding by these actin mutants was their inability to
dominated by electrostatic interactions (because of its strongslide over HMM in the in vitro motility assays either in the
dependence on ionic strength conditions), while the strong absence of the viscosity-enhancing agent methylcellulose or
binding depends on hydrophobic acto-S1 interactions, theseunder high ionic strength (100 mM) condition$4( 15).
models could not predict the relative contributions of each Under standard, low-salt conditions and in the presence of
of the three acidic residue sites on actin to the strong and methylcellulose, the sliding speeds of these actin mutants
- were indistinguishable from that of wild-type actin.

This work was su .S. i i i

AR work was Grg%?fﬁgB%ééO% gs}lb"c Health Service Grant  The fact that the loss of two negative charges at any of

1 Abbreviations: S1, myosin subfragment 1; HMM, heavy mero- the threg sites (24,/251 99/]_'00' ,and, the ,N'termmus) In
myosin; DNase |, deoxyribonuclease I; pPDM,N'-1,4-phenylene- subdomain 1 of actin yields identical impairment of acto-
dimaleimide; F-actin, filamentous (polymerized) actin; 4Ac, yeast actin myosin function raises a question about the specificity of

mutant with Asp and Glu inserted at the Ser3 position; DNEQ, yeast ; in i ;
actin mutant with two residues substituted (D2N and EAQDSE, these weak electrostatic actomyosin interactions. These

yeast actin mutant with the three N-terminal residues deleted (Asp, Fe€sults suggest that such interactions are nonspecific and
Ser, and Glu). depend on the charge density of actin’s subdomain 1 rather
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purified (Qiagen, Valencia, CA). This fragment was ligated
in the same sites of plasmid pTS428). The presence of
alanine scan mutations was confirmed by the presence of
an additionaFnudH]I site, and the presence of the sequence
encoding the 4Ac codons by the introduction of an additional
Hinfl site. Amplified actin sequences were then sequenced
(GeneMed, South San Francisco, CA) to confirm that no
PCR-generated errors were introduced.

Plasmids were transformed9) into the diploid yeast
KWY201, which is heterozygous for a deletion of the ACT1
gene marked with an adjacent insertion of the LEU2 gene
(17, 20), and selected by uracil independence. Transformed
yeast strains were sporulated, and tetrad dissection was
performed to separate the genomic-encoded wild-type actin-
bearing haploids from those bearing the plasmid-borne
mutant actin with the genomic actin deletion. The presence
of the correct actin sequences in these strains was confirmed
by PCR amplification of the actin gene, afthu4HI and
Ficure 1: Monomeric actin ribbon structuret?) with mutated Hinfl digestio'n as des_cribed above. The .temperature phgno-
amino acid residues depicted in space-filled form: 4Ac, light gray; YP€S of strains bearing the mutant actin were determined
24/25, medium gray; and 99/100, dark gray. by spotting aliquots of liquid culture on rich media plates,

) . _ ) ~and incubation at 14, 17, 25, 30, 35, and &7

A simple test of this conclusion would involve the redistribu- gach strain using DNase | affinity chromatography as
tion of negative charges among the three sites and thegescribed previouslyl€). To ensure the reproducibility of
examination of functional properties of such charge relocated rggyits, all yeast actins were used within 1 week of
actin mutants. The results of previous studis (6) paved  pyrification. Rabbit actin and myosin were prepared from
the way for such experiments. These studies showed thakapyit skeletal muscle according to the methods of Spudich
addition of two negative charges at the N-terminus of yeast gnq watt p1) and Godfrey and Harringto2®), respectively.
actin, to generate the 4Ac mutant with the N-terminus \yosin S1 was prepared according to the methods of Weeds
resembling that of thei-skeletal actin, does not change the ang pope 23).

weak and strong S1 binding to yeast actin or its sliding speed  cgsedimentation Assay€osedimentation assays of the
in the motility assays. Thus, the N-terminus of yeast actin \yeak binding of S1 to 4.@M F-actin were carried out at
provides a natural target site for relocation of acidic residues o5 o in 3.0 mM ATP, 4.0 mM MgGJ, 10 mM NaCl, and
from the D24/D25 and E99/E100 sites on actin. 10 mM imidazole at pH 7.0 as previously describéd)(

For this study, two new yeast actin mutants were gener- ATp was added after the incubation of proteins for 10 min.
ated, 4Ac/D24A/D25A and 4Ac/E99A/EL00A (Figure 1).  The concentrations of S1 ranged between 5.0 and 4.0
The loss of two negative charges at residues D24/D25 andthe protein samples were centrifuged at room temperature
E99/E100 in these actins is offset by addition of two acidic jn 3 Beckman airfuge at 140 000 rpm for 14 min. Resus-
residues (Asp and Glu) at the N-terminus, with a zero overall pended pellets and supernatants from each sample were
net change in charge in subdomain 1. Using these charg€syamined by SDSPAGE (@4). Gels were stained with
relocation actin mutants, we show that the weak actomyosin coomassie Blue, and then scanned and quantified using
interactions and their functional consequences are insensitivesigmage| (Jandel Scientific, Chicago, IL). The molar ratios
to the exact location of acidic residues in subdomain 1 and 4t 51 pound to actin were obtained from these data and the
depend on the charge density of this region. appropriate calibration gels of protein stain.

MATERIALS AND METHODS Actin-_A_ctiuated S1 ATPase Assa)ﬂa:tir_]-activated ATP_-
ase activity was measured at 26 by using the malachite

Plasmid Construction and Yeast Transformatidrhe green assay2b). Due to assay sensitivity, free phosphate
actin-coding regions for mutations D24A/D25A and E9Q9A/ was removed from prepolymerized actin stock solutions as
E100A were amplified from plasmids pRB1554 and pRB1541, described previouslyl@). Actin samples at final concentra-
respectively §ctl—133 andactl—120 (17), respectively] tions of 5.6-40.0 uM were preincubated with 0.4M S1
using Vent DNA polymerase (New England Biolabs, Bev- for 20 min in the ATPase buffer (10 mM NaCl, 4.0 mM
erly, MA). PCR using oligonucleotides 4Ac-term and C-term MgCl,, and 10 mM imidazole at pH 7.0). The ATPase
(GGCCGGATCCatgGAGAAGATGTTATGTTCTAGCG- reaction was initiated by the addition of ATP to a final
CTTGCACC and GGCCTCTAGALttaGAAACACTTGTG-  concentration of 3.0 mM. The reactions were stopped with
GTGAAC, respectively) introduced the 4Ac rabbit sequence an equal volume of 0.6 M perchloric acid, and then the
to the 3 end of the coding region (additional codons for the mixtures were diluted appropriately while maintaining a final
acidic residues are italicized), wiganH| and Xbal cloning perchloric acid concentration of 0.3 M. The mixtures were
sites (underlined) flanking the start and stop codons (low- centrifuged at 14 000 rpm for 10 min in a microcentrifuge
ercase). The amplified product was digested with restriction to remove precipitated proteins. The amounts of released
enzymesBanHI| and Xba (New England Biolabs) and run  phosphate were determined and corrected for the activity of
on a 1% agarose gel, and the DNA band was QIAEX II- S1 alone as reported previousB5|.
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In Vitro MOti“_ty AssayS'T_he motility assays were per- Table 1: Sliding of Mutant Actin Filaments in the in Vitro Motility
formed as previously described). The temperature was  Assays

maintained at 25C for all assays. HMM was prepared as

dgm/
described by Kron et al.2g). To remove ATP-insensitive gy Sp:g ’(‘,\;n ) oo™
heads, HMM was centrifuged with 0.15 mg/mL rabbit F-actin yeast actin MGb e \Co
in a solution containing 25 mM MOPS, 25 mM KClI, 1.0 wid-type 20 -7 6
mM MgCl,, 10 mM DTT, and 4.0 mM ATP for 30 min at AAC/D2AAID25A 58 56 17
75 000 rpm. The supernatant was applied to nitrocellulose-  4ac/E99A/E100A 30 26 15

treated coverslips at .an HMM Cor.lcemratlor.] pf 0.3 mg/mL,. aThe motilities of actin filaments were measured as described in
unless stated otherwise. Rhodamine phalloidin-labeled actinyaterials and Methods. At least 100 filaments were analyzed for each
filaments were added to the coated coverslips at 20 nM, andsample. The standard deviation of the mean values was between 0.1
after 30 s, the unbound filaments were washed away with and 0.3um/s.” MC (0.7% methylcellulose) was included in the assay
the assay buffer (25 mM KCI, 1 mM EGTA, 4.0 mM MggC!l  solution.
10 mM DTT, and 10 mM imidazole at pH 7.4). The ionic
strength of the high-salt buffer was adjusted to 100 mM with or added to the subdomain 1 region of actin moved also at
KCI. Movement was initiated with the assay buffer contain- the speeds of wild-type actiri ).
ing 1.0 mM ATP with an oxygen-scavenging system.  However, important changes in sliding of the charge-
Quantification of the sliding velocities was carried out with  deficient mutants were observed when methylcellulose was
an Expertvision system (Motion Analysis, Santa Rosa, CA). omitted from the assay system or the ionic strength of the
The velocities of individual filaments with standard devia- assay system was elevated. In the reported studies on the
tions of less than half of the average velocity were used for D24A/D25A, E99A/E100A, and DNEQ actins, the filament
statistical analysis7), and these filaments were considered sliding ceased because the actin was rapidly diffusing away
to move smoothly in the assay system. from the HMM surface 15). The sliding of wild-type actin
pPDM-HMM was prepared as described previoug$, ( was changed little, if any, by the lack of methylcellulose in
29). The in vitro motility assays in the presence of pPDM- the assay. Not surprisingly, as we found in this work, the
HMM load were performed as described above with the sliding of 4Ac mutant actin was also unaffected by the
following modifications. HMM and pPDM-HMM at ap-  presence or absence of methylcellulose. The 4Ac mutant actin
propriate weight ratios were adsorbed to the assay surfacefilaments moved at speeds similar to that of wild-type actin
for 2 min and washed off with 6 volumes of assay buffer to (Vs= 3.0+ 0.3um/s) when no methylcellulose was present
prevent contamination with unattached pPDM-HMM. Non- under low salt conditions, as well as under the higher-ionic
moving filaments were identified by monitoring the centroid strength condition (100 mM).
of each filament image with the Expertvision system and  Maost importantly, the sliding speeds of the 4Ac/D24A/
charting its position for 10 s. D25A and 4Ac/E99A/E100A mutant filaments were identical
to that of wild-type actin also in the absence of methylcel-
RESULTS lulose (Table 1). Thus, addition of the acidic residues to the
Expression of Double-Site, Charge Relocation Yeast N-terminus of actin in lieu of the acidic residues removed
Mutant Actins.Yeast actin contains two acidic amino acids at either residues 24/25 or 99/100 “rescues” the motility of
at the N-terminus, unlike the mammalianactin which actin under conditions which do not favor weak actomyosin
contains four. The genomic sequence of the actin gene hadnteractions (absence of methylcellulose or high salt). Clearly,
an intron after the third codon immediately prior to the relocation of charges on subdomain 1 of actin, unlike their
second acidic residue, and thus, only the first exon needs toloss, does not change the above tested motility properties of
be mutated from Met-Asp-Ser to the rabbit sequence Met- actin.
Asp-Glu-Asp. Amplification of the D24A/D25A and E99A/ Weak Binding of Mutant Actins to SThe weak binding
E100A mutant actins with primers that introduce this change of S1 to actin has been previously shown to be reduced by
allows the rapid generation of the double-site, charge the loss of charged residues in subdomain 1 of act# (
relocation mutants 4Ac/D24A/D25A and 4Ac/E99A/EL100A. 15). The affinities of the two actin mutants, 4Ac/D24A/D25A
These alleles produce viable actin proteins in yeast, andand 4Ac/E9Q9A/E100A, and wild-type actin for S1 in the
growth of the strains expressing these mutations shows apresence of ATP were determined in cosedimentation experi-
mild temperature sensitivity at elevated temperatures (resultsments. The resulting binding data are represented by a single
not shown). binding curve corresponding toky of 33.3uM (Figure 2,
Sliding of Actins in the in Vitro Motility AssayBecause dotted curve). The binding data for each of the actins were
of the striking effect of negative charge reduction at the similar enough to fit to this single calculated curve; however,
N-terminus and residues 24/25 and 99/100 of yeast actin onindividual Kq values were calculated for each actin (329
its sliding in the absence of methylcellulose in the in vitro 1.1 uM for the wild type, 38.3+ 5.0 uM for 4Ac/D24A/
motility assays, we first examined the properties of the new D25A, and 32.8+ 0.5 uM for 4Ac/E99A/E100A). Within
mutants in these assays. Under standard buffer conditionshe resolution and accuracy of these measurements, such
of low ionic strength (50 mM) and in the presence of small differences in the weak binding affinity of S1 for wild-
methylcellulose (0.7%), a viscosity-enhancing agent, the type and mutant actins are insignificant.
mutants moved in a manner identical to that of wild-type  Actin-Activated ATPase Adtities. Kinetic parameters for
actin (/s = 3.0+ 0.3um/s for wild-type, 4Ac/D24A/D25A, actin-activated S1-ATPase of the wild-type actin and the two
and 4Ac/E99A/E100A actins; Table 1). Under such condi- mutants 4Ac/D24A/D25A and 4Ac/E99A/E100A are sum-
tions, actin mutants with the charged residues either removedmarized in Table 2. Again, a similarity between these two
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FicurRe 2: Binding of S1 to wild-type and mutant actins in the Fgure 3: Sliding speeds of wild-type and mutant actins in the in
presence of MgATP. Mixtures of F-actin (44M) and S1 (between  vitro motility assays in the presence of external load. The sliding
5.0 and 40.Q«M) were pelleted in a Beckman airfuge at 140900  speeds of wild-type), 4Ac/E9Q9A/E100A @), and 4Ac/D24A/

for 14 min in a solvent containing 10 mM NacCl, 10 mM imidazole, D25A (a) yeast actins in the in vitro motility assays were measured
4.0 mM MgCl, and 3.0 MM ATP at pH 7.0 and 2€. Supernatants  as a function of the molar ratio of pPDM-HMM/HMM applied to
and pelleted samples were run on SEFAGE and quantified by the assay surface. Assays were carried out with a 0.3 mg/mL total

.

densitometry. The molar ratios of S1 bound to wild-ty@g, @Ac/ HMM concentration applied to the coverslip, and the movement
D24A/D25A @), and 4Ac/E99A/E100AK) F-actins are described  was initiated in the assay buffer [1 mM ATP, 25 mM MOPS (pH
by a single calculated curve corresponding t&g@of 33.3 uM 7.4), 25 mM KCI, 1 mM EGTA, 4.0 mM MgGl and 10 mM DTT].

(dotted curve). Error bars represent the mean deviation from two At least 100 filaments were analyzed for each data point. For clarity

independent experiments with each actin. For points which do not of presentation, data points are shown with only half-values of the
have error bars, the standard error was smaller than the size of thezorresponding standard deviations.

symbols.
which pPDM-modified HMM was used as a source of weak

Table 2: Kinetic Parameters of the Acto-S1 ATPase Reattion external load on the motility surface. Because pPDM-HMM
yeast actin Vinae () Karpase(uM) is unable to hydrolyze ATP and form the rigor actomyosin
wild-type 52104 20404 complex, th actln—bound pPDM-HMM hgads create a load
AAC/D24A/D25A 22405 4.9+ 05 on the actin filament as it moves in the in vitro motility assay.
AC/E9Q9A/E100A 2.0+0.5 4.9+ 05 When increasing proportions of pPDM-HMM are added to

a Actin-activated ATPase of S1 was measured as described in Unmodified HMM in the assay system, an increasing load is
Materials and MethodsVimax and Karpase Values were determined by  generated, which the unmodified protein must overcome to
fitting the ATPase data to the Michaetiéenten equation. move the filament. Thus, the relative amount of load that is

needed to stop filament movement and relative forces de-
mutants was observed when compared to wild-type actin or veloped by different actins can be determined in such assays.
against each other. Thénax of the mutants (2.1 0.5 s'2, The actin mutants 4Ac/D24A/D25A and 4Ac/E99A/
Table 2) is nearly identical to the value determined for the E100A were tested independently in the in vitro motility
wild-type actin (2.2 0.4 s, Table 2). AdditionallyKarpase ~ @SSays in the presence of pPDM-HMM load, using wild-
values for both mutants were nearly identidéhfp.se= 4.9 ~ tyPe actin as a control. Both actin mutants exhibited
+ 0.5 uM, Table 2) to that for wild-type actinKxrpase = movement |dent|cal to that_ of Wlld—type actin at all pPDM-
4.0+ 0.4uM, Table 2). This supports the conclusion derived HMM:HMM ratios tested (Figure 3), i.e., generated the same
from cosedimentation experiments that the weak binding of force with HMM as wild-type actin. Clearly, the addition of
S1 to actin is similar for wild-type and 4Ac/D24A/D25A  two acidic residues at the N-terminus of actin corrected for
and 4Ac/E99A/E100A actins. In previous studi¥g,, and the deficiencies in force generation due to alanine substitution

Km values could not be determined for the charge-deficient Of @ pair of charged residues, either 24/25 or 99/100. This
actin mutants because of the very low level of acto-S1 resultagrees with and reinforces the conclusion derived from

ATPases achieved with these actins. the other experiments presented here, including in vitro

Movement of Mutant Actins against Loads reported motility assays (no load), and weak acto-S1 binding and z_acto-
previously (5), charge-deficient mutants of yeast actin S1 ATPase measurements about the lack of any functional

generate about 30% less force, with HMM, than wild-type distinction between wild-type actin and the charge relocation
actin. The charge relocation mutants were used here to tesfnutants.

whether the loss of force due to D24A/D25A or E99A/

E100A substitutions could be reversed via additions of acidic DISCUSSION

residues to the N-terminus of actin. As in previous studies  The purpose of this study was to investigate the specificity
of this type (L5, 30—34), the ability of the mutant actins to  of electrostatic contacts within the acto-S1 interface that are
generate force was tested in the in vitro motility assays in required for actomyosin interactions and actomyosin func-
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tion. Previous experimental evidence that has led to questions
about the specificity of weak acto-S1 interactions, which are
known to be dominated by electrostatic forces, includes the
observations on rotational mobility of S1 weakly bound to
actin 35—37) and on different orientations of S1 on actin
in the presence of ATP in electron micrographs of such
complexes38—40). The recent finding that charge deletions
or substitutions of any one of the three pairs of acidic residues
on yeast actin, D2/E4, D24/D25, and E99/E100, caused
identical impairment of weak acto-S1 interactions and
actomyosin functionX5) added credence to the hypothesis
that these interactions are nonspecific.

To provide a more stringent test of the specificity of weak
myosin interactions with the three actin sites than that offered
by charge-deficient actin mutants, two new actin mutants
were generated in this work, 4Ac/D24A/D25A and 4Ac/
E99A/E100A. The attractive features of these mutants are
that they (i) do not alter the charge density of subdomain 1
on actin and (ii) “compensate” for aspartate to alanine (24/
25) and glutamate to alanine (99/100) substitution by the
replacement of S3 with two residues, aspartate and glutamate,
to yield the 4Ac N-terminal sequence mimicking that of
a-skeletal actin. The advantage of such charge relocation to
actin’s N-terminus is that prior work with the 4Ac yeast actin
established that the additional charges at the N-terminus of
actin do not impair its structure and do not change its weak
binding to S1 and the in vitro motility under standard assay
conditions (6, 41).

The following question has been addressed using the two
new actin mutants. Can the additional acidic residues at the
N-terminus of actin (4Ac) compensate for the functional
impairment of actin due to charge losses at sites 24/25 and
99/100? The assays we used in this study tested four
interrelated manifestations of the decrease in the extent of
weak acto-S1 interactions of D24/D25 and E99/E100 (as well
as DNEQ andADSE) yeast actins: (1) a 3-fold decrease in
the extent of weak binding of S1 to actin, (2) a large decrease
in the level of acto-S1 ATPase, (3) a loss of actin sliding in
the in vitro motility assays under conditions requiring robust
weak acto-S1 interactions (no methylcellulose or high ionic
strength), and (4) decreases in force generation. In all of
these, the 4Ac/D24A/D25A and 4Ac/E99A/E100A mutants
were similar to wild-type actin and did not show any of the
deficiencies of D24A/D25A and E99A/E100A actins.

The main result of this study is that relocation of charged
residues in subdomain 1 of yeast actin to its N-terminus does
not alter the functional properties of actomyosin. Weak
actomyosin interactions are independent of charge distribu-
tion of acidic residues at sites 2/4, 24/25, and 99/100, and
instead are determined by the charge density of the subdo-
main 1 region. Our results support the hypothesis that the
electrostatic weak actomyosin interactions have only a
limited stereospecificity (defined by a region rather than by
individual groups of residues). The stereospecificity of
actomyosin interactions, as suggested by structural models
(1, 2), must be achieved upon transition from the weakly to
strongly bound actomyosin states.
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