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Then, the newly generated amino group is acetylated
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The N-terminus of all actins so far studied is acety-
ated. Although the pathways of acetylation have been
ell studied, its functional importance has been unclear.
negative charge cluster in the actin N-terminal region

s shown to be important for the function of actomyosin.
cetylation at the N-terminus removes a positive charge
nd increases the amount of net negative charges in the
-terminal region. This may augment the role of the
egative charge cluster. To examine this possibility, ac-
in with a nonacetylated N-terminus (nonacetylated ac-
in) was produced. The nonacetylated actin polymerized
nd depolymerized normally. In actin-activated heavy
eromyosin ATPase assays, the nonacetylated actin

howed higher Kapp without significantly changing Vmax,
ompared with those of wild-type actin. This is in con-
rast to the effect of the N-terminal negative charge clus-
er, which increases Vmax without changing Kapp. These
esults indicate that the acetylation at the N-terminus of
ctin strengthens weak actomyosin interaction. © 2000

cademic Press

Key Words: actin N-terminal acetylation; actin-
ctivated myosin ATPase; actomyosin interaction;
istidine-tagged actin.

The N-terminus of all actins so far studied is acety-
ated as the result of actin N-terminal processing,
hose pathways have been well studied. Actins are
ivided into two classes on the basis of the nucleotide
equences encoding their N-termini. Each class has
ifferent pathway of processing. For class I actins, such
s Dictyostelium actin and b-actin, the N-terminal se-
uence is Met-Asp(Glu)- on their genes, whereas the
equence is N-acetyl-Asp(Glu)- on mature actin. The
ethionyl residue at its N-terminus is acetylated after

he translation and removed as N-acetylmethionine.

Abbreviations used: p-APMSF, p-amidinophenylmethanesulfonyl
uoride; HMM, heavy meromyosin; Ni–NTA, nickel–nitrilotriac-
tate; PAGE, polyacrylamide gel electrophoresis; S1, myosin sub-
ragment-1; SDS, sodium dodecyl sulfate.
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1). The genes for class II actins, such as skeletal mus-
le actin and Drosophila actin, usually encode Met-
ys-Asp(Glu)- for their N-termini, whereas the mature
lass II actins have N-acetyl-Asp(Glu)- sequences. Dur-
ng the translation, unmodified methionine is removed
rom the N-terminus and the cysteinyl residue that
ewly becomes the N-terminus is acetylated. After the
ranslation, the N-acetylcysteine is removed and the
-terminal acetylation occurs again (2).
The factors that promote the N-terminal processing

f actin should be specific to actin for the following
easons. (I) Usually, N-terminal acetylation occurs in
he case that the amino acid residue at the N-terminus
s alanine, threonine, serine, glycine, or methionine (3).
owever, actin has a negatively charged residue (Asp

r Glu) at its acetylated N-terminus. (II) In general,
ethionine is removed from the N-terminus of a pro-

ein if the next residue is small and uncharged (3).
owever, the N-terminal methionine of class I actin is

emoved even if the side chain of the second residue
as a negative charge. (III) N-acetylaminopeptidase
hat is specific to actin has been isolated from rat liver
4). These facts suggest that the N-terminal acetylation
f actin through the processing should be important for
he function of actin. However, the functional impor-
ance has been unclear.

On the other hand, the N-terminal sequence 1–4 of
ctins is rich in acidic amino acid residues and forms a
egative charge cluster. The sequences are, for exam-
le, Acetyl-Asp-Glu-Asp-Glu- for rabbit skeletal mus-
le actin and Acetyl-Asp-Gly-Glu-Asp- for Dictyoste-
ium discoideum actin. The previous studies have
evealed that the negative charge cluster in actin
-terminal amino acid residues 1–4 are important for

he function of actomyosin (5–13). It increases Vmax of
ctin-activated ATPase of myosin without changing
app appreciably. N-terminal acetylation may contrib-
te to such an effect, because it increases the number
f net negative charges in the N-terminal region of
ctin by removing a positive charge from the N-ter-
inal a-amino group.



To examine this possibility, we have produced actin
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ith nonacetylated N-terminus (nonacetylated actin)
nd compared its biochemical properties with those of
ild-type actin. To prepare the nonacetylated actin,
ictyostelium actin to which 10-histidine tag and a

actor Xa recognition sequence (-Ile-Glu-Gly-Arg-) were
enetically added at its N-terminus was isolated
nd digested with factor Xa. Having the unblocked
-terminus, the obtained actin was the same as the
on-acetylated actin. The nonacetylated actin formed
ormal filaments, bound myosin subfragment-1 (S1)
trongly, and activated heavy meromyosin (HMM)
TPase. Compared with wild-type actin, the nonacet-
lated actin showed higher Kapp without significantly
hanging Vmax. Thus, the effect of the N-terminal acet-
lation of actin on actomyosin ATPase cycle cannot be
xplained by its effect on the charges of the N-terminal
egion. The effect of the acetylation at the N-terminus
f actin is different: it facilitates the weak interaction
etween actin and myosin in actomyosin ATPase cycle.
Some of the present results have been reported in a

reliminary form (14).

ATERIALS AND METHODS

Materials. Ni–NTA agarose was purchased from Qiagen. Factor
a was purchased from New England Biolabs. An anti-actin poly-
lonal antibody A2066 and p-amidinophenylmethanesulfonyl fluo-
ide (p-APMSF) were purchased from Sigma. NanoVan was pur-
hased from Nanoprobes.

Plasmid construction. The coding sequence of both 10-histidine
ag and factor Xa recognition sequence (-Ile-Glu-Gly-Arg-) was in-
erted into the actin 15 gene (15) immediately after the start codon
y oligonucleotide-directed mutagenesis (16). This 10-histidine-
agged actin with factor Xa recognition sequence at its N-terminus
as designated as H10Xa-actin.
A transformation vector was constructed by inserting the mutant

ctin 15 gene into an extrachromosomal vector pBIG (17) as de-
cribed (18).

Transformation of Dictyostelium cells. The transformation vector
as introduced into Dictyostelium cells by electroporation (19).
ransformed cells were selected by culturing them in the presence of
418 (neomycin analogue) as described (6). The expression of H10Xa-
ctin was confirmed by SDS–PAGE because the addition of 10-
istidine tag and factor Xa recognition sequence to the N-terminus of
ctin increased the molecular weight of actin.

Preparation of proteins. All procedures were carried out on ice or
t 4°C unless otherwise stated.
When the number of Dictyostelium cells expressing H10Xa-actin

eached 1 3 1010 in 4-L culture (2.5 3 106/mL), the cells were
arvested by centrifugation. The cells were then washed twice with
buffer (20 mM imidazole-acetate, pH 7.4, 0.2 mM calcium acetate,

.5 mM ATP, and 1 mM b-mercaptoethanol) and finally suspended in
buffer containing 1 mM phenylmethanesulfonyl fluoride, 0.1

g/ml leupeptin, 0.02 mg/ml chymostatin, and 0.02 mg/ml pepstatin.
he suspended cells were sonicated for six 10-s periods and centri-

uged at 25,000g for 30 min. The supernatant was stirred for 2 h with
i–NTA agarose equilibrated with G buffer. The resin was washed
ith G buffer five times to remove unbound proteins, including
ild-type actin. H10Xa-actin was eluted by suspending the resin in
00 mM imidazole–acetate, pH 7.4, 0.2 mM calcium acetate, 0.5 mM
TP, and 1 mM b-mercaptoethanol. Then, H10Xa-actin was mixed
15
uffer at room temperature for 2 days. The reaction was stopped by
dding a 10,000-fold molar excess of p-APMSF over factor Xa. Frag-
ents containing 10-histidine tag and factor Xa recognition se-

uence, and undigested H10Xa-actin were removed by stirring the
olution for 2 h with Ni–NTA agarose equilibrated with G buffer. The
upernatant was collected by centrifugation and dialyzed against 20
M imidazole–HCl, pH 7.0, 100 mM KCl, 5 mM MgCl2, 0.5 mM ATP,

nd 1 mM b-mercaptoethanol overnight. The resulting F-actin was
ltracentrifuged at 541,000g for 30 min in a Beckman TL-100 ultra-
entrifuge. The F-actin pellet was resuspended in 10 mM imidazole–
Cl, pH 7.0, 0.2 mM MgCl2, 0.5 mM ATP, and 1 mM b-mercapto-

thanol, and dialyzed against the same solvent overnight. The re-
ulting solution was finally cleared by ultracentrifugation at
36,000g for 10 min in a Beckman TL-100 ultracentrifuge. The
upernatant contained the homogeneous non-acetylated actin. The
ield of the purified actin was 300 mg from a 1-L culture.
Wild-type actin was prepared from Ax2 cells as described (6).
abbit skeletal actin was prepared from rabbit skeletal muscle ace-

one powder (20). Myosin was prepared from rabbit skeletal muscle
21). Heavy meromyosin (HMM) and myosin subfragment-1 (S1) was
btained by digesting myosin with chymotrypsin following the pro-
edure described previously (22, 23).

ATPase measurements. ATPase activities were measured as de-
cribed (6) in 2.5 mM KCl, 10 mM imidazole–HCl, pH 7.0, 4 mM
gCl2, 1 mM ATP, 5 mg/ml phalloidin, 0.03 mg/ml HMM, and 0–50
M actin at 25°C. Liberated phosphate was measured by the mala-
hite green method (24).

Electron microscopy. Polymerized actin for electron microscopy
as formed in 10 mM imidazole–HCl, pH 7.0, 50 mM KCl, 2 mM MgCl2,
.5 mM ATP, and 1 mM DTT at 25°C for 2 h. The polymerized actin was
ounted on carbon film and negatively stained with NanoVan, pH 8.0.
lectron micrographs were taken at an instrumental magnification of
0,000 on Kodak SO163 film with Hitachi HF2000 electron microscope
perated at 200 kV. The electron dose was about 15 e2/Å2.

Other procedures. SDS–PAGE was done on 10% (w/v) polyacryl-
mide slab gels (25), and gels were stained with Coomassie brilliant
lue. Two-dimensional electrophoresis was carried out by the
ethod of O’Farrel (26) and Mikawa et al. (27). The first dimension

isoelectric focusing) was performed in the presence of 9 M urea. The
econd dimension was SDS–PAGE. Gels were stained with Coomas-
ie brilliant blue.
Protein concentration of rabbit skeletal actin, HMM, and S1 was
easured by determining absorbance at 280 nm with the extinction

oefficient as 11.1 cm21 (1%) (28), 6.0 cm21 (1%), and 7.5 cm21 (1%) (29),
espectively. Protein concentration of wild-type and the non-acetylated
ctin was measured by the Bradford method (30) according to Read and
orthcote (31) with rabbit skeletal actin as standard.
Binding of myosin subfragment-1 (S1) to non-acetylated actin fil-

ments in the absence of ATP was examined by cosedimentation
xperiments. Mixture composed of 50 mM KCl, 10 mM imidazole–
Cl, pH 7.0, 2 mM MgCl2, and 1 mM DTT, 0.87 mM S1 were
ltracentrifuged in the presence or absence of 7.5 mM nonacetylated
ctin at 4°C for 10 min in a Beckman TL-100 ultracentrifuge. The
esulting pellets were resuspended in the same buffer in volumes
qual to those of the supernatants, and then samples of both super-
atants and resuspended pellets were subjected to SDS–PAGE. The
el was stained with Coomassie brilliant blue.

ESULTS

reparation of Nonacetylated Actin

A new polypeptide band appeared at the position
orresponding to slightly larger molecular weight than
hat of wild-type actin in an SDS–PAGE pattern of the
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hole lysate prepared from cells transformed with a
ector containing H10Xa-actin gene (Fig. 1A, lanes 1
nd 2). We concluded that the polypeptide was H10Xa-
ctin, because the polypeptide reacted with an anti-
ody raised against the C-terminal amino acid residues
65–375 of actin (data not shown), and because it at-
ached to and detached from Ni–NTA resin, depending
n the concentration of imidazole.
H10Xa-actin was completely separated from wild-

ype actin with Ni–NTA resin (Fig. 1A, lane 3). The
lution of H10Xa-actin from Ni–NTA resin was usually
arried out keeping its concentration as low as 0.1–0.3
g/ml, because H10Xa-actin aggregated at higher con-

entration when the concentration of imidazole was
00 mM.
Because the proteolytic activity of factor Xa was in-

ibited by 200 mM imidazole, H10Xa-actin was digested
t low imidazole concentration (20 mM). At this con-
entration of imidazole, H10Xa-actin was soluble up to
bout 0.1 mg/ml. Hence, the concentration of H10Xa-
ctin was kept 0.1 mg/ml or less during the digestion.
nder these conditions, about half amount of H10Xa-
ctin was digested with factor Xa to generate the non-
cetylated actin. The undigested H10Xa-actin, and frag-
ents containing 10-histidine tag and factor Xa

ecognition sequence were removed with Ni–NTA
esin. Finally, a polymerization–depolymerization cy-

FIG. 1. Preparation of actin with nonacetylated N-terminus (non
tep of the nonacetylated actin. Lane 1, whole lysate of Ax2 cells; lane
ag and factor Xa recognition sequence at its N-terminus); lane 3, H1

w/v) SDS–polyacrylamide gel and stained with Coomassie brillian
ild-type or nonacetylated actin, or the mixture of them. Single and d

espectively. (C) Cosedimentation of myosin subfragment-1 (S1) with
xperiments were performed in 50 mM KCl, 10 mM imidazole–HCl,
lanes 1 and 2) or absence (lanes 3 and 4) of 7.5 mM nonacetylated a
ere loaded onto 10% (w/v) SDS–polyacrylamide gel and stained with
16
le was done to separate the non-acetylated actin from
actor Xa (Fig. 1A, lane 4).

The nonacetylated actin did not aggregate any more
ven under the conditions mentioned above. On the
ther hand, a similar tendency to aggregate was ob-
erved for actin with 10-histidine tag and without fac-
or Xa recognition sequence at its N-terminus. There-
ore, the aggregation of H10Xa-actin was probably due
o the existence of 10-histidine tag at its N-terminus.

Two-dimensional electrophoretic patterns of purified
ild-type or nonacetylated actin, or the mixture of

hem revealed that the nonacetylated actin was more
asic than wild-type actin, as expected (Fig. 1B).
The nonacetylated actin polymerized and depoly-
erized normally. Figure 2 shows an electron micro-

raph of the nonacetylated actin filaments. The cross-
ver periods were about 36 nm, indicating that the
onacetylated actin formed normal filaments.
Myosin subfragment-1 cosedimentated with nonac-

tylated actin filaments in the absence of ATP (Fig.
C). This means that the nonacetylated actin forms
igor complex with myosin.

ctin-Activated ATPase Activity of HMM

Actin-activated ATPase activities of HMM were
easured in the presence of various amounts of wild-

tylated actin). (A) An SDS–PAGE pattern showing each purification
whole lysate of cells expressing H10Xa-actin (actin with 10-histidine
-actin; lane 4, nonacetylated actin. Proteins were separated on 10%
lue. (B) Two-dimensional gel electrophoretic patterns of purified
le arrowheads indicate wild-type actin and the nonacetylated actin,

nacetylated actin filaments in the absence of ATP. Cosedimentation
7.0, 2 mM MgCl2, 1 mM DTT, 0.87 mM S1 at 25°C in the presence
. The supernatants (lanes 1 and 3) and precipitates (lanes 2 and 4)
omassie brilliant blue. HC, heavy chain; ELC, essential light chain.
ace
2,

0Xa
t b
oub
no
pH
ctin

Co
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ype or the nonacetylated actin filaments. Figure 3
hows the results as an Eadie–Hofstee plot. The Vmax

nd Kapp values were obtained from this plot.
Vmax is the maximum turnover rate of acto-HMM
TPase at infinite actin concentration and means the
aximum extent of the activation of myosin ATPase by

ctin. The intercept on the ordinate of Fig. 3 corre-
ponds to Vmax. The Vmax value for wild-type actin was
3.5 6 1.0 s21, and that for the nonacetylated actin was
7.4 6 2.0 s21. Namely, the Vmax values showed that the
ifference between the two actins is not so significant.
Kapp is the concentration of actin that gives the half

ate of Vmax of acto-HMM ATPase. This means that
/Kapp represents the apparent affinity between actin
nd HMM in the presence of ATP, that is, the extent of
eak interaction between the two proteins. The slope
f Fig. 3 corresponds to 2Kapp. The Kapp value for wild-
ype actin was 25.5 6 3.0 mM, and that for the non-
cetylated actin was 91.9 6 12.8 mM. Namely, the Kapp

alue for the nonacetylated actin was 3.6 times larger
han that for wild-type actin, indicating that the acet-
lation at the N-terminus of actin strengthens weak
nteraction between actin and myosin during actomy-
sin ATPase cycle.

FIG. 2. An electron micrograph of the nonacetylated actin fila-
ents. The nonacetylated actin filaments (0.1 mg/ml) were nega-

ively stained with NanoVan, pH 8.0. Arrowheads indicate crossover
oints of actin helix with an interval of 36 nm. Bar, 100 nm.
17
We have found that the N-terminal acetylation of
ctin decreases Kapp (dissociation constant) of acto-
MM ATPase and keeps Vmax almost unaffected. Con-

idering these results, we compare the effect of the
cetylation with that of the N-terminal negative
harge cluster of actin.

reparation of Nonacetylated Actin

We have succeeded in expressing and purifying
-terminal 10-histidine-tagged Dictyostelium actin
ith factor Xa recognition sequence (H10Xa-actin). Our
ffinity-chromatographic method has realized separa-
ion of mutant actins not separable from wild-type
ctin by the previous method utilizing anion exchange
hromatography (6, 12, 32).
Unlike the previous histidine-tagged actin (33),
10Xa-actin has a cleavable histidine tag. Because the
onacetylated actin generated from H10Xa-actin differs
rom wild-type actin only in its nonacetylated N-ter-

inus, it has enabled unambiguous elucidation of the
unctional importance of the acetylation, in contrast to
revious nonacetylated actins (10, 34–37).

ctin-Activated ATPase Activity of HMM

Vmax of acto-HMM ATPase was almost unchanged
hether the N-terminus was acetylated or not, indicat-

ng that the effect of the acetylation on the extent of

FIG. 3. Eadie–Hofstee plot of the actin-activated ATPase of
MM for wild-type (circles) or the nonacetylated actin (squares). The
TPase activity was measured in 2.5 mM KCl, 10 mM imidazole–
Cl, pH 7.0, 4 mM MgCl2, 1 mM ATP, 5 mg/ml phalloidin, 0.03 mg/ml
MM, and 0–50 mM actin at 25°C. The intercept on the ordinate,
nd the slope represent Vmax and 2Kapp, respectively. The Vmax value
or wild-type actin was 13.5 6 1.0 s21, and that for the non-acetylated
ctin was 17.4 6 2.0 s21. The Kapp value for wild-type actin was
5.5 6 3.0 mM, and that for the nonacetylated actin was 91.9 6 12.8
M, indicating that the acetylation at the N-terminus of actin
trengthens weak interaction between actin and myosin in the pres-
nce of ATP.
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ctivation of myosin ATPase was small. On the other
and, the nonacetylated actin showed 3.6 times higher
app than that of wild-type actin. This means that
/Kapp, representing the apparent affinity between ac-
in and HMM in the presence of ATP, is smaller if the
-terminus is not acetylated, and therefore indicates

hat the N-terminal acetylation of actin strengthens
eak actomyosin interaction.
Previous studies have revealed that the number of

egative charges in actin N-terminal sequence 1–4
orrelates with Vmax and Kapp (6, 7, 11–13). Figure 4A
hows that Vmax increases dramatically as the number
f negative charges rises from about 1 to 3. On the
ther hand, as seen from Fig. 4B, 1/Kapp does not show
uch large change. Although the charges in the se-
uence 1–4 of the non-acetylated actin was 22, it had
lmost the same Vmax as that of wild-type actin, which
ad 3 negative charges in the same region (Fig. 4A).
his means that the activation of myosin ATPase by
he nonacetylated actin is higher than expected from

FIG. 4. Comparison of kinetic parameters of acto-HMM ATPase
eaction between the nonacetylated actin (squares) and Dictyoste-
ium wild-type or N-terminal mutant actins (circles). Vmax (A) and
/Kapp (B) normalized with the values for wild-type actin as unit were
lotted against the number of net negative charges in actin
-terminal residues 1–4. The mutant actins plotted were D1H and
1H/D4H (6). The number of net charges at pH 7.0 was calculated as
escribed (38) to obtain 23.0 for wild type, 21.9 for D1H, 20.82 for
1H/D4H, and 22.0 for the nonacetylated actin.
18
he nonacetylated actin showed much lower 1/Kapp (Fig.
B). Namely, weak interaction of the nonacetylated
ctin with myosin is much lower than expected. These
esults suggest that the effect of the acetylation at the
-terminus of actin on actomyosin interaction is dif-

erent from that of the N-terminal negative charge
luster.
The hydrophobicity of the nonacetylated N-terminus

hould be smaller than that of the acetylated one,
ecause the N-terminal á-amino group has a positive
harge and the hydrophobic acetyl group is removed.
his decrease in hydrophobicity may be related to the
nexpected decrease in the weak interaction. In the
eakly bound complex, the positive charge may be

creened, possibly, by myosin residues so that the
-terminal three negative charges can activate myosin
TPase normally. This may result in the almost un-
hanged Vmax.
In conclusion, the N-terminal acetylation of actin

ncreases weak actomyosin interaction about 3.6 times
ithout significantly affecting the maximum extent of
ctin-activation of myosin ATPase. These results are
pecific to the N-terminal acetylation and cannot be
ccounted for by changes of negative charges in the
-terminal region.
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