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ABSTRACT Wild-type and an N-terminal 6-histidine-
tagged actin have each been expressed by using a yeast strain
that contains the actin gene on a plasmid and not on the
chromosome. Yeast strains have also been constructed that
use two plasmids, one expressing the wild-type protein and the
other the 6-histidine-tagged protein. Yeast cells can be grown
with either plasmid alone or with both plasmids together and
appear to be normal in that the growth rates of all the yeast
strains are quite similar, as is the morphology of the yeast
cells. The polymerization properties of the 6-histidine-tagged
actin appear almost identical to wild-type actin expressed
from the chromosome. When the wild-type and 6-histidine-
tagged actin are coexpressed, they can be purified by standard
techniques and then separated using nickel-nitrilotriacetate
chromatography. The method can be used to prepare actin
mutants including those that are nonfunctional or might not
support yeast growth for other reasons.

Actin is one of the most important components of the cy-
toskeleton, and its polymerization and depolymerization con-
trol myriad functions of eukaryotic cells. Extensive kinetic
studies have been performed on the polymerization charac-
teristics of muscle actin, but there have only been a few studies
in which the role of specific amino acid residues on the in vitro
polymerization process have been investigated (1-5). Al-
though site-directed mutagenesis of actin expressed in Esch-
erichia coli would be useful, the expressed protein forms
inclusion bodies (ref. 6 and unpublished data) and has been
difficult to renature (ref. 7 and unpublished data). In the
expression of Dictyostelium discoideum actin, for example, the
yield of protein was low and the majority of the actin was
truncated because of internal initiation of transcription and/or
translation (8, 9). Consequently, very little functional actin was
obtained after solubilizing the inclusion bodies with detergents
(8,9). Although investigators apparently have not been able to
refold denatured actin to a form that binds to ATP and Ca2",
Cowan and coworkers (10-12) have presented evidence for the
requirement of chaperones for actin folding, but again the yield
of protein was low. Because of these problems, purification of
actin from a eukaryotic system is highly desirable. Yeast actin,
expressed by the essential gene ACTI in Saccharomyces cer-
evisiae (13, 14), is an excellent model for studying actin
functions and polymerization properties in vitro and in vivo (15,
16). The yeast actin gene can be easily manipulated, and the
actin sequence is highly conserved among eukaryotes. Al-
though overexpression of actin in yeast is lethal (17, 18) and
produces insoluble protein (unpublished data), sufficient
amounts can be obtained under normal expression conditions
to study its polymerization properties by growing large
amounts of cells. Functional actin mutants can be purified
from yeast, but the preparation of a nonfunctional actin
depends on the ability to separate the mutant form from
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wild-type actin. In this paper, we show that it is possible to
histidine tag the N-terminal end of wild-type yeast actin and
obtain normal yeast growth in the absence of any other
functional ACTI gene. We also show that it is possible to
express the N-terminal 6-histidine-tagged actin in the presence
of wild-type untagged actin and then separate the two actin
proteins by using nickel-nitrilotriacetate (Ni-NTA) chroma-
tography. The method described should be valuable for ob-
taining and studying the properties of nonfunctional actin
mutants.

MATERIALS AND METHODS

Materials. The Sculptor in vitro mutagenesis system and
enhanced chemiluminescence (ECL) reagents for Western
blot analysis were obtained from Amersham Pharmacia Bio-
tech (Piscataway, NJ). Primers were custom-made by Inte-
grated DNA Technologies (Coralville, IA). Plasmid pRSWT
and yeast strain PR1 were gifts from Peter Rubenstein (Uni-
versity of Iowa, Iowa City). DNase I was obtained from
Boehringer Mannheim and linked to Affi-Gel 10 (Bio-Rad,)
according to the procedure by Cook et al. (1). Both the
Ni-NTA resin and the tetra-his antibody were products of
Qiagen (Chatsworth, CA). The Bradford protein assay kit was
obtained from Bio-Rad (Hercules, CA). Double or single
amino acid dropout mixes, CSM-TRP-URA and CSM-TRP,
used in synthetic minimum dropout media, were obtained
from Bio 101 (Vista, CA). 5-Fluoroorotic acid and casein were
obtained from Sigma. All other chemicals were reagent grade.

Mutagenesis: N-Terminal 6-Histidine-Tagged Wild-Type
Yeast Actin. The Sculptor in vitro mutagenesis system was used
to insert the 6-histidine tag coding sequence into the wild-type
ACT1 gene just after the start codon on pRSWT, a TRPI™*
shuttle vector. The primer sequence was 5'-CGA AAA TTT
ACT GAA TTA ACA ATG CAC CAT CAC CAC CAT CAT
GAT TCT GAG GTT GCT-3’, with the start codon and
histidine codons underlined. The order of the histidine codons
was chosen to minimize the chance of mismatches and to create
a BspHI site at the 3'-joint to use in screening for mutated
DNA. The correct insertion was verified by sequencing and this
plasmid was named pRSWTo6his. Plasmid pRSWT6his was
transformed into the yeast strain PR1 that contains an ACT1
gene only on plasmid pCENWT and not on the chromosome.
The strain containing both pPCENWT and pRSWT6his plas-
mids was named PR/pCENWT+pRSWT6his. Plasmid
pCENWT (URA3") was then removed by 5-fluoroorotic acid
selection (19). The exclusive presence in the selected cells of
the actI-6his gene was confirmed by PCR and sequencing, and
this strain was named PR/pRSWT6his.

Abbreviations: Ni-NTA; nickel-nitrilotriacetate; YPD, yeast extract/
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Yeast Growth. To obtain cells for protein purification, yeast
strains PR/pRSWT6his (TRP*) and PR/pCENWT+
pRSWT6his (TRP* and URA™) were each grown to satura-
tion (ODggp =~ 15-20) in 6 liters of the appropriate selective
synthetic dropout medium (20) for 4872 hr at 30°C. Concen-
trated medium (100 ml/liter, 10X the normal concentration)
was added every 24 h during growth. The cells obtained were
pelleted and then washed with cold double-distilled H,O
(=500 ml), and the pellet was stored at —80°C until used for
the purification of the actin.

Sensitivity of growth to different temperatures and in-
creased osmotic pressure was analyzed by plating serial 10-fold
dilutions of a 15-hr overnight culture on either yeast extract/
peptose/dextrose (YPD) (20) or YPD-Osm (450 mM NacCl
with YPD) plates. Plates were incubated at room temperature,
30°C and 37°C and observed at 24 and 48 hr.

Fluorescence Microscopy. Polarization of the actin cytoskel-
eton was assessed by rhodamine-phalloidin staining of fixed
cells. Cultures were grown at 25°C and fixed at 10° cells/ml in
3.7% formaldehyde added directly to the medium from a 37%
stock. Cells were stained with rhodamine phalloidin (Molec-
ular Probes) for F-actin using the procedure of Kaiser et al.
(21) except that the rhodamine phalloidin concentration was
0.165 uM and staining was done on ice. Cells were imaged on
an epifluorescence microscope (Bmax-60F, Olympus) with a
1.35 NA X100 UPlanApo objective and a U-MNG (rhodamine
phalloidin) filter set. Photobleaching was reduced by using a
ND2S5 neutral density filter in the excitation light path. Images
were collected with a cooled CCD video camera (RC300,
Dage-MIT, Michigan City, IN).

Actin Purification: N-Terminal 6-Histidine-Tagged Wild-
Type Yeast Actin. The purification of 6-histidine-tagged wild-
type actin from PR/pRSWT6his was the same as that of
untagged wild-type (22) except that the removal of cofilin
through high-salt treatment of actin filaments (23) was unnec-
essary for this particular actin as it had little cofilin associated
with it (unpublished data). The N terminus was sequenced to
confirm that the 6-histidine tag was present in all the purified
actin.

Separation of 6-Histidine-Tagged and Nontagged Actins. A
mixture of 6-histidine-tagged and untagged actins was purified
from the two-plasmid strains by using the standard procedure
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(1). The tagged protein was then removed by batch-binding the
mixture of actins to Ni-NTA agarose at 4°C for 1 hr in 10 mM
Tris-Cl buffer (pH 7.5), containing 0.2 mM ATP, 0.2 mM Ca?*,
and 5 mM imidazole. For every 3 ug of actin, 1 ul of the
commercial resin suspension (as a 50% slurry) was added. It
was found necessary to include imidazole in the binding buffer
to prevent the weak binding of untagged wild-type to the resin.
The total protein concentration was determined by the Brad-
ford protein assay (24) with muscle actin as the standard. The
polymerized actin was treated with KCl (0.7 M) to prevent
cofilin from binding to the untagged actin filaments when they
were pelleted (23).

Western Blot Analysis. Western blot analysis with tetra-his
antibody (Qiagen) was used to confirm the removal of tagged
actin from the mixture of actins because it reacts only with the
6-histidine-tagged protein. This procedure was performed
according to the manufacturer’s (Qiagen) instructions. The
primary antibody was diluted 1,000-fold and the secondary
antibody (horseradish peroxidase-anti-mouse IgG) was diluted
2,000-fold. Enhanced chemiluminescence reagents (Amer-
sham) were used for detection.

Polymerization Assay. Actin polymerization was followed by
decrease of intrinsic fluorescence (excitation at 300 nm, emis-
sion at 335 nm) at 20°C at pH 8.0 in G buffer (2 mM Tris-C1/0.2
mM ATP/0.2 mM Ca?"/0.5 mM DTT/0.01% NaN3). The
total reaction volume was 200 ul. The reactions were run on
a PTI (Alphascan) spectrofluorometer. Actin was preincu-
bated for 5 min with EGTA and a low concentration of Mg?*
(50 uM) to replace the tightly bound Ca?*. In all cases,
polymerization was initiated by the addition of 2 mM Mg?™.

RESULTS

Yeast Growth and Polymerization Properties of Wild-Type
and 6-Histidine-Tagged Actin. The 6-histidine-tagged ACT!
(act1-6his) gene of yeast was tested for complementation of
ACTI deletion by transforming the plasmid pRSWT6his into
strain PR1 and using 5-fluoroorotic acid to exclude pCENWT
(carrying the untagged ACTI gene) from the host. Colonies
were readily obtained on 5-fluoroorotic acid plates. Therefore,
it is clear that actl-6his is able to support yeast growth. As
shown in Fig. 1, the cells containing only the actI-6his gene
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FiG. 1. Growth curves of yeast strains containing only the wild-type actin plasmid (®), the 6-histidine-tagged actin plasmid (X), and both
plasmids (no symbol). The cells were grown as described in Materials and Methods. Only a few data points were collected for the strain coexpressing

both plasmids.
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have a growth rate, using a synthetic dropout media, only
slightly slower (2.5 hr doubling time) than cells carrying only
the untagged wild-type actin gene under the same conditions
(2 hr).

To test whether rescue of the ACTI deletion is complete, we
compared the growth of strains carrying either pPRSWT6his or
pCENWT plasmids under different conditions. Mutations of
the ACTI gene often lead to temperature sensitivity and
osmotic sensitivity. Low gene dosage of ACTI in ACTI /actl1A
hemizygotes may also lead to these phenotypes (15). There-
fore, we tested the temperature sensitivity and osmotic sensi-
tivity of a strain in which the plasmid with the untagged ACTI
gene was replaced by a plasmid carrying 6-histidine-tagged
ACTI gene (Fig. 2). At room temperature and at 30°C, strains
with tagged and untagged ACTI grew similarly. Both strains
also displayed similar levels of osmotic sensitivity at room
temperature. A slight difference in growth of the two strains
was observed only on YPD at 37°C. Therefore, the strain
carrying the actl-6his gene is almost indistinguishable in
growth characteristics from the wild-type strain.

The morphology of the actin cytoskeleton was also com-
pared in the same strains. In growing cells of wild-type strains

RT 30° 37°
Fe&lfs

T ¢
(X
®e0

YPD

OSM

Fi1G.2. Growth of wild-type and strains carrying 6-histidine-tagged
ACTI gene at room temperature (RT), 30°C and 37°C. Labels: 6 His
is PR/pRSWT6his strain containing the ACTI gene expressing 6-his-
tidine-tagged actin. WT is PR/pCENWT strain containing the ACT1
gene expressing wild-type actin. Serial 10-fold dilutions, plated on
YPD (20) and OSM (YPD + 450 mM NaCl) media.
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the F-actin-containing structures—cables and patches—are
distributed in a polar fashion. The actin patches are clustered
in the growing bud, and the actin cables in the mother cell are
oriented toward the patch cluster (25). Temperature-sensitive
mutations in the ACT7 gene lead to disruption of polarization
of the actin cytoskeleton (26). The presence of the 6-histidine-
tagged actin does not disrupt polarization of the actin cytoskel-
eton (Fig. 3). Some of the cells of both strains were abnormally
large and contained randomly distributed patches. This phe-
notype was expected because some of the cells of the strain
containing autonomously replicating plasmid may lose this
plasmid. Cells that lose the plasmid with the ACTI gene are
inviable and are expected to have abnormal polarization of the
actin cytoskeleton. There was no difference in frequency of
cells that were large or had randomly distributed patches
between strains carrying either the tagged or untagged ACTI
gene. Therefore, 6-histidine-tagged actin almost completely
complements loss of wild-type actin.

The 6-histidine-tagged actin was purified from yeast con-
taining only the actI-6his gene by using exactly the same
procedure that was used for wild-type actin including binding
to a DNase I column, indicating that the 6-histidine-tagged
actin has binding properties similar to those of wild-type actin.
To further compare the proteins, the 6-histidine-tagged and
wild-type actin were examined for their ability to polymerize
at two different protein concentrations and under a given set
of conditions in G buffer with polymerization induced by the
addition of 2 mM Mg?*. As shown in Fig. 4, the rate of
polymerization (using intrinsic fluorescence) of 6-histidine-
tagged actin under these conditions is essentially identical to
that of wild-type actin.

Separation of 6-Histidine-Tagged and Nontagged Actin with
Ni-NTA Resin. In the above experiments, the wild-type and
6-histidine-tagged wild-type actins were isolated from yeast

FiG. 3. Normal polarization of the actin cytoskeleton in a strain
carrying 6-histidine-tagged ACTI gene. (4) Control PR/pCENWT
strain, carrying the ACTI gene for wild-type actin. (B) Strain PR/
pRSWT6his, carrying the ACTI gene expressing 6-histidine-tagged
actin. Rhodamine-phalloidin staining. (Bar = 5 wm.)
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F1G. 4. Polymerization of wild-type and 6-histidine-tagged yeast actin in G buffer at pH 8.0 and 20°C at two different actin concentrations. The
reactions were initiated by the addition of 2 mM Mg?* at pH 8.0 after preincubation with 50 uM Mg?* and 1 mM EGTA to replace Ca?* with
Mg2* as described in Materials and Methods. Polymerization was measured using changes in the intrinsic fluorescence. The decrease of intrinsic
fluorescence upon polymerization has been redrawn to appear as an increase.

containing only a single ACTI gene (tagged or untagged). To
study actin mutants incapable of supporting yeast growth
(unpublished work), it was necessary to show that the 6-his-
tidine-tagged and nontagged actins could be separated when
coexpressed in the same host. To do this, the 6-histidine-tagged
and wild-type actins were coexpressed from two different
plasmids. In these experiments, about half of the total actin
expressed was tagged (data not shown), although the total
actin concentration was similar to that in which only one actin
gene was expressed. The growth rate of the coexpressing strain
(as shown in Fig. 1) was similar to those strains containing only
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FI1G. 5. Separation of 6-histidine-tagged wild-type actin from un-
tagged wild-type actin using Ni-NTA chromatography. Lane 1, wild-
type plus 6-histidine-tagged actin before binding to Ni-NTA resin; lane
2, wild-type plus 6-histidine-tagged actin after binding to Ni-NTA
resin. Total protein was detected by Coomassie blue staining (Left).
The 6-histidine-tagged protein was detected by Western blot analysis
of the same samples (Right) using tetra-his antibody as described in
Materials and Methods.

a single plasmid. Because 6-histidine-tagged actin can bind to
DNase I as does wild-type actin, the two coexpressed actins
were purified together as if the untagged wild-type was being
prepared alone. Batch binding to Ni-NTA agarose was then
used to remove the 6-histidine-tagged protein as described in
Materials and Methods. The results of Coomassie staining and
Western blot analysis showed that almost all of the tagged actin
was removed in this manner (Fig. 5). The concentration of
imidazole used during binding to the resin was chosen to avoid
both unnecessary loss of untagged protein and inefficient
binding of tagged actin. The amount of resin was also crucial
for efficient separation such that the total resin binding
capacity was enough to bind the tagged protein but not the
untagged actin. In all cases, similar amounts of tagged and
untagged actins were present in the mixture before the batch
binding.

For strains expressing only a single actin the final yield of
purified wild-type actin from 6 liters of culture is ~4 mg and
slightly less for the 6-histidine-tagged actin. Somewhat less
total material was obtained from cultures containing plasmids
for both the wild-type and the 6-histidine-tagged actins. Sim-
ilar results were seen with other actin mutants (unpublished
data).

DISCUSSION

The ability to study actin mutants may help to define the role
of this cytoskeleton protein in numerous physiological re-
sponses. Indeed the properties of some mutant actins isolated
from yeast strains that are phenotypically similar to wild-type
strains have been studied (1-5). However, there are problems
in obtaining mutant actins that might have very different
properties from the wild-type protein. Alanine scanning, for
example, has indicated that there are many mutations of actin
that result in different phenotypic properties of yeast (15, 16).
If the mutation does not support yeast growth, it has not been
possible, until now, to examine the properties of the mutant
protein. A solution to this problem would be to express the
mutant protein in bacteria, and it is possible to express actin
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in E. coli. The expressed material, however, always appears in
inclusion bodies, and the usual procedure of dissolving the
inclusion bodies in denaturant and then refolding the protein
is problematic because refolding gives rise to a nonviable form
that does not bind ATP, Ca?", or DNase I (ref. 7 and
unpublished work). Although it is known that actin can be
refolded in the presence of chaperones (10, 11), the yield of
material has always been very small. In this work, we have
made and purified a 6-histidine-tagged actin that supports
yeast growth, thus allowing us to coexpress and to isolate
mutant actins that do not support growth. Actin with the
6-histidine tag on the N-terminal end appears to be very
similar to wild-type actin in that it supports yeast growth. The
growth rate of yeast (Fig. 1) is only slightly affected when
histidine-tagged actin is the sole actin source. This is somewhat
surprising because there are interactions with various actin
binding proteins, including cofilin (27) and myosin (28-31),
that are known to bind at or near the N terminus. Indeed, it
appears that the tag does affect interaction with at least one
protein because contamination with cofilin is less in the
histidine-tagged protein compared with wild-type implying a
weakened interaction of cofilin to actin. It is of interest that
actin tagged at the C-terminus with green fluorescent protein
could not function as the sole actin source in yeast (32). None
of the actin-GFP fusion proteins was capable of complement-
ing the delection of chromosomal actin. Although some ap-
peared to be incorporated into the cytoskeleton, the actin was
localized to patches but not cables (32).

Our purpose in tagging actin was to provide a means for
separation of wild type actin and mutants that cannot support
growth alone. We have designed a system in which two actins,
a tagged actin with nearly wild-type activity and untagged wild
type are expressed in yeast cells on separate, low copy number
plasmids, at roughly equal concentrations. Following our
standard purification procedure using DNase I binding of the
two proteins, we can remove the wild-type 6-histidine tagged
actin by Ni-NTA chromatography and obtain the untagged
mutant actin in pure form.
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