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Abstract

Mutations within the human skeletal muscle a-actin gene cause three different skeletal muscle diseases. Functional studies of the
mutant proteins are necessary to better understand the pathogenesis of these diseases, however, no satisfactory system for the
expression of mutant muscle actin proteins has been available. We investigated the baculovirus expression vector system (BEVS) for
the abundant production of both normal and mutant skeletal muscle a-actin. We show that non-mutated actin produced in the
BEVS behaves similarly to native actin, as shown by DNase I affinity purification, Western blotting, and consecutive cycles of
polymerisation and depolymerisation. Additionally, we demonstrate the production of mutant actin proteins in the BEVS, without
detriment to the insect cells in which they are expressed. The BEVS therefore is the method of choice for studying mutant actin

proteins causing human diseases.
© 2003 Elsevier Science (USA). All rights reserved.
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Humans, like all higher mammals, have at least six
different actin isoforms, all expressed from separate
genes [1,2]. Mutations leading to human disease have
been identified in three of the six human actin genes.
Mutations in cardiac muscle a-actin, ACTC, cause di-
lated cardiomyopathy [3] and hypertrophic cardiomy-
opathy [4,5]. Mutations in the B-actin gene, ACTB, have
been associated with neutrophil dysfunction, recurrent
infections, and mental retardation [6], and types of
cancers [7,8]. Mutations in the skeletal muscle a-actin
gene, ACTAI, have been shown to cause the skeletal
muscle diseases nemaline myopathy, intranuclear rod
myopathy, and actin myopathy [9-12]. Nemaline my-
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opathy (OMIM #161800, #256030) is classified as a
congenital muscle disease. It is characterised by muscle
weakness and the presence of nemaline bodies (rods) in
the skeletal muscles of affected individuals [13]. Intra-
nuclear rod myopathy is also distinguished by the
presence of rods, either confined solely to the cell nuclei
or in conjunction with sarcoplasmic nemaline rods (e.g.
[14,15]). Actin myopathy, or congenital myopathy with
excess thin filaments (OMIM #102610), is characterised
by large areas of skeletal muscle devoid of sarcomeres
filled with a homogeneous material revealed to be
masses of randomly orientated thin filaments [16,17].
We now know of around 70 different, mostly missense,
mutations within ACTAI [18]. To elucidate how the
mutations in 4CTAI lead to skeletal muscle disease and
the abnormal aggregates, functional studies with the ex-
pressed mutant proteins need to be performed. As most
patients with skeletal a-actin-related muscle disease die at
less than one year of age, studies with mutant skeletal
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muscle a-actin protein extracted from patient muscle bi-
opsies are difficult to achieve. Therefore, production of
mutant recombinant actin proteins is required.

Regardless of multiple reports of the expression of
recombinant actins in a variety of systems (e.g. [19,20]),
no approach has been described for the successful ex-
pression and purification of mutant mammalian muscle
actins. Despite abundant expression in Escherichia coli,
recombinant actin proteins form insoluble inclusion
bodies [21]. In yeast, mutant actins can be produced
from episomal vectors to allow continued expression of
the sole wild-type yeast actin protein essential for cell
viability [22,23]. Nevertheless, in spite of 87-90% iden-
tity at the amino-acid level, significant differences be-
tween wild-type yeast actin and muscle actins have been
identified, leading to caution in extrapolation from
studies performed with yeast actins [24]. Production of
mutant actins in Drosophila is accomplished by mutating
the Act88F gene, the only actin isoform expressed in the
indirect flight muscle of the flies [25]. Examination of
flight muscle morphology is possible (e.g. [26,27]), but
only a small amount of pure recombinant actin is re-
covered from dissected insect flight muscles [28]. Mutant
human actin proteins have been produced by in vitro
transcription and translation, but only minimal actin is
synthesised (picogram amounts) (e.g. [29,30]).

Thus the expression of recombinant mammalian
muscle actins has proved problematical in the past. The
baculovirus expression vector system (BEVS) has been
ascertained to perform the post-translational modifica-
tions seen in eukaryotes [31], and we have previously used
this system to produce normal and nemaline myopathy-
causing mutant slow o-tropomyosin proteins [32]. We
consequently investigated the production of skeletal
muscle a-actin protein in this system. Our preliminary
studies indicated that normal and mutant skeletal a-actin
proteins could indeed be successfully expressed using this
method [33]. Here we report more detailed investigations
of this expression system, including the confirmation of
native-like activity of the recombinant non-mutated
protein. Recently, Sano et al. [34] described the use of a
21 bp leader sequence derived from the 5’ untranslated
sequence of the lobster tropomyosin gene for enhanced
protein expression of exogenous genes in baculovirus-
infected insect cells. One of the proteins that these authors
used as an example for their system was skeletal muscle o-
actin. We demonstrate here that high levels of expression
of skeletal muscle a-actin can be achieved by the BEVS
without the leader sequence.

Materials and methods

Creation of expression constructs. A variety of constructs were
made using the BacPak8 transfer vector (Clontech) and the coding
sequence of ACTAI which was amplified from cDNA transcribed from
unaffected human muscle RNA. All PCR products were generated

using a high fidelity DNA polymerase (Platinum 7aq HiFi, Life
Technologies). Primers for PCR amplification usually contained a re-
striction enzyme site to facilitate directional cloning (restriction sites
are underlined in the primer sequences below). Standard cloning
techniques were used to insert PCR fragments into similarly digested
vector DNA [35].

The following constructs were made:

(1) ACTAIl/BacPak8. To clone ACTAI without any tags into the
transfer vector BacPak8 (Clontech), the primers ACTA1Forward Xhol
(5-GATCTCGAGATGTGCGACGAAGACGAG) and ACTA1Reverse

EcoRI (5-TAGGAGAATTCCTAGAAGCATTTGCGGTG GACG)
were used.

(2) N'HisACTAI/BacPak8. The construct pcDNA3.1 HisA/
ACTAI was made by digesting the pcDNA3.1HisA vector (Invitrogen)
with Kpnl and creating blunt ends before inserting a similarly blunt-
ended ACTAI sequence. The ACTAI insert was synthesised using the
primers ACTA1 Forward (—2) (5-GACGAAGACGAGACCACCG
CCC) and ACTA1Reverse (Y-CTAGAAGCATTTGCGGTGGACG)
that produced an ACTAI PCR fragment without the first two amino
acids. This construct was used as a template for PCR with the primers
HisdCTAl Forward Xhol (5-GATCTCGAGATGGGGGGTTCTCA
T) and ACTA1Reverse EcoRI which was inserted into BackPak8 to
create the final construct which included a N’'-terminal histidine-tag, an
Anti-Xpress antibody epitope, and an enterokinase (EK) cleavage site
preceding the ACTAI coding sequence.

(3) ACTAI/EGFP/BacPak8. The primers ACTA1/EGFP/
Forward Xhol (5-GATCTCGAGATGTGCGACGA AGACGAG)
and ACTA1/EGFP/Reverse EcoRI (5-GCAGAATTCGGAAGCAT
TTGCGGTGGACG) were used to amplify the ACTAI coding se-
quence to insert into pEGFP-N1 (Clontech). A positive clone was
treated with X%ol and Nofl in a partial digest to excise the fusion
cDNA sequence of ACTAI/EGFP which included a linker sequence
consisting of 51 nucleotides (resulting in 17 amino acids) from the
multiple cloning sequence. This fragment was cloned into BacPak8
DNA to create an ACTAI construct with a C'-terminal EGFP tag.

(4) Mutant constructs. Mutant ACTAIl constructs were created
using site-directed mutagenesis (QuikChange Site-Directed Mutagen-
esis Kit, Stratagene) with the appropriately designed oligonucleotides
and the ACTAI/BacPak8 or ACTAI/EGFP/BacPak8 parental con-
structs. The mutations introduced were GI15R, L94P, M132V, 1136M,
V163L, G182D, E259V, and D286G, all mutations identified in human
patients [9-11].

Cell culture. Sf9 insect cells were maintained in suspension in Er-
lenmeyer flasks on an orbital shaker (120 rpm) at 28 °C with serum free
Sf9 SFM II medium (JR Biosciences). The cells were routinely sub-
cultured every 3-4 days to maintain the cells in logometric phase
(about 1 x10°cells/mL) and were replaced with frozen stocks
approximately every 3 months.

Transfections/protein production. To produce recombinant viruses
by homologous recombination, the actin-BacPak8 transfer plasmids
were co-transfected into Sf9 cells with linearised BacPak6 viral DNA
(Bsu36 I digested) using Bacfectin as per the manufacturer’s instruc-
tions (Clontech). In the case of the EGFP/skeletal a-actin constructs,
successful co-transfections were quickly determined by observing green
fluorescent Sf9 cells using fluorescent microscopy (Olympus, Japan).
Primary virus was collected 72h post-transfection and was used to
isolate pure plaques that were subsequently amplified. Viral titres were
calculated using the Rapid Titre Kit (Clontech). Subsequent viral in-
fections were performed by inoculating Sf9 cell cultures during expo-
nential growth with a calculated volume of recombinant viral solution
to give a multiplicity of infection of 5 plaque-forming units per cell.
Cells were collected at 3 days post-infection by low speed centrifuga-
tion at 6000g for 5min.

Recombinant protein analysis. Cells were assayed for recombinant
protein production by SDS—polyacrylamide gel electrophoresis (SDS—
PAGE) and Western blot analysis using a specific monoclonal anti-
body which only recognises mammalian skeletal and cardiac muscle
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actins (Sigma, Clone 5C5, 1:10,000 dilution) and a rabbit anti-mouse
HRP secondary antibody (1:10,000, Sigma). For ACTAI/EGFP fusion
proteins an HRP-conjugated peptide antibody (Living Colours,
Clontech) was utilised at a 1:2500 dilution. The Anti-Xpress antibody
(Invitrogen, 15,000 dilution) was used with the recombinant actin
proteins fused to an N’ histidine-tag. All signals were detected by ECL-
Plus (AmershamPharmaciaBiotech).

DNase I affinity chromatography. Pelleted infected Sf9 cells were
suspended in G-buffer 2mM Tris buffer, pH 7.5; 0.1 mM ATP and
0.lmM MgCl,) including protease inhibitor cocktail for insect cells
(Sigma), homogenised with a hand-held homogeniser, and then cen-
trifuged at 35,000g for 30 min. The supernatant was loaded onto a
DNase I column which was constructed and utilised as previously
described [36].

Histidine—resin purification. Purification of the recombinant His/
skeletal a-actin protein was performed with the Xpress Purification
Kit (Invitrogen) following the manufacturer’s instructions for native
protein purification. An elution buffer containing 400 mM imidazole
was required to elute the purified recombinant protein off the
column.

Polymerisationldepolymerisation analysis. Challenged Sf9 cells were
lysed with Rigor buffer (20mM Tris buffer, pH 8.0, 100mM NacCl,
2mM EGTA, and 2mM MgCl,, with 14mM DTT, and protease in-
hibitor cocktail (Sigma) added just prior to use) using a hand-held
homogeniser. Polymerisation and depolymerisation was conducted
essentially as outlined in [37]. A low speed centrifugation (6000g for
20 min) removed any cellular debris, after which the supernatant was
dialysed against 20 L of G buffer for 27 h with five 4 L changes at 1, 2,
3, 21, and 27h. The dialysate (containing soluble G-actin) was
concentrated and then centrifuged at 300,000g for 2.5h. The soluble
G-actin in the supernatant was converted to F-actin by the addition of
a 1:10 volume of 10x F buffer (100mM Tris buffer, pH 7.5, 10mM
MgCl,, 1M NaCl, 2mM DTT, and 1 mM ATP). The conversion of
G-actin to F-actin was performed on ice for 2h. The sample was
centrifuged at 450,000g for 1h to pellet the insoluble F-actin. Af-
ter carefully washing the pellet with G buffer to remove any salts that
were left on the sides of the tube, the actin was solubilised in the G
buffer at 4°C overnight. The actin was finally converted back to
F-actin with the addition of a 1:10 volume of 10x F buffer and stored
at 4°C.

Protein quantification. The yield of enriched recombinant actin
achieved after two rounds of polymerization and depolymerisation was
estimated by SDS-PAGE electrophoresis, Western blotting, and a
Coomassie dye based protein assay [38].

Results and discussion
Production of recombinant actin proteins

Sf9 cells were harvested and analysed for production
of the recombinant protein by SDS-PAGE and Western
blotting. After infection with normal or mutant skeletal
a-actin virus, Sf9 cells produced a recombinant protein
that exhibited a molecular weight indistinguishable
from that of rabbit skeletal muscle actin (Fig. 1A). A
pre-stained protein marker (LifeTechnologies) indicated
that these proteins were between 40 and 50kDa, con-
sistent with the size of monomeric actin, 43 kDa [20].
The tagged recombinant actins also migrated to an
appropriate position for their estimated sizes. The His/
skeletal o-actin protein appeared slightly larger than
normal actin (with a calculated addition of approxi-
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Fig. 1. Analysis of total protein from 2 pul of pelleted Sf9 cells after
initial co-transfections with various ACTAI constructs. (A) SDS—
polyacrylamide gel, (B) Western blot, using a sarcomeric muscle actin
specific monoclonal antibody of the gel shown in (A). Lane 1: rabbit
muscle actin, lane 2: marker, lane 3: non-transfected Sf9 cells, lane 4:
non-mutated ACTAI, lane 5: His-ACTAI, lane 6: G15R-ACTAI, and
lane 7: V163L-ACTAI-EGFP.

mately 3.5kDa) and the EGFP/skeletal a-actin proteins
migrated to approximately the same position as the
70 kDa marker, which correlates with the calculated size
of this fusion protein, 70kDa (43kDa for skeletal o-
actin +27kDa for EGFP) (Fig. 1A). It was clear that
the recombinant actins were in each case one of the
most abundant proteins in the infected Sf9 cells
(Fig. 1A).

All recombinant skeletal a-actin proteins, but not the
endogenous Sf9 actins, were recognized by the specific
sarcomeric muscle actin antibody (Fig. 1B). One im-
portant characteristic of a viable actin expression sys-
tem is the ability to produce mutant actin proteins in
abundance [19]. We were able to show that eight dif-
ferent mutant skeletal a-actin proteins were successfully
produced using the BEVS. These mutant proteins were
expressed as untagged actin and as a fusion protein with
EGFP with no noticeable detriment to the viability of
the insect cells when compared to infected cells ex-
pressing wild-type actin. The His-tagged actin and the
G15R actin showed reduced staining in comparison
with the quantity of recombinant protein present as
observed by Coomassie staining, suggesting that the
His-tag and the G15R mutation interfere with the an-
tibody’s epitope. The His/skeletal a-actin fusion pro-
teins reacted with the Anti-Xpress antibody, and
similarly the EGFP fusion proteins were detected by the
anti-GFP antibody.
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DNase I affinity chromatography

DNase I affinity chromatography has been used ex-
tensively to purify actins of many origins away from
total cellular proteins due to the strong and selective 1:1
interaction between DNase I and globular actin (G-ac-
tin) [20]. After chromatography of the total Sf9 cellular
proteins, the major protein eluted off the column was a
protein of the correct size for actin (Fig. 2). As the native
insect actins were also expected to bind to the column, a
Western blot was performed to confirm that re-
combinant skeletal a-actin protein had been purified by
this method (data not shown). Additionally it is evident
that the predominant band in the total protein sample,
shown to represent recombinant actin, is not present in
the flow-through of the column. The fact that the re-
combinant protein binds to the DNase I column, along
with its ability to polymerise (see below), indicates that
skeletal a-actin protein produced in Sf9 cells is properly
folded.

Polymerisation studies and purification

Perhaps the most crucial function of actins is their
ability to polymerise into filamentous F-actin [23]. We
have demonstrated that recombinant non-mutant skel-
etal a-actin produced by the BEVS does polymerise
when exposed to the appropriate high salt conditions
(Fig. 3), indicating native-like function. Additionally, a
significant proportion of the recombinant actin is re-
tained when taken through successive rounds of poly-
merisation and depolymerisation, in a similar fashion to
wild-type actin. We estimate that approximately 2mg
actin protein/L of challenged Sf9 cells remains after two
rounds of polymerisation and depolymerisation.

Purification of the His-tagged recombinant proteins
It is possible that the position of a mutated amino

acid in actin will prevent interaction with either DNase I
and/or actin itself, rendering the purification methods

Fig. 2. Coomassie stained SDS—polyacrylamide gel showing DNase I
affinity purification of recombinant actin. Lane 1: marker, lane 2:
purified rabbit skeletal muscle actin, lane 3: Sf9 total proteins after 3
days of infection with non-mutated 4CTAI virus, lane 4: flow-through
after the total Sf9 proteins had been applied to the DNase I column,
lane 5: final wash of the column, and lanes 6-9: successive elution
fractions from the column.

1 2 3 4 5 6 7

- O o e w—

Fig. 3. Western blot showing polymerisation of non-mutated re-
combinant actin using a specific sarcomeric muscle actin specific an-
tibody. Lane 1: total protein from unchallenged Sf9 cells, lane 2: total
protein from challenged Sf9 cells, lanes 3 and 4: the supernatant and
pellet, respectively, after a 9000 rpm spin of the proteins from the
challenged cells, lanes 5 and 6: the supernatant and pellet, respectively,
after a 50,000 rpm spin, lane 7: the pellet after the addition of poly-
merisation salts and a 70,000 rpm spin.

already outlined ineffective. Therefore we investigated
the possibility of using another purification method,
namely utilisation of a histidine tag. This procedure has
been successful with yeast actin where an N’-terminal
histidine-tag was used to separate mutant actins from
native yeast actins [39]. These researchers found no
major difference between native and histidine-tagged
yeast actin [39]. Our histidine-tag was also N'-terminal,
and in addition we included an enterokinase (EK) site so
that the histidine tag can be removed in the future if it is
found to interfere with the function of actin. The EK site
was engineered to be in a position so that the EK en-
zyme will cut flush at the N'-terminus of actin protein,
leaving no additional amino acids derived from the ex-
pression construct. For all actins except those from
fungi, either the initiator methionine or both the first
two amino acids of the immature actin protein are
acetylated and subsequently cleaved [20]. Therefore the
first two amino acids of actin were not included in the
expression construct so that after EK cleavage the re-
sulting protein would be similar to mature human native
skeletal muscle o-actin. Standard purification techniques
for histidine-tagged proteins (Invitrogen) proved suc-
cessful in purifying the recombinant His/skeletal a-actin
protein to greater than 90% purity (data not shown),
providing an alternative purification approach for actin
mutants.

Mutations that lead to a variety of diseases have now
been identified in three of the six human actin genes.
Studies of ACTAI mutations have demonstrated that
they cause a variety of congenital myopathies that
mostly result in early death of affected individuals [9—
12]. Presently no cure or effective treatment is available
for these diseases and only inferences as to how and why
these ACTAI mutations cause muscle disease can be
made. Perhaps a form of treatment for affected indi-
viduals could be developed if the disease processes were
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better understood. Some of the identified 4CTA4/ mu-
tations are in known functional sites for proteins that
interact with actin, but other amino acid substitutions
occur at codons that have not been designated with a
particular function to date [18]. In addition, it has been
shown that long-range communication within the actin
protein takes place, meaning that a mutation away from
a known binding site can still affect the binding at that
site [40]. Finally, even if a mutation is situated within a
known binding site, it is difficult to predict the full effect
of the mutation. Perhaps such a mutation allows an-
other protein to bind rather than the usual binding
protein, causing a gain of function. Such questions may
be answered once investigated by detailed functional
protein—protein interaction studies. We have demon-
strated that the BEVS shows promise as a method for
expressing large quantities of functional wild-type skel-
etal ao-actin, and in addition is a suitable system for
expressing mutant skeletal a-actin proteins.
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