











In summary, a variety of structurally diverse motors are known to be expressed within
a single organism, currently including plants, amoebae, yeast, Drosophila and
mammals. Dictyostelium is postulated to have a single conventional myosin II motor
and at least nine additional unconventional myosins (Hammer and Jung, 1991) whereas
Drosophila possesses somewhere between six and thirty kinesin motors (Endow and
Hatsumi, 1991). This vast repertoire of molecular motors, often within a single cell
type, reflects the diversity in motility phenomena where one motor may have unique or
overlapping functions with other motors. The newly recognised unconventional motors
perform an array of motile ﬁxgctiqns that are subtly related to their mechanochemical
potential, such as acting as crosslinkers between membrane proteins and the
cytoskeleton in order to mediate the regulation of membrane channels. Evolution may
have designed motor processes in cells that involve a number of different motors.
Whereas any single one may not be entirely essential for movement, their concerted

action may increase the biological efficiency of the whole process.
1.2 Skeletal muscle myosin

The conventional skeletal muscle myosin molecule is a combination of three gene
products, a single heavy chaiﬁ (220KDa) and two distinct light chains (15KDa and
22KDa), (Lowey et al., 1969). The primary sequence of myosin predicts that a single
heavy chain consists of an N-terminal globular head attached to a C-terminal a-helical
tail. This was confirmed under electron microscopy where skeletal muscle myosin
appears as a pair of globular heads that end in a long rod-like tail (Lowey and Cohen,
1962; Lowey et al., 1969; Elliot and Offer, 1978).

Proteolytic digestion of the myosin heavy chain generates cleavage patterns that vary

between different myosin isoforms (Lowey et al., 1969; Applegate and Reisler, 1983;

Harrington and Rodgers, 1984), (see figure 1.2). The limited tryptic digestion of the
rabbit skeletal muscle myosin heavy chain cleaves away the globular heads from the

tail. While the globular heads, each termed S1 (95KDa), are cleaved into three

subfragments, the 25KDa, S0KDa and 20KDa head domains, the tail domain is itself
cleaved into two subfragments named S2 (55KDa) and LMM (70KDa).
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“lower” segment by the actin binding cleft that is probably in a more “open”
conformation in this structure due to the absence of actin. The base of this cleft lies
immediately underneath the nucleotide binding site in the region of the phosphate
binding loop (Rayment et al., 1993b). Their close proximity suggests that nucleotide
binding to the active site may communicate with the actin binding cleft to modulate

actin affinity and ultimately muscle contraction.
1.3 The cellular organisation, structure and function of actin

Actin represents a large superfamily of highly homologous proteins that are
ubiquitously expressed thro_ughﬁut the eukaryotes. It plays a fundamental role in a
diverse array of cellular ;-)rc'x.:esses, the majority of which are borne out of its
association with members of the myosin superfamily. In non-muscle cells, actin and
myosin constitute 10-15% and 1-2% of the total cell protein respectively (Pollard,
1981). Actin assembles into a filamentous cytoskeleton that provides the mechanical
support necessary for the maintenance and generation of cell shape. Its arrangement
into cytoskeletal “tracks” for myosin also enables it to participate in functions such as
cytokenesis, vesicle/organelle transport and cell motility. In addition to these myosin
mediated movements, actin based motility in non-muscle cells can be generated
through the simple architect}ifél transformation of actin filaments. The polymerisation
or rearrangement of cellular actin generates phenomena such as the development of

filopodia in platelet cells and the ruffling of leading lamellipodia of moving cells.

In muscle, actin and myosin represent 20% and 30% of the total cell protein
respectively (Pollard, 1981) and are arranged into highly specialised structures termed
sarcomeres, (see figure 1.4). Muscle consists of a number of myofibres, each made up
of parallel arrays of many myofibrils. A single myofibril is formed from numerous
tandem repeats of the functional unit of muscle, the sarcomere. The Z-discs demark the
end of each sarcomere and &é attached to thin filaments. The latter consist of an F-
actin core complexed with a number of accessory proteins which include tropomyosin
and the troponins. Together, these mediate the thin filament regulation of muscle

contraction.

12







EP 8 2

191

) o

Yo" -0

-D %

*<J.

" 8 non

A

E.!

)0

N

% " FA"

ED1E9< !
H1 " "
3.r-" " "

A'-



1.3.2 The atomic structure of actin

A vast genetic and biochemical characterisation has elucidated many properties and
functions of actin (Sheterline ez al.,, 1995). This knowledge, coupled to its atomic
structure, provides a greater overall view and subsequent understanding of the biology
of this molecule. Initial attempts to elucidate the atomic structure of actin were
hampered by the tendency of actin to polymerise into filaments at high salt. This hurdle
was overcome by the co-crystallisation of monomeric G-actin in conjunction with actin

binding proteins that obstruct its association into filaments.

Kabsch et al. (1990) first solved the crystal structure of a-skeletal muscle rabbit actin
in complex with bovine pancreati’c DNasel (a:DNasel) to a resolution of 2.8A. A
slight modification to the actin, involving mild tryptic digestion to remove the three C-
terminal residues, facilitated crystallisation. The structure revealed that actin is a planar
molecule which can fit into a cube of dimensions 55A X 55A X 35A. It possesses two
domains, historically known as the large and small domains, that are roughly equivalent
in size and are separated by a cleft. This cleft harbours the binding site for the
nucleotide and divalent cation, represented by ATP and Ca®* in this structure, which
holds the two domains together through a series of salt bridges and hydrogen bonds.
Kabsch et al. (1990) also solved the structure for actin associated with ADP at the

cleft to a resolution of 3A.

The two major domains of actin can each be further sub-divided into two subdomains.
These are labelled domains IA and IB, (representing the small domain), and IIA and
IIB, (representing the large ddmain), using the same nomenclature that describes the
structure of the 44KDa ATPase domain of the heat shock cognate protein Hsc70, (see
figure 1.5). Although the primary sequence of Hsc70 only shows a 16% homology to
that of actin, it displays a striking resemblance to actin’s tertiary structure, illustrated
by the superposition of 241 residues from each protein to a root mean square distance
of 2.3A (Flaherty ef al., 1991). A similar situation is seen in a comparison to the
hexokinase b structure.

14













flexible domain movements described earlier. This suggests that whereas the domains
in the a.:DNasel and a.:gelsolin structures occupy a “closed” conformation, the profilin
induced actin:actin contacts in the ribbon structure may favour a more “open”
conformation of the actin monomers and subsequently explains the need for the

domain adjustment in the B:profilin structure.
1.3.3 Actin isoforms

Most higher eukaryotes possess several actin genes which encode highly homologous
but functionally distinct isoforms that are 374-375 residues in length. Although the
human genome only has a single copy of each muscle actin gene, a multigene family of
at least 20 P-actin and 16 y-actin genés exists for the non-muscle isoforms. Despite
these large numbers, only one copy of each appears to be expressed in vivo (Ng et al.,
1985; Ponte et al., 1983; Vanderkerckhove and Weber, 1984). In contrast, the lower
eukaryotes Aspergillus nidulans, Saccharomyces cerevisiae (Gallwitz and Sures,
1980; Ng and Abelson, 1980) and Tetrahymena thermophila (Cupples and Pearlman,

1986) each possess a single actin isoform which is the product of a single gene.

Multiple actin isoforms can be found within a single organism where they display a
tissue specific expression pattern that is maintained across the species range, involving
their localisation to alternative regions of the cell (Pardo et al., 1983; Herman, 1993).
Their tissue specific, as opposed to an intra-species specific, conservation suggests that
each subset of related isoforms may possess individual specialised functions
(Vanderkerckhove and Weber, 1978).

Mammals possess at least six different actin isoforms, four of which are muscle specific
(o-skeletal, a-cardiac, a-smooth, y-smooth) and two non-muscle specific (B and ).
The o, P and y prefixes denote the relative migration of these actins on isoelectric
focusing gels, where a represents the most acidic isoform and y the most basic (Alonso
et al,, 1986). Actin isoforms are also divided into two groups, the Class I and Class 11
actins (Rubenstein, 1990) depending upon how their amino-termini are post-

translationally modified. The Class II or muscle spéciﬁc a-actin isoforms generally
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Figure 3.4. Site-directed mutagenesis of a BamHI-SstI fragment of the Ac188F gene to create an Ncol
restriction site spanning the initial ATG codon.

MI13mpl19ACys
BamH]1 A Sstl

5'e====AC AACTGCCAAG ATG GAC GAT GAT==—-=3'
3'-7---1‘6 TTGACGGTTC TAC CTG CTA CTA--'T--S'

propagate 5°’—3’ single stranded DNA
from M13mpl19A4Cys

5'~G TTGACGGTGG TAC CTIG CTA C-3'
21 bp primer

anneal a 21bp primer to single stranded M13mpl94Cys DNA
with a mismatch of the first two base pairs upstream of the
initial ATG codon

prime second strand DNA synthesis and select for the single
stranded mutant strand of M13mp19ACys Ncol

M13mp194Cys Ncol
BamH1 Ncol site Sstl
v
§'====<AC AACTGCCACC ATG GAC GAT GAT===~-3'
3'=====TG TTGACGGTGG TAC,CTG CTA CTA--T--S'

clone the BamH1->Sst1 fragment from MI13mpl9A4Cys Neol
into the corresponding site of a wild type Act88F gene which
has had its 61bp intron in the coding region deleted
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Sall

BamHt Ncol Sstl

35 bp insert

pUD88F/7
6496 bp

44—
Sstl
Sall ° 836 bp
Sali
pU088 BamHi
ACysNcol 4— 35S bp insert
6531 bp Ncol Ncol  Sstl Sall
st T e ———
Sall < >
1804 bp
Ncol BamH!l Ncol Ssti
Sst) BamH|

mp7/88F
ACysNcol

9000 bp

Bglil*
vector pYC2788F
C=1 Act88F 10900bp
BN coding sequence
* defunct restriction site

Figure 3.6 The cloning scheme used to insert the modified Act88F gene into the
expression vector, pYC27.




3.2.1 Preparation of yeast competent cells

Yeast competent cells were prepared according to the lithium acetate based method of
Ito (1983). 1ml of a fresh K923 overnight was inoculated into 100m! of YEP-D [1.1%
(W/v) yeast extract, 2.2% (w/v) bactopeptone, 0.16mM adenine sulphate, 2.2% (w/v)
agar, 2% (w/v) glucose] and grown on a platform shaker to a cell density of 1-2X10’
cells/ml, (ODs00 =1.0), at 30°C and 250rpm. The culture was then split into two tubes
and pelleted in a Sorval at 400g for 3 mins at 4°C. Each pellet was gently resuspended

in 20ml of water and centriﬁ:ggc{ again as above.

Each pellet was then resuspended in 1ml of Transformation buffer [10mM Tris-Cl,
1mM EDTA, 0.1M LiOAc, pH 7.6] and divided into 100ul aliquots. After incubation
at 30°C for 60 mins, 50mg of sheared, phenol-extracted carrier DNA was added to
each 100yl aliquot. For transformations, 1pg of plasmid DNA (in a maximum volume
of 10pl) was mixed with each aliquot and incubated at 30°C for 30 mins. Next, 0.7ml
PEG buffer [40% PEG4000, 10mM Tris-Cl, 1mM EDTA, 0.1M LiOAc, pH 7.6] was
added to each tube, mixed gently, and then incubated at 30°C for 60 mins. The cells

were then heat-shocked at 42°C for 5 mins and pulsed in a microcentrifuge for 10 secs.

Each pellet was resuspended in 100u! water and spread onto ura’ plates [0.15% (w/v)
yeast nitrogenous base without amino acids and ammonium sulphate (Difco), 0.5%
(w/v) ammonium sulphate, 2% (w/v) glucose, 0.015% of the following amino acids:
(L-histidine, L-arginine HCl, L-methionine, L-tyrosine, L-leucine, L-lysine HCl, L~
phenylalanine, L-glutamic acid, L-aspartic acid, L-valine, L-threonine, L-serine, L-
proline), 2% agar] which were incubated at 34°C for 2-3 days. Transformants appeared

as small hemispherical colonies.
3.2.2 Growth of expression cultures
In order to analyse transformants for actin expression, the relevant strains were grown

in a ura medium, UYM [0.8% (W/v) yeast nitrogenous base without amino acids

(Difco), 1.1% (w/v) casamino acid vitamin assay (Difco), 0.16mM adenine sulphate,
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0.006% (w/v) tyrosine, 2% (w/v) glucose, 0.005% (w/v) tryptophan, 0.01% (w/v)

leucine] to select for plasmid retention.

Firstly, an overnight of the transformed strain was grown in UYM at 34°C and
250rpm. This was subsequently diluted 1:100 into UYM and incubated at 34°C for 24
hours at 250rpm. This initiator culture was then diluted 1:10 into UYM and incubated
at 23°C for another 24hours at 250rpm. For expression controls, untransformed X923
were grown in exactly the same way as transformed X923 strains, except for the final
day of growth where the temperature was maintained at 34°C. After growth, the cells
were divided into 50m! aliquots and harvested by spinning at 2000g for 20 mins at 4°C.

The cell pellets were stored at -80°C prior to analysis for expression.
3.2.3 Preparation of DNasel-Sepharose matrix

One of two grades of bovine pancreatic DNasel (Sigma grades II and IV) were
coupled to cyanogen-bromide activated sepharose 4B (Pharmacia) following the
manufacturer’s protocol. Grade II DNasel was more selective but had a lower affinity
for actin than Grade IV, (Roger_ Karlsson, pers. comm.). Approximately 10mg of

DNasel were coupled to 1g of Sepharose.

10mg of DNasel was dissolved in 1ml of coupling buffer [0.1M KHCO;, 0.5M KCl,
0.5mM CaCl,, pH 8.3]. 1g of the Sepharose matrix was swelled by washing with
200ml 1mM HCI, (this and all subsequent washes were performed in a column with a
sintered glass base), and then resuspended in 1ml coupling buffer. This was then added
to a 25ml bottle containing the DNasel and allowed to couple overnight at 4°C on a
rdtating windmill. The coupled ;_natrix was then washed with 50ml coupling buffer and
then placed in a 25ml bottle. containing 10m! of blocking solution [IM ethanolamine].

Blocking was performed overnight at 4°C on a rotating windmill.
Next, the matrix was washed with 8 cycles of alternating pH. Each cycle consisted of a

50ml wash with acetate buffer [0.IM KOAc, 0.5M KCl, 0.5mM CaCl,, pH 4.0]
followed by a 50ml wash with Tris-Cl buffer [0.1IM Tris-Cl, 0.5M KC), 0.5mM CaCl,,
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pH 8.0]. The matrix was given a final wash with S50m! coupling buffer and stored at
4°C in 1/3 volume of coupling buffer containing 1mM NaNj.

3.2.4 Analysis of yeast samples for the expression of recombinant actin
Buffers:

G-buffer: SmM Tris-Cl, 0.1mM CaCl,, 0.5mM ATP, 0.1mM NaNj, 0.5mM DTT, pH
7.6.

Ethanol-based protease inhibitor* (EPI): 0.1M PMSF (phenylmethylsulphonyl
fluoride), 0.01% (w/v) phenanthroline, (*made up in 100% ethanol).

Water-based protease inhibitors (WPI): 0.05% (w/v) leupeptin, 0.05% (w/v)
pepstatin A, 0.05% (w/v) antipain, 10uM E64.

(Note: all protease inhibitor components were from Sigma)

Lysis buffer: G-buffer (-DTT .s._upplement*) + 1/100 volume EPI + 1/500 volume WPI
(lysis buffer is always prepared immediately before use)

* DTT prevents the prdtease inhibiting activity of PMSF.

Elution buffer: Lysis buffer + 2% (v/v) NP40 (Nonidet P40) + 2% (v/v) 2-

mercaptoethanol.

For analysis of expression, each frozen yeast cell pellet harvested from 50ml of a yeast
cell culture (see section 3.2.2) was thawed and 100ul of lysis buffer added to the cell
suspension. This was then ._t‘r_aﬁ'sférred to a 2ml Eppendorf tube to which an equal
volume of glass beads, (212-300um, acid-washed, Sigma), was added. The cells were

then vortexed for 2X 2 mins with a brief period on ice between each vortex. Next, a

further 1ml of lysis buffer was added to each tube and vortexed again for 1 min. After
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centrifuging for 2 min at 13,000rpm and 4°C, the supernatant was removed carefully to

avoid the inclusion of glass beads in the lysate.

This lysate was then applied to a mini DNasel column, (10 ml BioRad mini columns),
consisting of 200l of a DNasel-Sepharose matrix, as prepared in section 3.2.3, which
had been pre-washed with 10ml G-buffer. After loading the lysate onto the column, the
sample runfthrough was collected and reapplied to the matrix to ensure that sufficient
actin had bound. The matrix was then washed with 10m! of G-buffer containing 10%
(v/v) formamide, followed by a 10ml wash of G-buffer alone. Buffer was allowed to
flow out of the column until only a 1ml volume remained above the surface of the

matrix.

The 1ml retentate was then transferred from the mini-column into an Eppendorf tube
using a long-nosed pasteur pipette and spun at 13,000rpm for 2 mins at 4°C. Upon the
removal of the supernatant, 100ul of elution buffer was added to the sepharose pellet.
Next, solid urea was added until the saturation point was reached. Centrifugation at
13,000rpm for 2 mins at 4°C was followed by removal of the supernatant to a fresh
tube. This eluate was concentrated, (using 30,000 MW cut off Amicon micropure
micro-centrifuge separators), and added to the appropriate sample buffer, (see sections
2.6 and 2.7).

3.3 Results

3.3.1 Site-directed mutagenesis of the Act88F gene to generaté the Ncol

restriction site

Generation of the Ncol site after site-directed mutagenesis of Act88FACys was verified
by digesting M13mp194Cys Ncol DNA with Ncol. It cut once, as expected, yielding a
fragment of the predicted siz.e. Sequencing of both strands confirmed the presence of
the base pair substitutions at positions -1 and -2, which define part of the Ncol

restriction site. Sequencing also revealed two other changes represented by the
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insertion of a 35bp sequence element and 3 consecutive bp changes in the §°

untranslated region of the Act88F gene, (see table 3.4).

Although the 35bp insert had not been encountered by Drummond (pers. comm.) in
previous in vitro mutagenesis studies of the Ac/88F gene, two Act88F mutations,
M320 and M342, generated by whole fly mutagenesis, and subsequently some other
versions of Act88F clones in our laboratory, were shown to possess an identical insert,

(Sparrow, pers. comm.), (see table 3.4).

Table 3.4. A comparison of the Act88FACys, Act88FACys Ncol and M320 gene sequences around the
35 base pair insert. Highlighted in bold are the 35bp inserts in the M320 and Act88F4Cys Neol
sequences together with the other base changes identified after sequencing. A region of sequence
duplication thought to represent the insertion site for a transposable element is underlined in the gene
sequences that possess the 35bp insert,

Act88FA@S 5 ' ""TTTAAAGMTTGAGATGTAGGTGG. decvescssserenssesene e
Act88FACys Ncol 5'--TTTAAAGAATTGAGATGTAGGTGGGAGCTATAAAACTTTACATATAT
M320 5'-~TTTAAAGAATTGAGATGTAGGTGGGAGCTATAAAACTTTACATATAT
Act88FACys sesssssssees  GAGCTARCCGAGTGCACTTCCATCTCCCTTCCAGA
Act88FACys Ncol AATCGACAGATCGAGCTAACCGAGTGCCACTCCATCTCCCTTCCAGA
M320 AATCGACAGATCGAGCTAACCGAGTGCACTTCCATCTCCCTTCCAGA
Act88FACys TAAACARACTGCCAAG ATG ... GAC=-=3'
Act88FACys Neol TARACAACTGCCACC ATG ... GAC==3'
M320 TAARACAACTGCCAAG ATG TGT GAC--3!

This insert was suspected to represent some form of Drosophila transposable element
due to the fact that its ends create a 6 base pair target site duplication with the adjacent
Act88F sequence, (see table 3.4). A data base search revealed that this 35 bp sequence
showed no homology to a range of eukaryotic transposons and prokaryotic insertion
sequences. Although the nature of this insert is not known, it does not affect the final
Act88F expression construct. Due to its situation in a region lying upstream of the
initial ATG codon, it will be spliced away from the coding region upon Neol
restriction, (see figure 3.6).
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3.3.2 Act88F expression in yeast
3.3.2.1 Two dimensional gel analysis of expression

A K923 host strain was transformed with the expression construct, pYC27 88F. A
100ml culture of this strain, X923 88F, was then grown at the expressive and non-
expressive temperatures and analysed for actin expression as described in section 3.2.4,

(see figure 3.8).

At the non-expressive temperature, a single spot at a molecular weight of 42KDa is
visible, depicting the endogenous yeast actin isoform alone. Two spots, that both
possess a molecular weight of 42KDa, can also be seen at the inducting temperature.
One is clearly larger than the.ot_h.er and is predicted to be yeast actin because it
migrates to a more basic pl. Thg smaller spot is not seen in the un-induced culture and
is thought to represent the recombinant 4ct88F product since it migrates to the
expected molecular weight and pI with respect to yeast actin. However, its levels are

greatly reduced in comparison to those of the endogenous isoform.
3.3.2.2 Western blot analysis of expression

To verify whether the extra spot seen upon induction was truly recombinant ACT8SF,
Western blot analyses using a {polyclonal and a monoclonal Drosophila specific actin
antibody were performed upon the actin content of induced and non-expressive

(control) cultures.
(i) Polyclonal actin antibody

A polyclonal actin antibody, (a gift of Dr. Marie-Christine Lebart), was hybridised to
2D gels of induced and control K923 88F cultures identical to those in section 3.3.2.1, |
(see figure 3.8). These blots show that the polyclonal actin antibody recognises both of
the 42KDa spots in the induced culture, suggesting that the less intense, acidic spot is
probably recombinant ACTSSF. .
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(ii) Drosophila actin specific monoclonal antibody

Due to the fact that the polyclonal actin antibody recognised both yeast and the
recombinant actin, 1D gel analysis could not be used in Western analysis of actin
expression. However, by using a Drosophila-specific anti-actin antibody, (again, a gift
of Dr. Marie-Christine Lebart), the characterisation of expression from 1D gels
representing actin extracts from induced and un-induced K923 88F cultures was
achieved, (see figure 3.9). This blot shows that the recombinant protein found in
induced cultures of K923 88F is a recombinant Drosophila Act88F isoform.

3.3.3 Mutant Act88F expression in yeast

Despite the low yields of recombinant ACT88F using flask cultures, an attempt to
express existing Acf88F mutations in this system was made in the hope that fermentor
cultures would ultimately generate sufficient material for biochemical analyses. The six
Act88F mutants, G368E, E316K, E334K, E364K, G366D and V339 were
subsequently cloned into the expression vector and analysed for expression. Analysis of
their overall charges with respect to yeast and Act88F actin revealed that the
expression of the E-K mutations in this system would form a product that has an
identical charge to that of yeast actin, (see table 3.1 in conjunction with table 3.5). This
signified that 2D gel analysis of expression and ultimately separation of these
recombinant proteins from endogenous yeast actin by anion exchange chromatography

would probably not be possible.

Table 3.5. A comparison of the overall charges of yeast, Act88F and the mutant actins relative to one
another.

Actin species net charge
~yeast -1
Act88F -3

G368E -4
E316K -1
E334K -1
E364K -1
G366D -4

V3391 -3
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Conversely, the separation of the G—D mutant actins from the yeast isoform would be

facilitated by the net increase in negative charge.
3.3.3.1 Analysis of mutant expression

Each of the aforementioned mutations was transformed into a X923 host strain and
these were then analysed for expression using 2D gel electrophoresis of their actin
content, (see figure 3.11). These 2D gels clearly show that the three mutations G368E,
G366D and V339 are expressed to similar levels to the wild type Act88F gene. As
expected, the recombinant protein in the G—D mutations appeared to migrate at a
more acidic pI than the V3391 and WT actins, as established by comparing the
distances from the yeast actin spot. As predicted, 2D gel analysis of the expression of
the E-»K mutations was not possible because the two proteins migrate to an identical

pl, producing a single spot.
3.4 Discussion

The temperature-inducible actin expression system developed in Saccharomyces
cerevisiae (Karlsson, 1988) enabled the generation of WT and mutant versions of a
non-muscle, chicken B-actin isoform to levels equivalent to those of the endogenous
yeast actin (Aspenstrém and Karlsson, 1991; Aspenstrém et al., 1992a; 1992b; 1993).
These moderate production levels were surprising considering that expression was
mediated by a powerful PGK promoter coupled to a high copy number plasmid. The
maintenance of host cell viability even under constitutive expression in this system
subsequently led to the suggestion that the heterologous gene sequence may play a
major role in determining the efficiency of expression (Aspenstrom and Karlsson,
1991). An attempt to express milligram quantities of the Drosophila ACT88F isoform
in this system was only partially successful. Although flask cultures expressed both the
WT and mutant recombinant actins, the amounts generated were much lower than

those of the endogenous yeast isoform.
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A number of factors, such as the growth conditions for expression and the tight
transcriptional and translational regulation of eukaryotic genes, may be involved in the

reduced production of ACT88F in yeast.

Karlsson (pers. comm.) stressed that the yield of recombinant actin per. host cell
observed from flask expression was much lower than in fermentor cultures. This was
illustrated by the recovery of 500mg of recombinant actin from a 12 litre flask culture
(Karlsson, 1988) in comparison to 10mg from a 12 litre fermentor culture (Aspenstrém
and Karlsson, 1991). Fermentor cultures permit a greater control of the parameters
that maximise the aerobic activity of cells, thus preventing the culture from slipping
into a slow, anaerobic growth phase. The ease in managing such factors as aeration,
pH and glucose concentration in large scale fermentation argues that this is the better
system for actin expression in yeast. The subsequent analysis of recombinant ACT88F
expression from a 12 litre fermentor culture of X923 88F (performed by Dr. Roger
Karlsson) confirmed the reduced levels of the Drosophila protein obtained using flask
cultures and suggests that an inherent property of the Act88F gene, as opposed to the
culture growth conditions, is: responsible for the reduced expression of the recombinant

gene product.

Yeast expression of human interferon alpha and calf chymosin genes (Mellor, 1985),
under the control of a PGK promoter in a high copy number expression vector,
generated levels of protein that were also lower than those predicted from the
promoter/copy number combination employed. Although the basis for this reduced
expression is not known, Mellor (1985) suggested that transcriptional inefficiency may
be a crucial determinant.i In an effort to minimise problems associated with
transcription in yeast, modifications were made to the Act88F actin gene to render it
compatible for expression in this system. In addition to the removal of the short intron -
in the coding region, the 5’ untranslated region was removed so that expression would
be under the control of the yeast PGK promoter without intervening Drosophila
sequences. These changes were similar to those made to the chicken B-actin gene and
therefore placed these heterologous genes under the control of identical promoters in

the expression vector.
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In higher eukaryotic genes, a conserved consensus region spanning the first five bases
upstream of the initiator codon is thought to play an important part in the initiation of
gene transcription. This consensus sequence, CCACC ATG, was identified by
comparing 211 messenger RNA species from higher eukaryotic cells (Kozak, 1984).
However, Sherman and Stewart (1982) proposed that where the exact base identity of
this sequence immediately upstream of the initial ATG may not perform a vital role for
transcription initiation in yeast, the overall base pair composition is an important

factor.

Kingsman and Kingsman (1'9‘8‘2;). stated that an initiation region rich in A/T bases may
be three times more proficient than a G/C region in initiating transcription. Since the
identity of the extra base pairs in the chicken B and 4ct88F genes could modify their
efficiency of translation, a comparison of their proximate bases revealed that they both
had an unfavourable base composition for transcription initiation, (see table 3.6 and
figure 3.7). These base pair additions may represent one of the factors that contributes
to the overall reduction in the predicted levels of expression of the chicken B and
Act88F genes.

Table 3.6. A comparison of the 5’ promoter gene sequences of yeast PGK, yeast actin, chicken § and
Act88F, immediately upstream of the initial ATG codon. The extra 4 base pairs upstream of the initial
ATG in the Act88F and chicken P genes are highlighted in bold, (see figure 3.7).

gene sequence
-5 =1
~yeast PGK 5'=-ATATAARACA ATG-3'
yeast actin 5'-TGAATTAACA ATG~3'
chicken B 5'-GCAGCCAGCC ATG-3'
Act88F 5'=-AACTGCCAAG ATG-3'
Act88F/chicken B 5'=AGATCCGTCC ATG~3'
in pYC27

The fact that pYC27 chicken B and pYC27 Act88F were expressed to different levels,
despite being under the control of identical promoters, suggests that the even lower
comparative expression levels of the Act88F gene are probably not due to a reduction

in the efficiency of transcription.
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Unfavourable codon usage in heterologous genes may be another factor that reduces
expression. There is a lot of controversy over whether rarely used, “sub-optimal”
codons within a gene can reduce translational efficiency by slowing down the
elongation process (Sharp and Li, 1986, Emst and Kawashima, 1988; Sharp and
Cowe, 1991). A comparative analysis of the codon usage in the Act88F, chicken 8 and
yeast genes was performed in the hope of identifying unfavourable Act88F codons

which would account for the reduced expression of this gene in yeast, (see table 3.9).

Synonymous codons are rarely employed at equal frequencies within a host genome.
Prokaryotic and eukaryotic genes exhibit species-specific codon usage patterns that
involve a marked prefe;ean for the employment of “optimal” synonym codons. This
biased codon usage is mostly displayed in genes that are expressed to extremely high
levels. For instance, the yeast PGK, GAPH (glyceraldehyde-3-phosphate
dehydrogenase) and ADH I (alcohol dehydrogenase I) genes respectively utilise only
46, 29 and 33 of the 61 possible codon triplets, of which 25 are used almost

exclusively in each.

The preference of yeast nuclear genes for particular codons is thought to correlate
closely to the abundance of their isoacceptor tRNA species within the cell (Tkemura,
1982). Optimal codons found in highly expressed genes are preferentially translated by
the most abundantly accessible tRNA molecules, thus ensuring that translational
elongation and therefore efficiency is not limited. Yeast genes that are only expressed
to low levels within the cell show a marked reduction in their codon bias, thus utilising
a wider variety of the synonymous codons. Some of these codons are not found in
highly expressed genes and this reflects the reduced frequency of their cognate tRNA
molecules within the cell.

Codon frequency is a measure of the number of times a particular codon appears in the
reading frame of a gene. Sharp and Cowe (1991) performed a cumulative codon
frequency analysis of 575 yeast genes, which included those expressed to high and low
levels, and enabled the identification of the overall species-specific codon bias shown

by yeast, (see table 3.7). Through the comparison of the codon usage of 30 high and
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low biased genes, the identities of the optimal and unfavourable codons was
established. This analysis confirmed the presence of 22 ideal codons, (encoding 18
amino acids), originally described by Bennetzon and Hall (1982), in the majority of
severely biased genes. From this thesis, as expected, 26 sub-optimal codons, (encoding
11 amino acids), were rarely employed in these genes and were designated as being
unfavourable due to their frequency representing less than 5% of the total usage for a

particular amino acid.

The codon usage of a particular organism is a measure of the mutational bias of its
genome which could tend to either an A/T or a G/C rich composition. Whereas the
former would favour triplets such as Phe, Tyr, Ile, Asn and Lys, a G/C rich content
would exhibit mainly Pro, ,Né, Ala and Gly codons. A subsequent nucleotide
composition study was performed for the 4c188F, chicken 3 and yeast Act/ * genes in
order to establish their underlying mutational bias, (see table 3.8).

Whereas the overall nucleotide composition of each gene is not notably different, the
base identities at the third positions of codons in Acf88F, yeast and to a lesser extent,
chicken B-actin genes are biased. The yeast gene shows an A/T preference in contrast
to the G/C bias of the Act88F gene and chicken B~actin genes. To assess whether their
tendency towards a G/C content at the wobble position significantly affects their codon
usage, the codon frequehcie’s of the Act88F and chicken B-actin genes were compared

to those of the 575 yeast genes, (see table 3.9).

Table 3.8 The overall and third position G/C content of the Act88F, chicken § and yeast Act! * genes.
Values were calculated using a programme from Sharp and Cowe (1991). The contents are expressed
as a fraction, with a value of 1 representing 100% G/C content and a value of 0 representing 100%
AJ/T content. A value below 0.25 is significantly A/T biased.

_ Act88F | chicken B Actl”
G/C content - 0.595 0.533 0.439
G/C content at third position 0.767 0.593 0.378
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Although the codon usage of the Act88F and chicken P-actin genes revealed no
significant differences in comparison to the overall usage derived from 575 yeast
genes, the Act88F sequence has a greater codon usage bias than the chicken sequence.
By assigning unfavourable codons in the Act88F and chicken B-actin genes as those
that occur at a frequency twenty times greater, (over 5% higher), than those of their
synonym codons in the highly expressed yeast genes, a codon frequency comparison of
the 2 heterologous and the 30 highly expressed yeast genes identified a number of sub-
optimal codons. These would almost certainly limit the high level expression of the

chicken B and Act88F genes if codon usage was an influential factor in this process.

On the whole, of the 15 and 13 sub-optimal codons identified in the Act88F and
chicken B coding sequences lr_e;pect.ively, 11 involve the same synonymous codon, thus
emphasising the codon bias of highly active yeast genes. Additionally, all of the
unfavourable heterologous codons correspond to one of the 26 sub-optimal codons
found in the highly expressed yeast genes, thus predicting their low level expression in

a yeast host.

All of the limiting codons in the Acz88F and chicken B-actin gene sequences, with the
exception of Val GUA, have a G/C base at the third position of the codon triplet. The
higher G/C content in Act88F :cdmpared to the chicken B-actin gene may account for
the slightly higher frequencies of unfavourable codons in the former, (see table 3.9).
These may define the codon bias that ultimately limits expression of ACT88F in yeast

in comparison to the chicken B-actin isoform.

There are conflicting views about whether the codon usage of a particular gene affects
its ultimate expression. Resynthesis of E. coli (Abate 1990) genes to replace sub-
optimal codons with more favourable ones, and vice versa, in yeast (Hoekema, 1987)
showed a relationship betwgen unfavourable codons and low level expression.
Conversely, Emst and Kawashima (1988) found no correlation between a range of
codon biases synthetically engineered into the same gene and the level of gene
expression. Unfavourable codon usage may therefore not be such an important factor

for heterologous expression.
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If codon usage is a factor in the level of gene expression, then the moderate levels of
the chicken B actin gene produced under the combined control of a strong PGK and
high copy number 2p plasmid, (see section 3.1.1), could be explained by its possession
of the 13 sub-optimal codons. described above. Conversely, if codon usage does not
influence expression, it suggests that the major tRNA species, that normally favour the
elongation of exactly complementary codons, are also able to translate heterologous
triplets that are only complementary to the anticodon at the first two positions
(Bennetzen and Hall, 1982). Although this selection of the tRNA species against
wobble pairing would be thought to lower the translation rate of unfavourable codons,

this may not be the case for expression under conditions which are optimal for growth.

It is not really known why the levels of the Act88F expression in this system are
reduced. A suggestion that Ehé mstablhty of Act88F mRNA defines the reduced
expression levels could be mvestlgated by Northern blotting of chicken B-actin and
Act88F RNA with specific probes to identify any deviations from the expected sizes
and amounts of each transcript. Ultimately, the recovery of only a few micrograms of
protein per litre indicates the current unsuitability of this system for the large scale

expression of Drosophila ACT88F actin.
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CHAPTER FOUR: ACTSSF purification from Drosophila melanogaster

Biochemical and biophysical mutational studies on actin usually require milligram
quantities of protein. Such quantities have only been obtained by the Dictyostelium
discoideum and Saccharomyces cerevisiae “expression” systems. An effort to express
the Drosophila ACT88F isoform in yeast showed that although recombinant protein
expression was possible, the amounts generated were not sufficient for biochemical

- investigations, (see figure 3.8).

With the large number of ACT88F mutants available, and the effects of three of these
on fibre mechanics (Drummond et al., 1990; Sparrow ef al., 1991a; 1991b) attention
was turned to the isolation of pure ACT88F from Drosophila melanogaster. This was
plausible since a single fly has a wet weight of about 1 milligram, 20% of which is
derived from the IFMs. In turn, the protein content of these muscles is represented by
a tenth of the total IFM welght corresponding to 20ug. With actin comprising 25% of
this total protein content, one fly therefore possesses Spg of ACT88F, a significant

quantity of actin if purification from hundreds of flies is envisaged.

Drosophila melanogaster has been extensively used for the in vivo characterisation of
a number of actin mutations, (see section 1.5.1.4 and 5.1.1), (Drummond et al., 1991a;
Sparrow et al., 1991a; 1991b; 1992). However, its use as a system for generating large
quantities of pure ACT88F i;_ hindered by the presence of five other actin isoforms
(Fyrberg et al., 1983). Although the kinetic and biochemical studies of ACT88F
preparations, “contaminated” with these mixed isoforms, has been able to characterise
the effects of two ACT88F mutations (Anson ef al., 1995), the absolute consequences
of these mutations may be diminished by the presence of the other Drosophila actin

isoforms.

Two strategies were adopted to generate pure ACT88F from Drosophila. The first
concerned the small scale, micrqgram purification of ACT88F from 10 pairs of

dissected IFMs, which provides sufficient material for many in vitro motility assays.




The second procedure was developed to isolate milligram quantities of pure ACT88F
from 10,000 flies, (equivalent to 10g wet weight).

4.1 A mini-actin purification scheme from flies
4.1.1 Introduction
4.1.1.1 Actin purification

Since the discovery of actin by Straub (1942) in rabbit skeletal muscle extracts, a great
deal of work has concentrated upon developing various conditions that optimise the
isolation of milligram quantities of pure, stable actin from skeletal muscle tissue.
Pardee and Spudich (1982) incorporated the best of these specialisations into an actin
purification scheme that is used by most researchers to date and is briefly outlined

below.

The first stage involves the homogenisation of muscle tissue which facilitates actin
extraction by exposing individual myofibrils. Myosin removal by depolymerisation and
subsequent centrifugation is next performed by extracting the disrupted muscle tissue
in a high salt buffer. The resulting, extracted myofibril pellet is then washed and
dehydrated into an acetone powder, a procedure that denatures some proteins,
including tropomyosin, and also enables the long term storage of actin in this crude

form.

A low salt ACEX, (ACtin EXtraction buffer), buffer is used to depolymerise and
extract the actin present in the acetone powder. This buffer is supplemented with ATP,

whose role is to maintain the functional stability of actin monomers. Extracted actin is

polymerised by the addition of KCl, Mg” and ATP to final concentrations of SOmM,

2mM and 1mM respectively to generate F-actin which is then isolated by high speed
centrifugation. A following cycle of actin depolymerisation and repolymerisation, and
the addition of KCl to a concentration of 0.6M, enhances the purity of actin (Spudich
and Watt, 1971). The latter step is used specifically to “cut™ tropomyosin and any
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other thin filament associated proteins away from F-actin. Actin purity can be assessed
by 1D SDS-PAGE and the final product is preferentially stored in the more stable F-

actin form at -80°C.
4.1.1.2 Small scale purification of ACT8S8F from ten pairs of IFMs

The study of ACTS88F using actin isolated from Drosophila melanogaster is
complicated by the fact that this isoform co-purifies with the five other endogenous
actin isoforms. However, ACT88F expression is restricted to the IFMs (Fyrberg ef al.,
1983) and represents the sole actin isoform expressed in these tissues (Ball et al.,
1987). An actin preparation on these muscles alone would yield pure ACT88F. As
outlined above, in theory, actin extracted from 200 flies would isolate one milligram of
pure ACT88F, assuming that 100% recovery is possible. In reality, this sort of
preparation is not feasible since the dissection of IFMs from this number of flies would
be incredibly labour intensiye‘.'However, since only a few micrograms of actin is
sufficient for the perfoxmancé :of many in vitro motility assays, the micro-purification

protocol of ACT88F from a few Drosophila flight muscles was developed.

This is an abbreviated version of the Pardee and Spudich (1982) protocol and is used
to purify actin from ten pairs of dissected IFMs. Since this actin preparation is
dependent upon the polymerisation of actin, the low salt extraction of this small
amount of starting material was limited to a 60ul volume such that the critical
concentration for polymerisation could be surpassed. Ten flies will contain about 25ug
of ACT8S8F, (half of the _v?.lgg quoted in section 4.1 because dissection of only one set
of IFMs, the DLMs, is performed). A 1% recovery of actin would therefore generate
an actin concentration of 0.25ug/60ul, (4.16ug/ml), which is exactly equal to the
critical actin concentration for polymerisation, (ie. A..=0.1uM in the presence of Ca®’,
(4.2pg/ml), (Sheterline and Sparrow, 1994). With a greater than 10% actin extraction
efficiency expected, polymerisation and therefore actin recovery using this mini-actin

preparation was anticipated.
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4.1.2 Materials and methods

4.1.2.1 Dissection of the IFMs

All manipulations were performed under a light microscope. Flies were anaesthetised
using ether and the heads and abdomens were removed. The thoraces were then
mounted into a Plasticine groove and a longitudinal slit down the dorsal midline was
made using a fine tungsten needle. Split thoraces were then transferred to a transparent
dish and immersed in cold YMG [20mM KPO,, 50% (v/v) glycerol, 0.5% (v/v) Triton
X-100, 2mM MgCl,, 1mM DTT, ImM NaNj3, pH 7.0].

With a pair of fine forceps, the thorax was held and cut in half along the dorsal
longitudinal slit with microsurgical scissors. A fine tungsten needle was used to cut
muscle attachments to the cuticle and tease the IFMs away. These were now stored in
YMG at -20°C until needed.

4.1.2.2 Actin preparation buffers

High salt extraction buffer : 20mM KPO,, 500mM KCl, pH 7.0.

ACEX buffer : 2mM Tris-Cl, 0.2mM CaCl;, 0.2mM ATP, 1ImM DTT, pH 8.0.

10X polymerisation buffer : 50mM Tris-Cl, 500mM KCl, 20mM MgCl;, 10mM
ATP, pH 8.0.

4.1.3 Results
4.1.3.1 The mini-actin preparation

All manipulations were carried out in Eppendorf tubes on ice, unless stated, and all

spins, with the exception of the final one, were performed in a bench-top,
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microcentrifuge at 13,000rpm for 2 mins. The mini-actin preparation is outlined in

figure 4.1.
(i) Acetone powder preparation

The 10 pairs of muscles dissected in YMG were spun to a pellet. The supernatant was
removed and the pellet homogenised in 500u! of the high salt buffer using a fine-tipped
glass probe. After 2 mins extraction, the muscles were spun down and the supernatant
again removed. As seen from figure 4.2, lane 2, a 20pl aliquot of this high salt wash

contained a significant amount of extracted myosin.

The muscles were then resuspended and left to wash for 30 seconds in 1ml of double
distilled water. The above time limit was strictly adhered to since prolonged exposure
appears to extract actin and will therefore lower the final yield. After spinning the
muscles into a pellet once more, they were washed once more in 1ml of water for the
same limited period as before. Water washes were essential to dilute any salt remaining

in the muscle pellet before the subsequent extraction of actin at low salt.

The muscles were then washed with 500u! of 50% acetone. No attempt was made to
resuspend the material which formed a gelatinous pellet under these conditions. After
spinning, the supernatant was removed and 500yl of 100% acetone was added. Again,
no attempt to resuspend the pellet was made. The supernatant was removed after a
further spin and the pellet was allowed to air dry at room temperature to form the

stable acetone powder as described above.
(ii) Actin extraction and polymerisation

To extract actin, the acetone powder was homogenised in 30ul of ACEX using the fine
glass probe and incubated for 45 mins at RT. This material was then spun and the actin
supernatant carefully removed to a Beckman TL100 tube. The acetone powder was
then re-extracted as above and the two 30ul aliquots were pooled. Analysis of this low
salt extract, (figure 4.2, lane 4), revealed that actin was the most abundant protein. The
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Figure 4.1. An outline of the different stages involved in the mini-actin preparation of pure ACT88F

from the IFMs dissected from ten flies.

Dissect IFMs from
ten flies in YMG

1 spin 13,000rpm/2 mins

Homogenise pellet in 500ul
high salt buffer for 2 mins/RT

spin 13,000rpm/2 mins

\ 4

wash pellet 2x 1000ul H,O

# spin 13,000rpm/2 mins

wash pellet 1x 500p1 50% acetone

spin 13,000rpny/2 mins

wash 1x 5001 100% acetone
-to give acetone powder

1 spin 13,000rpm/2 mins

extract acetone powder 2x with
30ul ACEX buffer for 45 mins/RT

1 spin 13,000rpmy/2 mins

pool 2x 30ul extracts, add
110 volume 10x polymerisation buffer
' ~and incubate 2hours/RT

1

add solid KCl to 850mM and
incubate for 5 mins/RT

YMG

20mM KPO, pH 7.0

2mM MgCh

50% (v/v) glycerol
0.5% (v/v) Triton-X100

imM DTT
1mM NaN,

high salt buffer
20mM KPO, pH 7.0
500mM KC1

ACEX
2mM Tris pH 8.0
0.2mM CaCl,
0.2mM ATP
1mM DTT

10X pol. buffer
S0mM Tris-Cl pH 8.0
500mM KC1
20mM MgCl,
10mM ATP

1 spin in Beckman 100Krpm/10 mins/4°C

resuspend F-actin pellet
in 251 assay buffer
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protein content of the extracted acetone powder, (figure 4.2, lane 3), showed that a lot
of actin and myosin remained in this pellet. The pooled actin extracts were polymerised
for 90 mins at RT by the addition of one tenth of the volume of the 10X
polymerisation buffer. A further cycle of depolymerisation/repolymerisation (Pardee
and Spudich, 1982) was omitted to minimise losses from an already small amount of

material.
(iii) ACTSSF yields and purity

To assess whether removal of the thin filament associated proteins could be achieved
by raising the KCl concentration prior to ultracentrifugation, two separate actin
preparations were performed in tandem, one with added KCl and the other without. As
seen from figure 4.2, (lanes 5 and 6), the addition of the KCl is essential for the
isolation of pure ACT88F. Whereas the actin in the untreated extract co-sediments
with a number of F-actin associated proteins, the latter are absent in the treated
extract, indicating a highly pure ACTS88F preparation. Subsequently, prior to
ultracentrifugation, soii?i KCl was added to the polymerised extract to give a final
concentration of 850mM KCl. A high speed spin at 100,000rpm was performed in a
Beckman ultracentrifuge for 10 mins at 4°C.

From 1D SDS PAGE, it was estimated that S5ug of pure ACT88F can be recovered
from ten pairs of dissected IFMs using this mini-actin preparation. Although this only
represents a 20% recovery rate from the starting material, it provides enough material
for many in vitro motility assays. The higher 55KDa band seen above the 43KDa actin
band corresponds to arthrin, an ACT88F actin-ubiqutin complex that co-purifies with
ACTSSF actin (Bullard et al., 1985, Ball et al., 1987). An assessment of the purity of
the isolated ACT88F actin was also made using 2D gel electrophoresis, (see figure
43). As expected for a pure ACT88F preparation, there were only two spots,
corresponding to ACT88F mod" and ACT88F mod", with the former representing the

more basic, mature form (Mahaffey et al., 1985). Again, the higher 55KDa arthrin spot
migrates to a more basic pl than the ACT88F isoforms.
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Final F-actin pellets were resuspended in 25ul of ACEX, labelled with rhodamine-
phalloidin, (see section 5.2.3), and then stored for up to 2 weeks in the dark at 4°C,

prior to the in vitro motility assay.
4.2 The isolation of pure ACTSSF from ten thousand flies
4.2.1 Introduction

The large scale actin extraction from Drosophila melanogaster developed by
Drummond (unpublished, outlined in Anson et al., 1995) was based upon procedures
described by Saide et al. (1989), Pardee and Spudich (1982) and Szilagyi and Chen Lu
(1982). From 100g of starting material, (100,000 flies), only 6mg of purified actin,
containing more than one isoform, was attainable using this method. The observation
that the mini-actin preparation, described above, gave a higher percentage recovery of
actin prompted its direct scale-up to accommodate 10,000 whole flies as opposed to
10 pairs of IFMs. Subsequent actin preparations (Lawn and Sparrow, unpublished)
gave yields of Smg of rela_tively pure actin from 10g of whole flies. This ten-fold
increase in yield over the Drummond actin preparation was almost equivalent, in terms
of extraction efficiency, to the mini-actin preparation, although the latter extracted

ACTSSF alone as opposed to the six different Drosophila actin isoforms.

Despite the increased yields of actin from this scaled up isolation, the problem of
removing ACT88F from the other “contaminating” actin isoforms remained. Any
attempts to isolate ACT88F would have to exploit differences in the basic properties of
these isoforms. As shown in_table 1.3, adult Drosophila express six actin isoforms that
exhibit distinct tissue-’speciﬁc expression patterns (Fyrberg et al., 1983). The two
cytoplasmic isoforms, ACT42A and ACTSC, are expressed in undifferentiated cells
while the two predominantly larval expressed actin isoforms, ACT87E and ACTS7A,
are found mainly in the adult intersegmental muscles. ACT88F and ACT79B are |
examples of two muscle-specific isoforms. ACT88F expression is restricted to the
IFMs and that of ACT79B is localised to the thorax and the leg muscles. Each of these

actin isoforms has the same mqlecular weight, but different pls, the latter determined
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by the 374 amino acids that they contain (Horovitch et al., 1979; Fyrberg et al,
1983). |

A comparison of the primary sequences of these actins revealed a high degree of
sequence homology that is exhibited by most actin isoforms. With reference to the
ACTSSF isoform, ACT42A represents the most divergent isoform with 18 amino acid
differences, (95.2% sequence homology). ACT87E was the most similar isoform to

ACT88EF, displaying only 9 residue substitutions, (97.6% sequence homology).

The 2D gel electrophoresis of Drosophila actins revealed that they migrate as three
distinct spots, types I, II and I11, in order of increasing basicity, with pls of 5.70, 5.77
and 5.84 respectively (Horvitch et al,, 1979; Fyrberg et al., 1983), (see figure 4;4).
The type I spot is believed to represent the ACT57A muscle specific actin isoform
whilst the type II spot defines a mixture of five isoform species, the Act88F, Act79B,
Act424, Act5C and Act87E gene products (Fyrberg er al., 1983). The ACTSSF at the
latter position is thought to be incompletely modified actin, mod, which is
subsequently post-translationally modified to ACT88F mod* (Mahaffey et al., 1985).

Although the exact nature of this modification is unknown, it clearly endows the
ACTB8SF isoform with a more basic charge which is manifested by its migration to the
type III position in 2D gels. An additional spot at 55KDa, that migrates to an even
more basic pI than the type III spdt, is arthrin, an ACT88F-ubiqutin conjugate (Ball ez
al., 1987). Although the function 6f this protein is not known, it is predicted that 1 in
every 7 actin monomers is étably ubiquitinated in vivo. Since 7 actin monomers
represent the helical repeating unit of F-actin in muscle thin filaments, it suggests that

the incorporation of arthrin into each unit may have some functional significance.

Since ACT88F has the most basic charge of the actin isoforms, an effort was made to
isolate it from the other Drosophila isoforms by anion exchange chromatography. This
separates proteins on the basis of charge differences which can be as small as that of a
single charged amino acid. The binding affinity of a particular protein to the matrix is
determined by a combmatnon of its net charge and overall surface charge density. The
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pH of the system also plays an important part. A pH above the isoelectric point of a
protein endows it with a net negative charge and allows its binding to a anion
exchanger. Conversely, at a pH below its isoelectric point, a net positive charge
ensures that the protein will bind to an cation exchanger. Since proteins lose their
activity outside a certain pH range, a strong ion exchanger, which remains charged
over theé pH range in which the protein is stable, has to be adopted. Actin has an
isoelectric point around 5.5 and remains relatively stable at pHs between 7 and 8.5.
Subsequently, an anion exchanger was used for the separation of the Drosophila actin

isoform mixtures.

A number of chromatographic procedures are used to isolate recombinant actins from
endogenous host cell isoforms. For instance, Sutoh ef al. (1991) and Johara et al.
(1993) express mutated Dictyostelium 15 actins which have a charge differential in the
fecombinant protein that enables its subsequent isolation from the endogenous actins
by anion exchange chromatography. Sutoh ez al. (1991) employed a DEAE-5PW
HPLC column that is a medium strength anion exchanger. Upon application of the
mixed actin extracts to the column, the Dictyostelium 15 recombinant and endogenous
actins could be eluted off as separate peaks using a linear gradient of 0-500mM NaCl
in a 20mM Tris-Cl, pH 8.0 buffer.

Karlsson (1988) developed a system for the expression and subsequent separation of a
recombinant chicken P-actin from the endogenous isoform of Saccharomyces
cerevisiae using hydroxyapatite chromatography. Although the mechanism of this
matrix is not really understood, it was routinely employed by Karlsson’s group to
isolate many chicken B-actin mutations expressed in yeast (Aspenstrom and Karlsson,
1991; Aspenstrém et al:? 1292a; 1992b; 1993). The hydroxyapatite matrix used in this
system was purchased from the Clarkson Chemical Company, USA. Application of the
mixed actin preparation to the column was followed by elution of the actin with a
linear gradient created by the mixing of buffer A (SmM KPO,, 0.5mM DTT, pH 7.6)
and buffer B (40mM KPO,, 1.5M Glycine, 0.5SmM DTT, pH 7.6).
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The following sections will describe how anion exchange chromatography was applied
to the problem of isolating the ACT88F isoform from the mixture of the other

Drosophila actin isoforms.
4.2.2 Materials and methods
4.2.2.1 Actin preparation

Flies were grown and then stored at -20°C prior to the actin preparation. The method
used to isolate actin was a scaled-up, slightly modified version of the mini-actin
preparation described in the previous section. The actual isolation of actin from
Drosophila melanogaster was performed in two stages. The first stage involved the
formation of acetone powder from 50g, (50,000), flies. Since actin is stable in this
form, acetone powder was stored at -20°C until the second stage of the preparation,

where the extraction of actin was to be performed.
(i) Preparation of the acetone powder

All spins during the acetone powder preparatioﬂ were performed in a Sorval at
13,000rpm for 20 mins at 4°C, unless stated otherwise. The 50g of flies were
homogenised, according to the method of Saide et al. (1989), in 600ml of YMG, (see
section 4.1.2.1), supplemented with ImM DTT, 0.7p.M pepstatin A, 0.5uM leupeptin,
2uM antipain, 0.1mg/ml soybean trypsin inhibitor and 0.5SmM PMSF (the latter added
immediately before use). The homogenate was then spun at room temperature and the
supernatant removed. The myoﬁb;il_lar pellet was resuspended in 600m! of the high salt
extraction buffer, (see section 4.1.2.2). After stirring on ice for 10 mins, the mixture

was spun once more.

After removal of the supernatant, the pellet was resuspended in 600ml of ice cold
deionised water and spun immediately. This water wash was repeated once. The pellet
was next resuspended in 6 volumes of ice cold 50% acetone by stirring on ice for 5

mins. This preparation was then spun in the Sorval at 13,000rpm for Smins at 4°C,
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after which the supernatant was removed and the pellet resuspended in 6 volumes of
ice cold 100% acetone. After again stirring on ice for 5 mins, and spinning in the
Sorval at 13,000rpm for 5 mins at 4°C, the supernatant was removed and the pellet
allowed to air dry at room temperature overnight. From 50g of flies, a typical
preparation yielded about 10g of acetone powder which was stored at -20°C
indefinitely.

(ii) The extraction of actin from acetone powder

Actin extraction was performed upon 2g of acetone powder at a time. This was
resuspended in 20ml of ACEX, (see section 4.1.2.2), and extracted at 4°C with
occasional stirring. This mixture was then spun in a Sorval at 19,000rpm for 15 mins at
4°C. The supernatant, representing the actin extract, was removed and stored upon ice.
The pellet was then re-extracted with 10ml of ACEX for 60 mins at 4°C. After
spinning as before, the supernatant was removed and pooled with the initial extract. A
tenth of the extract volume of 10X polymerisation buffer, (see section 4.1.2.2), was

then added and polymerisation was allowed to proceed for 2 hours at 4°C.

After polymerisation, solid KCl was added to the F-actin extract to a final
concentration of 800mM. After incubation for 10 mins at 37°C, this preparation was
spun in a Beckman TL-100 at 90,000rpm for 20mins at 4°C. The pellet was finally
resuspended in 3mls of ACEX and homogenised thoroughly. The actin stock was then
dialysed for 24 hours with at least 3X 1 litre changes of ACEX. The optical density at
Azso-Asto, With an extinction coefficient of 0.62/cm%mg, was used to estimate the
molarity of the actin stock, which was subsequently diluted to a concentration of
1mg/ml with ACEX and stored at 4°C prior to use.

4.2.2.2  Preparation Q‘f,‘ the samples and buffers for anion exchange

chromatography

All buffers were filtered through 0.45uM Millipore filters, thoroughly degassed and

equilibrated to a temperature of 4°C before use. The mixed actin samples stored at 4°C
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were sonicated for 3X 30 secs, (each burst being separated by 30 secs intervals on ice),
in order to fragment any F-actin in the sample. These preparations were then spun in a
Beckman TL-100 at 90,000 rpm for 20 mins at 4°C. The actin supernatant was

removed and loaded onto the column within an hour.
4.2.2.3 Collection of the fractions after elution from the column

Since most anion exchangers do not bind ATP, all actin fractions were collected into
Eppendorf tubes containing an amount of ATP that would produce a final

concentration of 0.5mM.
4.2.2.4 Mono Q column purification

Prior to each run on a 1ml Mono Q anion exchange column, (Pharmacia), the column
matrix was equilibrated with 10 volumes of the starting buffer. The sample was then
loaded onto the column and washed with 5 column volumes of starting buffer. Next,
the appropriate gradient was programmed into the FPLC controller and elution was
initiated. All column equilibration, sample loading and elution gradient schemes were
performed at a flow rate of 1ml/min and a temperature of 4°C. The gradient controller
recorded the elution point qf each peak and the fractions corresponding to each peak
were automatically colle‘ctAed‘ m either 200 or 300ul volumes by a fraction collector
linked to the FPLC controller. At the end of a gradient programme, the column was
washed with 5 volumes of the elution buffer alone to ensure that all bound material
was released from the column. The mono Q column was then washed with 5 further

column volumes of the starting buffer prior to the equilibration stage of the next run.
4.2.3 Results

Initial attempts to isolate ACT88F from the five other Drosophila actin isoforms
employed the hydroxyapatite chromatography method of Karlsson (1988). However,

during numerous, unsuccessful attempts at separation, only one run gave partial

purification of ACT88F, (data not shown). Flow rates exceeding 0.1 ml/min caused the
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hydroxyapatite columns to pack and block further buffer flow. In light of these
problems, a more efficient chromatographic medium was sought for the isolation of
ACTSSF.

The Mono Q matrix is a strong anion exchanger that is analogous to the DEAE-5PW
(Tosoh) FPLC column that was used by Sutoh et al (1991) to resolve the
Dictyostelium actin isoforms. This matrix is constituted from 10uM diameter beads
that are coated with quaternary amine groups, (see Pharmacia handbook on ion
exchange chromatography), and has a much better flow characterisation than DEAE-
5PW. These columns were used in conjunction with an FPLC system (Pharmacia) and
withstood flow rates of up to 2ml/min, effectively enabling isoform separation within

minutes.

It was decided to releas.e acﬁn bound to the Mono Q column using a linear gradient
from 0-500mM NaCl, an elution profile that was described by Sutoh et al., (1991).
However, where the latter study employed a pH of 8.0, the buffer pH in the present
study was optimised for Drosophila actins prior to attempts at separation. Pharmacia
recommend that for separation mediated by an anion exchanger, the pH of a buffer
gradient should be at least 1 pH unit above the isoelectric point of the protein of
interest. Additionally, at an ionic strength of 0.1M, proteins begin to dissociate from an
jon exchanger when the buffer pH is at, or within, 0.5 pH units of their isoelectric point
(Lampson and Tytell, 1965). An optimal pH is usually one that is a single pH unit
above the isoelectric point, where the protein of interest is able to bind, but is easily
released upon a slight increase in salt. Therefore, any differences in charge bétween
individual proteins, which could be diminished at a higher starting pH, will be
accentuated by the optimal pH.

Horovitch et al. (1979) and Fyrberg et al. (1983) demonstrated that Drosophila actin
isoforms have a pl range betwéen 5.7 and 5.84. A pH of 7.0 was chosen for the start |
and elution buffers since it v'v\aS Both sufficiently distant from the isoelectric point of the
Drosophila actins to allow adequate binding to the matrix, and close enough to enable

the differential binding affinity to, and consequently elution from the Mono Q matrix.
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4.2.3.1 The Mono Q separation of the Drosophila actins

A pilot run was performed to test the Mono Q anion exchanger’s ability to separate the
ACTSSF isoform from the mixture of Drosophila actins. Upon the application of a WT
actin preparation to the column, it was eluted using a 10 min linear gradient of 0-
500mM NaCl in 20mM Tris-Cl, pH 7.0. The resulting chromatogram possessed six
individual peaks, (see figure 4.5). SDS-PAGE confirmed that the latter cluster of four
were the only peaks that were protein-derived, corresponding to actin. These actin
* peaks eluted off the column between 300-450mM NaCl in the salt gradient.

The utilisation of a shallower, 30 min linear gradient from 0-500mM NaCl greatly
enhanced separation of the four peaks, (see figure 4.6), allowing the individual protein
content of each to be established by 1D and 2D gel electrophoresis, (see figure 4.7 and
4.8). The four actin peaks were labelled A, B, C and D, according to the order in
which they were released ﬁ'c;m the Mono Q column, peak A therefore representing the
first eluant, and peak D the last.

In anion exchange chromatography of a protein mixture, the most basic proteins
normally elute from the column first. This was the case here; peak A was shown to
contain arthrin alone, (see figure 4.7). Peaks A, B, C and D correspond well, both in
their relative elution and magnitudes, with the charge positions and sizes of arthrin and
the type IIL, II and I actin spots seen on 2D gels of the mixed Drosophila actins, (see
figure 4.4). This correlation therefore predicts that peak B contains pure ACT88F
mod’. Similarly, peak C is thought to define the ACT79B, ACT88F mod", ACT87TE,
ACT42A and ACT5C isoforms whilst peak D contains the ACTS57A isoform.

Samples from peaks B, C and D were analysed by 2D gel electrophoresis, (see figure
4.8, upper panel, #4, #9, #12). Instead of the single type I spot that would be expected
for peak D, two major isoform spots were apparent. In contrast, each fraction from the
top of peaks B and C migrated asa single spot, signifying that pure ACT88F could be
isolated as peak B using the Mc;no Q anion exchanger.
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0.33mg of WT actin, 0.1 AUFS
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Figure 4.5. A chromatogram showing the elution of 0.33mg of WT actin from a Mono Q column
using a 10 min linear gradient from 0-500mM NaCl in Tris-Cl, pH 7.0.




0.2mg of WT actin, 0.1 AUFS
30min linear gradicnt, Tris-Cl, pH 7.0
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Figure 4.6. A chromatogram showing the elution of 0.2mg of WT actin from a Mono Q column using
a 30 min linear gradient from 0-500mM NaCl in Tris-Cl, pH 7.0. The elution points, (mM NaCl), for
each of the four actin peaks A, B, C and D are also shown,
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One limitation of 2D gel electrophoresis is that it does not allow direct comparison of
the charges of two individual protein samples in the absence of charge standards.
Therefore, it could only be assumed that the single isoform spots from each peak
would migrate to alternative isoelectric points. To prove that each spot represented an
individual isoform, 2D gel electrophoresis of different combinations of peak samples
was performed, (see figure 4.8, lower panel). This investigation showed that the actins
in peaks B and C were clearly distinct isoforms. Interestingly, a combination of either
peaks B or C with peak D revealed that one of the two isoform spots found in peak D
coincided with either the type III or type II actin spot from peaks B and C respectively.
The other peak D spot was therefore thought to be a conventional type I actin spot.

Additional 2D gel analysis of samples from the base of each peak, (see figure 4.8,
upper panel, #3, #7, #10), revealed multiple isoforms, thus indirectly confirming the
individuality of the actins in each peak as shown by the peak combination gels. This
isoform heterogeneity in the base fractions signified that pure ACT88F could only be
obtained from samples at the top of each peak. Subsequently, the overall resolution of
the separations had to be improved in order to achieve large yields of completely pure
ACTSSF.

A further extension in the duration of the elution gradient duration was used to
enhance peak resolution. Since the four actin peaks eluted off the column between
200mM and 300mM NaCl in a 30 min linear gradient, a new gradient profile was
programmed in which the timé taken to increase from 150mM to 300mM NaCl was
lengthened from 9 min to 28 mms A buffer pH 6.5, as opposed to pH 7.0, was used to
try and enhance separation of the different peaks. Investigation into these and other
factors that may increase the efficiency of separation is described below. The extended
gradient run represented a three step elution profile. The initial phase involved an
increase from 0-150mM NaCl over 5mins, followed by the less severe rise from 150-
300mM NaCl, and the final phase producing an increase from 300-500mM NaCl in §

mins.

108




The extended 28 min gradient from 0-500mM NaCl in MOPS, pH 6.5 revealed a
greatly improved peak separation, (see figure 4.9). Whereas before, there was no real
lag between the end of peak B and the start of peak C, a delay of about 90 seconds

was apparent between these two peaks during the extended run. 1D SDS-PAGE and |
2D gel electrophoresis was again performed to estimate the efficiency of isoform

separation, (see figures 4.10 and 4.11).

Peaks B and C each constituted a single actin isoform with a distinct pl, (see figure
4.11, upper panel, #3, #10). The actin in peak D once again migrated as two spots,
(see figure 4.11, upper panel, #14). Analysing a combination of peaks D and B showed
that one of the two peak D spots co-migrated with the type III peak B actin spot, (see |
figure 4.11, lower panel). This was confirmed by the non-o&erlap of this peak D spot
with the type II actin spot upon combination of peaks C and D. The enhanced isoform
separation of the extended elution programme was emphasised by the fact that even

the fractions at the bottoms cf each peak constituted pure isoforms.

Using this optimised system, the complete isolation of the ACT88F isoform from a
mixture of the Drosophila isoforms was now possible. The procedures that were used

to optimise and ascertain the potential of Mono Q separation are described below.

4.2.3.2 Optimisation of the elution gradient profile for the separation of the

Drosophila actin isoforms

A number of experimental fé&ors such as pH, the binding capacity of the matrix,
counter-ion identity, temperature and flow rate are expected to affect the resolution of
jon exchange chromatography. All manipulations in this study were performed at 4°C
and involved the application of a gradient from 0-500mM NaCl to the column. The
effect of the gradient duration is analogous to the flow rate through a system. Both of
these factors affect the dynamic capacity of a matrix. An increase in the flow rate or
gradient duration will increase the dynamic capacity of the matrix and therefore
enhance the efficiency of chromatographic separation as shown above for the extended

gradient. Highlighted below are three chromatographic separations which investigate

109




1mg of WT actin, 0.2 AUFS
28min extended gradient, MOPS, pH 6.5
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Figure 4.9. A chromatogram showing the elution of 1.0mg of WT actin from a Mono Q column using
a 28 min extended gradient from 0-500mM NaCl in MOPS, pH 6.5. The elution points, (mM NaCl),
for three of the four actin peaks A, B and C are also shown.
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0.25mg of WT actin, 0.1 AUFS
30min linear gradient, MOPS, pli7.0
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Figure 4.12. A chromatogram showing the elution of 0.25mg of WT actin from a Mono Q column
using a 30 min linear gradient from 0-500mM NaCl in MOPS, pH 7.0. The elution points, (mM
NaCl), for the four actin peaks A, B, C and D are also shown.
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a pH of 6.5, the latter was employed in the optimised, extended gradient, (see figure
4.9).

(iii) The effect of sample loading capacity on chromatographic resolution

The binding capacity of an ion exchange matrix is determined by its ability to associate
with counter-ions. The Mono Q matrix has an extremely high capacity in which a 1ml
column is able to bind 25mg of protein. This is advantageous, both in terms of time
and percentage recovery, since it enables the separation of milligram quantities of
protein in one chromatographic run, (Pharmacia handbook) . There is a limit, however,
where an increasing amount of sample loaded onto the column becomes detrimental to
the resolution of peak separation. A run was performed in which 2mg of WT actin was
applied to the column, followed by elution with a 30 min linear gradient of 0-500mM
NaCl in Tris-Cl, pH 7.0, (see figure 4.14).

The separation of 2mg of Drosqphila actin, representing almost a third of a large scale
actin preparation generated a similar actin peak distribution to an identical run
performed with 0.2mg of aétin; (see figures 4.6 and 4.14). Although 2mg is nowhere
near the binding capacity for the Mono Q matrix, the fact that this quantity did not
curtail resolution indicated that hundreds of micrograms of ACT8SF could be isolated
during one column run. This therefore enables the separation of enough material for

biochemical study using a single Mono Q run.

The aforementioned experiments helped to establish the conditions used to define the
28 min extended gradient from 0-500mM NaCl in MOPS, pH 6.5. Although this
protocol is probably not optimfsed for maximal separation, it is routinely used to purify
the ACTS88F isoform from Drosophila actin preparations. A lower pH, in conjunction
with a suitable buffering agent, or a doubling of the gradient time may further enhance

the separation of the actin isoforms.
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The actin isoform identity of peak B(i) is unknown. However, the revelation of this
actin peak, due to the earlier elution point of E93K-ACT88F mod’, suggests that this
isoform may constitute a small fraction of peak B in WT actin preparations, where its
presence is obscured by the more abundant ACT88F mod" isoform. The earlier elution
of peaks A and B during the separation of the E334K actins closely matched those of
the E93K mutation, (see figure 4.17). The two minor peaks, B(i) and B(ii) were again
apparent, although in different relative proportions to those seen for the E93K
preparation. The latter difference may be generally attributed to the fact that the

relative proportions of each of the actin isoforms varies in different actin preparations.
4.2.3.4 Anion exchange of the ACT88F null mutant, KM88

To establish that peak B(i) was not an artefact of the E93K and E334K actin
mutations, the chromatographic profile of KAM88, an ACT88F null was analysed, (see
figures 4.18 and 4.19). Since an actin preparation from this mutant only contains
ACT79B and cytoplasmic actin isoforms, elution would be expected to produce peaks
C and D alone. Application of the extended elution gradient to a KMS88 sample
revealed the presence of three individual peaks. The‘ second and third peaks were
depicted as the ACT79B and cytoplasmic isoforms respectively because they eluted off
the column at concentrations corresponding to peak$ C and D in the extended gradient
run for WT actin, (see figure 4.9). The first peak was thought to portray the B(i) peak
seen in the E93K run. Its elution at 203mM NaCl is identical to the position that peak
B would elute from in a WT sample, (see figures 49 and 4. 18). This signifies that peak
B does not represent absolutely pure ACT88F. It also predicts that type III actin spots
in 2D gels of whole fly actin preparations may constitute two, as opposed to one actin

isoform.

4.2.4 Discussion
Drosophila melanogaster has been extensively used as a system for studying the in

vivo effects of ACT88F mutants (Drummond et al., 1991a; Sparrow et al.,, 1991a;

1991b; 1992). However, although these and many other mutations were characterised
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Figure 4.18. A chromatogram showing the elution of 0.25mg of KM88 actin from a Mono Q column
using a 28 min extended gradient from 0-500mM NaCl in MOPS, pH 6.5. The elution points, (mM
NaCl), for the three actin peaks, B(i), C and D are also shown.
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by various in vitro studies (Drummond et al., 1991a; 1991b; 1992; Hennessey et al.,
1991) further biochemical analysis was limited by the inability to acquire sufficient
quantities of pure mutant proteins. The aim of this work was to isolate pure ACT88F
from Drosophila such that these additional studies could be performed.

The observation that only small quantities of actin are required for in vitro motility
assays prompted the development of the mini-actin preparation. This was subsequently
able to isolate about Spg of pure ACT88F from 10 WT or mutant flies, providing
enough material for many motility assays and in vifro force measurements using an

optical trap (Molloy, unpublished).

By scaling up the nﬁni-actix}__f;eparation, milligram quantities of the mixed actin
isoforms could also be purified from thousands of flies, where ten thousand flies
represents the population from 20 milk bottle cultures. Subjecting this large scale actin
extract to anion exchange chromatography demonstrated that the different isoforms
could be resolved into one arthrin and three major actin peaks. These corresponded
directly to the four spots seen on 2D gel electrophoresis of the different Drosophila

actin isoforms, (see figure 4.4), and predicted that peak B represented pure ACTS8SF.

Anson et al. (1995) estimated the percentage fraction of total actin that each of the
Drosophila actin isofogms é’épregénted by performing gel densitometry on 2D gels
showing the total actin' of E9:3K mutant flies. This mutation causes the £93K-ACT88F
mod- isoform to shift away from the type II position, such that the content of this and
all of the other actins can be quantified, (see figure 4.16). Anson stated that the arthrin,
ACTS88F mod’, ACTSSF mod. , ACT79B+ACT42A+ACTSC+ACTSTE and ACTSTA
isoforms portray 5.9%, 24.8%, 10.7%, 34.1%, 24.5% of the total actin content
respectively and suggested that the relative proportions of these would be about the

same in different actin preparations.
The current study also enabled a direct measure of the proportion that each actin

isoform represented of the total actin isolated. Although an accurate representation of

the content of each isoform could be determined by comparing the square areas of
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each peak, a simple comparison of the peak heights revealed that for almost every
chromatographic run with different actin preparations for éach genotype, the relative
heights of analogous peaks were highly variable. This suggests that estimates of each
actin isoform fraction from gel densitometry of an £93K preparation (Anson ef al.,
1995) may not reflect the true amounts of these actins in different preparations. Since
anion exchange chromatography provides a highly sensitive means for rapidly and
accurately assessing the content of a mixture of proteins, it implied that the percentage

fraction of each actin isoform may differ between individual actin preparations.

According to the conventional classification of the Drosophila actins, the type III actin
spot seen in 2D gels is thought to represent pure ACT88F mod” (Mahaffey et al.,
1985). The subsequent isolation of peak B during the anion exchange chromatography
of mixed Drosophila actin i_ééforms was therefore thought to be a pure ACTSSF
isoform. However, the presence of peak B(i) in E93K, E334K and KMSS
chromatograms suggests that peak B in WT runs is comprised of a major ACTSSF
mod" component and a minor amount of this unknown actin isoform. This protein is
known to be encoded by a gene other than the Act88F gene since its charge is not
affected by the E93K mutation and it is present in the KA788 ACTSSF null mutant.

In an attempt to identify which Drosophila actin constitutes peak B(j), variation in the
primary sequences of each of the actin isoforms was analysed. Attention was focused
upon the amino acid substltutlons at charged posmons The net charge of each
Drosophila actin isoform was predicted as described in section 3.1.2. Here, positively
and negatively charged residues were assigned equivalent but opposite unit charges.
The addition of these allowed an approximation of the relative net charge of each

isoform, (see table 4.1).

This analysis revealed that out of all the amino acid substitutions between the six
different actin isoforms, only two involved a non-conservative change at a charged
position. Where residue Q263 was a histidine in ACTSC, Q360 in ACT57A was an
aspartic acid.
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Table 4.1. The total number of times a charge residue appears in the primary sequence is highlighted
for each Drosophila actin isoform. Each basic residue is assigned a single positive unit charge, (+1),
and each acidic residue is denoted a single negative unit charge, (-1). The addition of these unit
charges provides an overall net charge for each actin isoform.

arginine lysine histidine aspartic glutamic | net charge
acid acid
ACTS88F mod 18 19 9 23 26 -3*
ACT79B 18 19 9 21 28 -3
ACT42A 18 19 -9 21 28 -3
ACTSC 18 19 10 21 28 -2
ACTS87E 18 19 9 22 27 -3
ACTSTA 18 19 9 22 28 -4

* note that this figure reflects the charge of ACT88F mod™ isoform and does not account for the
unknown modification that generates ACT88F mod® (Mahaffey et al., 1985).

The sequence comparisons above .suggest that all of these actin isoforms, with the
exception of ACT5C and ACT57A, should constitute peak C and migrate to a type II
position in 2D gels. Where ACTSC should migrate to a type III position, ACTS7A is
predicted to reside at a type I position. On the whole, these net charges were
confirmed by a study in which fluorograms of 325 methionine labelled proteins on 2D
gels showed that each of the Drosophila actins translated in vitro migrated as a major
type II spot and a minor type III spot, except for ACTS7A which translated to a major
type I and a minor type II actin. The minor forms observed in this study were not

expected to accumulate in vivo (Fyrberg et al., 1983).

The only anomaly in the above comparison regards the ACTSC isoform. Whereas
Fyrberg et al. (1983) predicted that this actin forms a stable type I product, sequence
comparisons in the present study favour the possibility of ACTSC representing a type
INI actin. This discrepancy could be explained by the fact that since the Fyrberg ef al.
(1983) study, re-sequencing of the Drosophila actin genes (Sparrow and Fyrberg,
unpublished) found differences in the nucleotide sequences. It was from the updated
nucleotide sequences that the isoform charges from table 4.1 were predicted. It was
therefore postulated that the ACT5C isoform may constitute peak B(i) and would
consequently co-nligratg with'the ACTS8F mod" isoform to the type III position on

2D gels of a whole Drosophila actin extract. Studies analysing the thoracic actin
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unknown modification to ACT88F. Peptide sequencing of the actin in peak B(i) could

settle this inconsistency.

Anion exchange chromatography of a Drosophila actin preparation has therefore
allowed the isolation of what was previously thought to represent pure ACT88F. The
contaminating type III actin species represents less than 10% of the protein content of
peak B when the heights of peaks B and B(i) are compared in the ES3K
chromatogram. Peak B therefore represents a relatively pure ACT88F isoform
preparation that can be used to further the biochemical study of ACT88F mutations
using assays that require upwards of 100ug of purified actin.
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CHAPTER FIVE: THE IN VITRO MOTILITY ANALYSIS OF DROSOPHILA
ACTSSF MUTANTS

5.1 Introduction
5,1.1 Four ACTS8SF mutants of Drosophila melanogaster

In vitro motility assays enable direct observation of the effects of actin and myosin
mutants upon actomyosin interactions and ultimately provide insights into the ways in
which these two proteins interact within the contractile cycle. The in vitro motility of
four Drosophila actin mutants, G368E, E316K, E334K and E93K, was tested under
varying assay conditions. The previous extensive in vitro and in vivo characterisation
of these mutants has demonstrated that their abnormal phenotypes could be due to

defective interactions with myosin, as well as a number of other cytoskeletal proteins.

The Act88F actin mutants, G368E, E316K and E334K were all generated by the
random in vitro mutagenesis of the Act88F gene (Drummond et al., 1991a) and then
transformed into the germline of an ACT88F null host strain, KAM88, using P-element
vectors (Drummond et al., 1990; 1991a). The E93K mutation was isolated after

chemical mutagenesis of flies by selection for a dominant flightlessness phenotype.

Examination of IFMs by electron microscopy revealed that each of the aforementioned
mutants formed a discernible muscle structure, unlike three other Act88F mutants that
had been introduced into Drosophila (Drummond et al., 1991a). G368E and E316K
caused only minor defects in muscle structure which were visible as disturbances to
the thick and thin filament laﬁice at the periphery of the myofibrils. £334K and E93K
IFMs displayed a greater degree of disruption. Electron microscopy of E93K IFMs
showed that although myofibrils contained thick and thin filaments, there was an
absence of Z-discs, and subsequently, sarcomeric structure (Sparrow ef al., 1991b).
This myoﬁbriliar disruption of E93K was attributed to a defective interaction with a Z-

disc protein such as a~actinin. Although electron microscopy was not performed for
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HMM. The filament velocity of G368E was seen to decrease by 16% and 19%
compared to WT over HMM and myosin substrates respectively. The E3/6K mutant
exhibited WT filament velocities over a HMM surface but showed a 15% reduction

over myosin.
5.1.2 Variation of the conditions during in vitro motility assays

Motility assays are normally performed under a set of standard conditions. These are
optimised for maximal filament velocity with respect to their ATP content and ionic
strength, the latter determining the stable binding of the actin filaments to the surface.
Although the velocities of mutant filaments over a myosin substrate under standard
conditions can provide a lot of information about the actomyosin interaction, more
insights can be gained by performing the in vitro motility assay under different

conditions that shift the equilibrium towards particular states of the crossbridge cycle.
5.1.3 Altering the ionic strength in the motility assay

In muscle, the affinities of the weakly bound states, M.ATP and M.ADP.Pi, (see figure
1.7), for actin are known to increase with decreasing ionic strength or temperature.
Mechanical studies performed on skinned skeletal muscle fibres demonstrated that in
relaxed muscle at physiological ionic strength, (0.17M), crossbridges exist
predominantly in a weakly bound state (Brenner ef al., 1982). In low ionic strength
buffers, (20mM), these weak crossbridges bind more tightly, and whereas before they
offered little resistance to stretch, they could now be detected through measurements
of increased fibre stiffness. Gulati and Podolsky (1981) demonstrated that ionic
strength has a profound eﬁ_‘ec} on isometric tension in skinned frog muscle fibres.
Although the shortening vélocity was unaffected between 100 and 260mM ionic
strength, it started to decrease below 100mM and fell to 55% of its original value at
50mM ionic strength.

Takiguchi ez al. (1990) varied KCI concentration in the in vitro motility assay to assess

the effects of ionic strength on the movement of rabbit skeletal muscle actin over rabbit

121




skeletal muscle myosin, HMM and S1 coated surfaces. Using the standard motility
assay, they sequentially perfused a buffer containing increasing concentrations of KCl
into the same flow chamber and recorded velocity measurements at each point. By this
protocol, they were able to show that moving actin filaments washed off the surface
above a critical ionic strength termed the “wash off” point. At this ionic concentration,
weak actomyosin binding was thought to be drastically reduced (Takiguchi er al.,
1990).

In vitro filament velocity rises steadily with an increase in ionic strength up to the
critical wash off concentration, (see figure 5.4), (Takiguchi et al., 1990, Harada et al.,
1987; Umemoto and Sellers, 1990; Vale and Fumio, 1990; Warshaw et al, 1990;
Homsher ef al.,1992). The fe&uced velocities at low ionic strengths were attributed to
an enhanced, weak actomyosin binding that may subsequently impart an internal
resistance to actively stroking, strongly bound heads, thus retarding their action
(Somlyo et al., 1988; Sellers ef al., 1985; Warshaw ef al.,, 1990, Homsher et al.,
1992). The decline in the degree of this weak binding as the ionic strength is raised will
reduce the effect of “internal load” upon stroking heads and therefore corresponds to

the observed increase in filament velocity.

Although the in vitro assays confirm the ionic strength dependence of the velocity of
shortening exhibited in work with muscle fibres, the “wash-off” phenomenon in vitro
restricts velocity measurements to ionic strengths below a critical concentration which
are much lower than those used in muscle studies. Uyeda et al. (1990) overcame this
hurdle by including 0.7% methylcellulose in the assay buffer. This acts as a viscosity
enhancing agent that mimics the action of weak actomyosin binding and minimises the
lateral diffusion and displacement of actin filaments from the surface by Brownian
motion. This subsequently enables observations of filament movements at ionic
strengths above the critical concentration. Through the employment of methylcellulose,
Homsher et al. (199i) shéwed that filament velocity increased from that of the
previous critical concentration of 60mM up to 150mM ionic strength.
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action of different, actively stroking heads may affect the kinetic parameters. Warshaw
et al. (1990) described such an effect with reference to the uncoupling between
filament velocity and the myosin ATPase activity in solution. This concerned the
presence of a small number of damaged or “dead heads” on the myosin surface which
behave periodically in a rigor-like manner, thus impeding the movement mediated by
actively cycling crossbridges. Whereas a half maximal rate of hydrolysis in solution
reflects the occupation of 50% of the myosin ATP binding sites, the analogous value in
the motility assay is represented by the half maximal filament velocity. If in vitro
filament movement occurs over a surface containing a few dead heads, movement will
be retarded. Subsequently, a greater saturation of the myosin heads on the surface will
be required to recover the lost velocity, therefore exaggerating the true values of K

and Vi, Obtained from motility assays.

Kron and Spudich (1986), Umemoto et al. (1989), Umemoto and Sellers (1990) and
Cook et al. (1993) have all proposed that filament velocity in the in vitro assays cannot
be correlated directly with the steady state actin-activated myosin ATPase activity in
solution because these two processes are limited by different steps in the ATPase
kinetic cycle. Whereas the actin activated ATPase activity in solution is limited by the
release of inorganic phosphate from the A M.ADP.Pi complex, filament velocity has a
kinetic limitation during ADP release from the AM.ADP complex (Siemankowski et
al., 1985). |

5.1.5 Mutational analysis of actomyosin by the in vitro motility of actin mutants

Actomyosin interactions can be investigated by generating mutations in actin and then
analysing them in terms of their S1 binding or myosin affinity, myosin ATPase
activation and in vitro motility. Researchers have introduced specific mutations into a
number of different actin genes including Dictyostelium 15, chicken B, yeast and
Drosophila actins. In all of the in\/'estigations described below, myosin binding affinity,
actin activated myosin ATPase activity and in vitro motility assays were performed
with skeletal muscle myosin and its subfragments as the substrates. These studies

therefore represent a heterogeneous analytical system in which the actomyosin
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cytoplasmic and non-muscle isoforms in this region, e.g. yeast and chicken B-actin

respectively in the case of this overview, (see table 5.11).

Two charge reversal mutations D3K/D4K in chicken B-actin (Aspenstrom et al,
1992b) and DIH/D4H in Dictyostelium 15 actin (Sutoh et al., 1991) were both shown
to disrupt the actomyosin interaction. D3K/D4K was incapable of binding S1, had an
abolished actin activated ATPase activity and displayed no in vitro motility. In
contrast, DIH/D4H exhibited the normal arrowhead pattern upon S1 binding, a
reduced myosin ATPase activation, which was attributed to a reduction in the Vi and
not the Ka, of the myosin ATPase, and a 79% reduction in in viro filament velocity.
These conflicting results were surprising in light of the fact that both mutations
introduced a charge reversal into a similar region of the N-terminus, bestowing each

mutant with the same overall charge in this area, (see table 5.1).

Two mutations in the chicken B-aétin isoform, D34/D44 and D34/D4A (Aspenstrom
et al., 1992), a charge deletion and charge neutralisation respectively, were also shown
to have their myosin ATPase activation abolished. The disruptive effects of these
mutants were as expected, less severe than those of D3K/D4K, with D34/D44 and
D3A4/D4A exhibiting a 63% and 34% reduction in filament velocity respectively and
both generating distorted arrowhead binding patterns upon S1 decoration. A charge
neutralisation D2N/E4Q, or a charge deletion ADSE mutation in yeast actin (Cook et
al. 1992) produced similar effects to the chicken B-actin mutation, resulting in a large
reduction in the actin activated myosin ATPase activity, and in the case of the former,

a loss of in vitro motility.

Although the aforementioned are not identical mutations, the fact that charge
neutralisation mutations in yeast and chicken B actin isoforms displayed more dramatic
effects than charge reversals in Dictyostelium 15 actin demonstrates the importance of
actin isoform variation in the analysis of heterogeneous protein interactions. The
identity of the actin isoform involved may be as much a contributing factor to the
strength of the actomyosin Qisruption as the nature of the mutation itself. Since the N-

terminal sequence of Dictyostelium 15 actin suggests that it is a muscle-specific actin,
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(see table 5.11), this isoform may therefore possess a greater overall affinity for rabbit
skeletal muscle myosin. Subsequently, Dictyostelium 15 actin may be more able to
tolerate amino acid substitutions at the N-terminus than the two other non-muscle actin
isoforms, thus minimising the disruption to its actomyosin interaction. In accordance
with this observation is the fact that charge neutralisation mutants in yeast actin
generate more dramatic effects in these assays than their analogous mutations in
chicken B-actin. The predicted lower affinity of yeast actin is understandable
considering this isoform’s lower overall sequence homology and acidic N-terminal

charge in comparison to that of the vertebrate actin isoform.

The yeast actin mutation 44c possesses an N-terminus which incorporates 2 extra
acidic residues so that it resembles a skeletal muscle N-terminus. Although this
mutation did not affect in vitro motility, it enhanced the actin activated myosin ATPase
activity threefold (Cook et al., 1992). Despite this, the level of activation was still only
30% that of skeletal rabbit myosin activated by skeletal rabbit actin. These results
suggest that maximal in vitro motility may only require at most four acidic residues in
the N-terminus. An increase in the number of acidic residues in the actin N-terminus
does not necessarily mean that myosin ATPase activation will be enhanced. The
increase in ATPase activation seen in 44c may be due to yeast actin possessing an
intrinsic capacity for improvement in its ATPase activity since its N-terminus is less
acidic than most isoforms. This particular mutation indirectly enables an assessment of
how vital the unconserved residues in yeast actin are in influencing ATPase activation
and in vitro motility. A yeast actin with a skeletal muscle actin N-terminus still has a

reduced actin activated myosin ATPase with respect to rabbit actin.
(ii) Residues 24-25

These residues comprise the second half of the primary ionic binding site. A charge
reversal mutation D24H/D25H in the Dictyostelium 15 actin gene (Johara et al., 1993)
resulted in a total abolition of myosin ATPase activation. Mutant filaments were able
to bind to the surface in rigor in. the motility assay, but washed off upon the addition of

ATP. The yeast charge neutralisation mutation D244/D25A (Miller and Reisler, 1995)
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exhibited similar properties to D24H/D25H. In addition to a greatly reduced myosin
ATPase activation and the filaments washing off in the motility assay, this mutant was

also shown to possess a reduced myosin binding affinity.

The effects of the mutations at residues D24/D25 closely resemble those at the N-
terminus, strengthening the idea that both regions form part of the primary ionic
interaction. Disruption of these sites may abolish or reduce the weak initial binding of
actomyosin and subsequently diminish the overall affinity/formation of this complex.
This would result in the aforementioned phenotypes; a loss or distortion of S1
decoration, a loss or reduction in the ATPase activation and absence of in vitro
motility. These actomyosin disruptions were generally observed for most of the

primary ionic binding site mutations.

Upon the inclusion of a viscosity enhancing agent, methylcellulose, in the assay buffer,
the diffusion of D244/D254 mutant filaments from the surface under Brownian motion
was prevented. The severity of the previous in vitro phenotypes was reduced and
mutant filaments exhibited ‘an in vitro motility equivalent to that of WT. This
observation suggests that the ionic interaction abolished by the D244/D254 mutation
is essential for the initial formation of the actomyosin complex. Without it, the overall

actomyosin affinity and rigor complex formation is significantly reduced.

5.1.5.2 The secondary actomyosin binding site

The secondary actomyosin binding site involves the loop 91-100 in subdomain IA on
actin. This contains three ac1d1c residues, E93, E99 and E100 and it may, like the
primary ionic binding site, be involved in initial contacts which stabilise the overall
actomyosin complex. In order to test the ionic nature of this interface, mutagenic
studies similar to those on the primary ionic interaction were performed. A charge
reversal mutation of Dictyostelium 15 actin, E99H/E100H (Johara et al., 1993),
generated actin filaments with reduced filament velocities. The effects of this mutation
were similar to those of DIH/D4H, (Dictyostelium), (Sutoh et al,, 1991) and less

128







Method

The myosin stock prepared from the protocol above, and stored in glycerol, was
precipitated by the addition of 10 volumes of cold deionised water. After spinning at
17,500g for 10 mins, the myosin pellet was dissolved in an equal volume of a high salt
buffer [0.SM KCl, 20mM imidazole-HCl, ImM DTT, 2mM MgCl;, pH 6.5].
Proteolytic digestion was performed for 10 mins at 23°C after the addition of TLCK-
treated o-~chymotrypsin to a final concentration of 0.02mg/ml. The reaction was
stopped by the addition of Bowman-Birk inhibitor to a final concentration of
0.04mg/ml. This mixture was then dialysed overnight in an ice cold dialysis buffer
[0.1mM NaHCO;, 0.1mM EGTA, 1mM DTT, pH 6.5] to precipitate undigested
myosin. The undigested material was pelleted by centrifugation at 8,000g for 10 mins
and the O.D. at Axo-As4 Of the supernatant was taken to estimate the concentration.

The sample was divided into 50-100pl aliquots which were drop frozen in liquid

nitrogen.
5.2.1.2 Rabbit skeletal muscle actin preparation

Rabbit actin was prepared from acetone powder according to a modification, made by
Vassillis Kyrtatas (Thesis, York University, 1987), of the procedure of Pardee and
Spudich (1982).

5.2.2 Visualisation of actin filaments

A green light, (EF, 54§FSIQ.25, excitation filter, Andover Corp., Salem, NH), from a
mercury arc lamp was focused through a “hot mirror”, (DM = 820DCSP, Omega
Optical, Brattleboro, VT), into the microscope epifluorescence light path via a custom
built port. Fluorescently labelled actin was visualised using an intensified CCD camera,
(“Photon - P46036A”, EEV, Chelmsford, UK\), coupled to a barrier filter, (BF2 =
LP590,‘Zeiss). Bright field illumination, (100W halogen lamp), was used to produce a
high magnification video image, (CCD camera, P46310, EEV), and an Acroplan 100X,
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2.5 N.A. objective and an Optovar 2.5X insert were used to obtain the desired image

magnification.

5.2.3 Rhodamine-phalloidin labelling of actin filaments

Rhodamine-phalloidin, (Molecular Bioprobes, Inc.’), was made as a 6.6uM solution in
methanol. This was then divided into 2ul aliquots, each aliquot subsequently containing
12.3pmoles of rhodamine-phalloidin, (RMM rhodamine-phalloidin = 1305), and stored
in the dark at -20°C. For optimal labelling, about 10pmoles of actin was added to each

aliquot and stored on ice under darkened conditions.
5.2.4 Motility assay

The in vitro motility assays were performed generally according to the methods of

Kron and Spudich (1986), Toyoshima ef al. (1987) and Kishino and Yanagida (1988).

All the assays performed in the present study utilised the same batch of rabbit skeletal

muscle HMM substrate and were performed within a few days of each other.

Observations of movement were camed out at a constant temperature of 23°C (+/-
0.5°C).

Prior to flow cell construction, a large No.1 coverslip, (50mm by 24mm), was coated
on one surface with a thin, even layer of 0.1% nitrocellulose, (in amyl acetate), (Uyeda
et al., 1991). This was achieved by pipetting Spl of the solution onto the coverslip,
gently spreading the drop over the surface using the edge of an Eppendorf tip and then
allowing the film to dry. Next, two parallel strips of Apiezon grease, approximately
20mm apart, were applied to one sxde of a clean microscope slide and the coverslip,
nitrocellulose surface facing downwards was placed onto the two strips of grease so
that a cross-shaped flow cell was produced. The coverslip was then squashed onto the
slide with a light, even pressure until the grease strip reached a constant width, thus

producing an internal cell volume of around 50ul, (see figure 5.1).
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bubbles into the flow chamber. The HMM solution was allowed to bind to the
nitrocellulose coated inner surface of the cell for 1 min. Unbound motor protein was
then removed by the perfusion of 80ul of (AB-).' This contains 0.5mg/ml BSA which
coated any remaining unbound areas of the nitrocellulose surface. (Since BSA would
compete with HMM in the hydrophobic binding to the nitrocellulose surface, AB--,
and not AB-, was used when HMM was initially infused into the chamber).

A 1:70 dilution of the actin filament stock, (5-10nM), (Umemoto and Sellers, 1990)
was then perfused into the flow chamber and allowed to bind to the HMM surface for
1 min, or until a sufficient number of filaments bound per. frame was observed under
fluorescence microscopy. Since actin filaments fragment upon the addition of (AB+), it
was best to restrict the number of bound filaments at this stage, otherwise eventual
movement would be almost nnpossxble to track through a large number of moving
filaments. Excess, unbound filaments were then removed from the surface by the

addition of (AB-), leaving filaments stably bound in a rigor state.

Movement was initiated by the addition of (AB+), containing a saturating ATP
concentration, and was observed by fluorescence microscopy, (see section 5.2.2).
Although actin filaments started moving immediately upon the addition of (AB+), the
movement was intermittent at ‘ﬁrs't. After allowing the slide to equilibrate for 5 mins
under unexposed fluorescence conditions, subsequent sliding was smooth and
continuous. The average filament velocity for each genotype was calculated from the

combined filament movements from three different assay slides.
5,2.4.3 Effects of KCl concentration on motility

This assay was performed according to the method of Takiguchi et al. (1990). In vitro
actin filaments were bound in n'gor to the HMM substrate in a buffer, (AB-KCl-),
which lacks the 25mM KCl supplement thus enablmg equilibration at a basal ionic
strength concentration. The rate of movement at different ionic strengths was
determined by sequentially perfusing discrete, increasing concentrations of KCl, in

AB+, (see table 5.3), into the same flow chamber, allowing the slide to equilibrate, and
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then recording the movements of a number of filaments. The KCI concentration was
raised in SmM KCl increments. Velocities could only be recorded to levels up to
10mM KCl below the wash off point because filament motility became very unstable

and impossible to track accurately around the critical concentration.

The wash off points for each genotype were identified as the lowest KCI concentration
at which there were no filaments were seen to interact with the substrate surface. This
was sometimes complicated by the presence of actin filaments that were “nailed” to the
surface by dead heads. However, these were easily distinguishable from active
filaments that were trying to interact with the surface. As with the standard assay
measurements, the velocity measurements for each genotype were derived from a

combination of movements from three independent flow cells.

Table 5.3. The buffers used for the initial equilibration and subsequent variation of KCl in the in
vitro motility assay.

(AB-KCl-) standard AB- except for the absence of 25mM KCl
(AB+KCl-) standard AB+ except for the absence of 25mM KCl
(AB+KCl+) standard AB+ except for a 100mM KCI content

Due to the fact that severe filament fragmentation occurs at lower ionic strengths, it
was sometimes not possible to take velocity measurements through a full range of KCl
concentrations from one slide alone. Subsequently, two or even three slides were used

to obtain a full set of measurements, the extent of which varied with different

genotypes.

5.2.4.4 Effects of KCI concentration in the absence of ATP

This assay was carried out in an identical manner to the KCl variation assays with the
exception that increasing concentrations of KCl were added in (AB-) buffer, (see Table
5.4). The experiment was repeated twice for each genotype tested, with a single slide

being used for each full range of KCl concentrations.
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revealed an even distribution of fluorescence intensity along these cofilaments,

implicating the random distribution of the labelled and unlabeled monomers.

The two other £334K/WT copolymers, “segmented” and “block” copolymers, were
generated by mixing WT and E334K homopolymer populations and then allowing
them to anneal. Labelling WT filaments with substoichiometric ratios of rhodamine-
phalloidin and E334K filaments with a slight molar excess, prior to annealing, enabled
each homopolymer in a mixture to be distinguished upon the basis of the difference in
their fluorescence intensity. Upon filament annealing, preceded by sonication in the
case of segmented copolymers, individual monomer regions in either of the
aforementioned cofilaments could be visualised as striations. Whereas segmented
copolymers displayed short alternate stretches of E334K and WT monomers, block

copolymers were composed of a single stretch of WT monomers annealed to the end
| of a single stretch of mutant monomers. In contrast, most researchers generate '
copolymers through alternative methods which involve polymerising a mixture of two

populations of actin monomers which contains a defined proportion of each monomer

type.

The percentages of E334K and WT monomers in individual block cofilaments were
calculated from the filament lengths, (measured in Retrac, software written by Nic
Carter). These were then compared to the type and filament velocity of the block
cofilament being analysed, “type” referring to whether the E334K segment was

situated towards the pointed or the barbed end of the actin filament.
5.2.6 “Tracking”

«“Tracking” refers to the recording of an actin filament’s path and velocity as it moves
across the substrate surface. Filament movement was recorded onto videotape and a
frame grabbing package (measured in Retrac) was used to generate image files
representing 12 seconds of movement, with a capture rate of 0.45 frames per second.
Only those filaments which displayed a smooth continuous sliding movement for

periods greater than 3 seconds were “tracked” and their velocities recorded, (using
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Retrac). The average velocity of each filament was calculated and then mean of the

average velocities was 'determinefd for each genotype.
5.3 Results
5.3.1 Mutant ACT88F preparation

The mini-actin preparation, (see section 4.1.3.1), was used to recover aboﬁt Sug of
WT and each of the G368E, E316K, E93K and E334K mutant actins which were then
polymerised. It proved difficult to isolate E334K actin on several occasions despite a
WT actin preparation in tandem producing expected yields of actin. Attempts to isolate
actin from more flies, (20), in a smaller extraction volurﬁe, (25ul), did not solve this

problem. Additionally, all E93K actin preparations were seen to generate bundled actin

filaments, a property which hinders sliding and has been observed in other actin _

mutants. Howe\}ér; after a very brief sonication these actin bundles fragmented into

filaments which were only a few um long and moved well in the motility assay.

5.3.2 The in vitro sliding of rabbit and Drosophila actins under standard assay

conditions (SAC)

Rabbit and each of the Drosophila mutant actins were seen to bind strongly to the
HMM surface under rigor conditions in (AB-). Upon the addition of the standard assay
buffer, rabbit, WT, G368E and E316K mutant filaments began to slide immediately,

\-
exhibiting smooth, stable movement.

Under Standard Assay Conditions, (SAC), WT Drosophila actin was seen to move
10% slower than rabbit actin in the motility assay, (see table 5.5). Additionally,

whereas the in vitro vélocity of E316K mutant actin was insignificantly reduced by 6% -
R comp;red to WT, G368E showed a significant 35% reduction in motility, (see table

5.5). The velocity profiles, shown in 0.2um/s histogram bins, (see figures 5.2 and 5.3),
for rabbit and each of the Drosophila actins in the present study produced Gaussian

velocity distributions unlike that seen in a8 G368E actin study by Anson et al. (1995).
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Figure 5.4. The KCl variation in vitro motility assay for rabbit actin. The KCI concentration was varied
between 0-60mM KCl with rabbit actin washing off at 60mM KCI. Filament velocity is shown in pm/s
together with the standard deviations.




The wash off point for WT Drosophila was 50mM KCl, 10mM KCl less than that of
rabbit actin. This correlates with the reduced velocities of the Drosophila actins in
comparison to rabbit actin, suggesting that the former have a lower affinity for the
rabbit HMM substrate. Whereas the wash off point for G368E was unaltered with
respect to WT actin in this assay, E3J6K showed a slight reduction and E93K and
E334K a great reduction in the KCI concentrations that determined their wash off
points.

Table 5.6. The KCI concentrations, (mM KCl), that define the critical wash off points for the rabbit,
WT and mutant Drosophila actins, as determined using the KCI variation in vitro motility assay.

wash off points
Rabbit 60mM KCI
WT S0mM KCl
G368E S0mM KCl
E316K 40mM KCl
E334K 30mM KCl
| E93K 25mM KCl

The velocity reductions of the mutants in comparison to WT in the KCl variation assay
were closely analogous to the reductions in mutant filament velocity under SAC.
G368E mutant filaments displayed significant 26% and 28% reductions in motility with
respect to WT at the 10mM and 25mM KClI conditions respectively, figures which are
close to the 35% reduction obtained at SAC. The filament velocities of E316K at
10mM KCl were actually 6% higher than WT under the same condition. However, at
25mM KCl, the 4% decrease in velocity compared to WT matched the 6% reduction

seen under SAC.

At reduced ionic strengths, E93K filaments were able to move in vitro, albeit, at a
significantly reduced velocity which was 50% that of WT filaments, (see figure 5.5,
figure 5.6 and table 5.9). However, as expected from observations under SAC, these
mutant filaments washed off the surface as the KCl concentration was increased to
25mM, (see table 5.6). B
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Although the Vpux values for WT and the mutants are significantly different, a
Lineweaver-Burk plot of the filament velocities against the ATP concentrations
enabled the K., the ATP concentration that generates a half maximal filament
velocity, to be determined, (see figure 5.8). Any differences in the K. values of WT
and mutant actins subsequently allow a more accurate assessment of the effect of these

mutants upon the myosin ATPase activity, (see table 5.8).

From the Lineweaver-Burk plot, the Vi values of the mutants are clearly lower than
that for WT. The percentage velocity reductions of the mutants with respect to WT in
this assay, (Table 5.8), were compared to the analogous reductions of the mutants
under SAC, (10mM KCl for E93K), (see figure 5.6). Where the 39% and 57%
reductions of G368E and E93K filament velocity in this assay were similar to the

respective 35% and 50% reductions seen previously, the E3/6K reduction rose from

6% to 25%.

Despite the reductions in Vi, the Kva values for these mutants were quite similar,
ranging between 31 and 39uM ATP for the Drosophila actins. These figures are not
unlike those described by Kron and Spudich (1986). The absence of changes in the Ko
values for mutant filaments suggests that their lower filament velocities cannot be due

to a reduction in the actin activation of the myosin ATPase activities.

§.3.5 The in vitro motility of copolymers constituting different proportions of

E334K and WT actin

Homopolymers of E334K actin did not move under SAC or when the KCI
concentration was varied. To confirm the prediction made from the KCl experiments,
(Table 5.7), that E334K may not be able to form a full strength rigor complex, an
attempt was made to establish the effect that the copolymerisation of E334K and WT
monomers would have on in vitro motility. If the static binding of an £334K filament is
due to its crossbridge being locked in a rigor state, then E334K/WT copolymers would
not be expected to move. Conversely, if these mutants are unable to form a full

strength rigor complex, then E334K/WT copolymer movement will not be prevented
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by the presence of E334K monomers. Subsequent investigations revealed that
homogeneous, segmented and block copolymers, (see section 5.2.5), all moved under
SAC.

Homogeneous copolymers displayed a sliding velocity that was insignificantly faster,
(7%), than WT homopolymers under the same standard conditions, (see figure 5.9 and
figure 5.2, the latter for the WT control). These copolymers also exhibited a slight
instability upon the surface during movement which was not apparent in WT filaments.
Subsequent in vitro motility analysis of homogenous E334K/WT copolymers, in which
the KCl concentration was varied, showed that these cofilaments washed off the
myosin surface at 45mM KCl, a slightly lower concentration than that for WT

homopolymers, (data not shown).

After the mixing of two homopolymer populations of E334K aﬁd WT, each having a
different fluorescent intensity, the distribution of each monomer type in “segmented”
and “block” copolymers gave a striated appearance to the filaments under fluorescence
microscopy. By measuriné the length of each monomer block in a block copolymer
from fluorescence images, the percentage content of £E334K and WT monomers was
estimated and correlated with the in vitro velocity of that particular block copolymer.
This analysis could not be performed on the segmented copolymers because the runs of
each monomer type were too short to measure accurately from the fluorescence

images.

The even distribution of sonicated WT and E334K fragments in segmented copolymers
was confirmed by the rglatiyél; uniform fluorescence of these filaments. This was also
indicative of random copolymerisation and predicted that these cofilaments would
effectively have a 50:50 content of WT and E334K monomers that had longer and
more frequent consecutive runs of the different monomers than homogeneous
copolymers. Segmented copolymers exhibited significantly slower, intermittent sliding
under SAC in comparison to that of WT, (see figure 5.9). This comprised periods
when the filament was held to the surface in a similar manner to that seen in

interactions with dead heads.
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5.4.3 The in vitro motility of E334K actin
5.4.3.1 E334K homopolymers

The E334K filaments show no signs of movement in the in vitro motility assay under
any conditions, including saturating ATP concentrations. Furthermore, no signs of
filament fragmentation were seen upon the addition of ATP during in vitro motility at
SAC. Even at low ATP and KCl concentrations, where a large number of strongly
bound heads should be imposing a mechanical, shearing force upon the filaments that
facilitates their disintegration, £E334K filaments remained intact upon the myosin
surface. These observations’strongly suggest that E334K actin filaments are incapable
of forming a strong contact with the myosin head that holds a tension during force

generation and the subsequent power stoke event.

The lack of motility predicts that £334K F-actin could bind to myosin heads to form
crossbridges that reside predominantly in either one of two states during the contractile
cycle. The first constitutes a strong "rigor-like" contact which is not dissociatable by
ATP and is therefore mcapable of cycling and producing movement. The second
alternative state resembles a weaker binding, actomyosin complex that is dissociatable
by ATP, but unable to form the strong crossbridge contact that mediates the power

stroke.

Residue E334 lies in a short loop on the surface of subdomain IIA of the actin
monomer, (see figure 5.13). The lysine side-chain in this mutation is seen to protrude
further from the surface than the substituted glutamic acid side-chain. This appears to
significantly alter the surface charge in this region of the monomer which is proposed
as one of the strong myosin bir_:d}ng sites (Rayment et al., 1993b). Charge reversal at
this position could thereforg_hihdér the formation of a strong actomyosin contact and _

keep the E334K filaments in weakly bound crossbridge states.

E334K filaments were dissociatable by ATP at higher ionic strengths in the KCl

experiments, (see table 5.6). This could not be achieved by a crossbridge locked in a
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will be generally termed as “connectivity”. The mechanism and severity of connectivity
is dependent upon the nature of the modification and two “extremes” of action are

described below.

Skeletal muscle myosins can be chemically modified by NEM or pPDM treatment to
generate crossbridges that are unable to hydrolyse ATP, and therefore cycle (Pemrick
and Weber, 1976). Whereas NEM favours the formation of a tight binding of myosin
to actin, pPDM generates a weakly bound crossbridge state. The effect of these
strongly and weakly bound crossbridge analogues can be assessed by the in vitro
motility analysis of their copolymers with untreated myosins. If a modified monomer
had no negative effect upon in vitro motility, the cofilament velocity would be equal to
that of unmodified homopolymers, (i.e. filaments constituting unmodified monomers

alone), (see figure 5.14A).

Copolymers of unmodified rabbit skeletal muscle myosin possessing a content of
NEM-myosin greater than, or equal to, 1% conveyed no in vitro motility (Warshaw et
al., 1990). Additionally, when the proportion of NEM-myosin was reduced to less than
1%, cofilament-mediated velocity was indistinguishable from that of unmodified
homopolymers, (see figure 5.14B). This represents one extreme of connectivity and
suggests that NEM-myosin forms a rigor-like crossbridge of which only small amounts

are sufficient to abolish movement mediated by unmodified crossbridges.

One example of the weak extremity of connectivity was demonstrated by copolymers
of pPDM myosin with phosphorylated smooth muscle monomers (Warshaw et al.,
1990). Here, a modified monomer content below 75% did not affect the actin ﬁlament‘
velocity over cofilaments. Above this percentage, actin filament velocity was gradually
reduced to a minimum, but not abolished, at about 90% of a pPDM-myosin monomer

content, (see figure 5.14C).
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