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Summary

We have expressed in Escherichia coli a cDNA
clone corresponding broadly to rabbit light mero-
myosin (LMM) together with a number of modified
polypeptides and have used this material to investi-
gate the role of different aspects of molecular
structure on the solubility properties of LMM. The
expressed material was characterized biochemically
and structurally to ensure that it retained the coiled-
coil conformation of the native molecule. Full-length
recombinant LMM retained the general solubility
properties of myosin and, although soluble at high
ionic strength, precipitated when the ionic strength
was reduced below 0.3 M. Constructs in which the
'skip' residues (that disrupt the coiled-coil heptad
repeat) were deleted had solubility properties indis-
tinguishable from the wild type, which indicated
that the skip residues did not play a major role in

determining the molecular interactions involved in
assembly. Deletions from the N terminus of LMM did
not alter the solubility properties of the expressed
material, but deletion of 92 residues from the C
terminus caused a large increase in solubility at low
ionic strength, indicating that a determinant import-
ant for interaction between LMM molecules was
located in this region. The failure of deletions from
the molecule's N terminus to alter its solubility
radically suggested that the periodic variation of
charge along the myosin rod may not be as important
as proposed for determining the strength of binding
between molecules and thus the solubility of myosin.

Key words: myosin, coiled-coil, crystals, paracrystals, molecular
interactions, expression.

Introduction

Myosin is an important motor protein in both muscle and
non-muscle cells (reviewed by Harrington and Rogers,
1984; Warwick and Spudich, 1987). The function of myosin
depends on its ability to polymerize into macromolecular
assemblies that enable individual molecules to join forces
and produce a relative sliding of actin-containing fila-
ments. In striated muscle, myosin assembles into long,
bipolar thick filaments, which have been characterized
extensively (Squire, 1981; Vibert and Craig, 1983;
Crowther et al. 1985; Stewart et al. 19856; Cantino and
Squire, 1986; Stewart and Kensler, 1986; Kensler and
Stewart, 1989). Myosin also aggregates in smooth- and
non-muscle systems, but in these cases the structure of the
aggregates has not been determined with the same
precision as for skeletal muscle. In vitro, myosin aggre-
gates to form assemblies similar to those seen in vivo, and
so this is essentially a self-assembly process (Huxley,
1963). Consequently, although other factors may contrib-
ute to the precise arrangement ire vivo (and in particular
may control the length of the filament; see Atkinson and
Stewart, 1991), the structure of the thick filament is
determined largely by the properties of the myosin
molecules and the manner in which they interact with one
another.
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Myosin molecules have two globular heads (that
interact with actin to form the cross bridges that bring
about the relative sliding of the thick and thin filaments)
and a long rod-like tail that is formed by two alpha-helices
wrapping around one another to form a coiled-coil
(reviewed by McLachlan, 1984; Warwick and Spudich,
1987). The head and tail domains can be separated by
proteolysis (Lowey et al. 1969) and the tail can be further
cleaved to give an N-terminal fragment, termed subfrag-
ment-2 (S-2), and a C-terminal fragment, light meromyo-
sin (LMM). LMM retains the solubility properties of the
intact myosin molecule and, while soluble at high ionic
strength, aggregates under physiological conditions.

Although there are differences in detail, there are
several unifying themes in the manner in which myosin
heads are arranged on the surface of thick filaments from a
wide variety of species. In vertebrate skeletal muscle, for
example, the heads are arranged on a right-handed three-
stranded approximately helical lattice, with a helical
repeat of 43 nm, and a 14.3 nm axial translation between
successive crossbridge levels (Huxley and Brown, 1967;
Kensler and Stewart, 1983; Ip and Heuser, 1983; Cantino
and Squire, 1986; Stewart and Kensler, 1986). Invert-
ebrate muscle thick filaments have different numbers of
helical strands (4 in the case of arthropod muscles
(Stewart et al. 1981), 7 in the case of scallop striated
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muscle (Vibert and Craig, 1983)), but the helical repeat
(43 run) and the axial translation between crossbridge
levels (14.3 nm) are the same. These parameters probably
reflect the arrangement of the myosin rods in the core of
the thick filament, but this arrangement has not been
established in detail. These 43 nm and 14.3 nm repeats are
also found in paracrystals formed when the ionic strength
of LMM solutions is reduced to near physiological levels.
The paracrystals have distinct axial banding patterns that
are derived from the axial spacing of LMM molecules
within them and almost invariably these patterns are
based on multiples of 14.3 nm and commonly of 43 nm
(Kendrick-Jones et al. 1971; Katsura and Noda, 1973;
Safer and Pepe, 1978; Yagi and Offer, 1981; Quinlan and
Stewart, 1987; Ward and Bennett, 1989). These axial
staggers between molecules in paracrystals are thought to
reflect the preferred axial staggers between myosin rods in
thick filaments and so give a clue to the molecular
interactions important for filament assembly. Myosin
becomes increasingly soluble as the ionic strength and pH
are raised (Katsura and Noda, 1973). These data, together
with ultracentrifugation studies of myosin association
(Godfrey and Harrington, 1970a,6), indicate that interac-
tions involving ions (such as the formation of salt bridges
and the binding of small anions and cations) are important
for assembly.

All myosin rod sequences share common sequence
motifs (reviewed by McLachlan, 1984; Warrick and
Spudich, 1987), based on the heptad repeat characteristic
of sequences that form an alpha-helical coiled-coil (Crick,
1953; McLachlan and Stewart, 1975). Most prominent
amongst these is a periodicity in the sign of the charged
residues with a repeat of 28 residues (Parry, 1981;
McLachlan and Karn, 1982, 1983), so that overall there is
an alternation of positively and negatively charged zones
along the molecule. This pattern suggests that electro-
static interactions between molecules could provide the
energy necessary for myosin assembly if the molecules
were staggered by an odd multiple of 28/2 residues (Parry,
1981; McLachlan and Karn, 1982, 1983). In this context, it
is significant that the two staggers seen in thick filaments
and also in paracrystals both satisfy this condition:
staggers of 98 residues (7x28/2) and 294 residues
(21x28/2) correspond to axial translations of 14.3 and
43 nm, respectively. However, a very large number of
other staggers also satisfy this condition and so simple
complementation of charged residues cannot be the
complete explanation for the molecular interaction ge-
ometry observed in thick filaments. It may be that the
coiled-coil pitch of 14.3 nm, established for crystals of the
long S-2 fragment (Quinlan and Stewart, 1987), plays a
role in constraining staggers to multiples of 14.3 nm.

At four positions along the 1000-residue long myosin
rod, the regular heptad periodicity of hydrophobic residues
is interrupted by the insertion of an additional 'skip'
residue that may disrupt the local structure of the coiled-
coil (Parry, 1981; McLachlan and Karn, 1983; McLachlan,
1984). Such a local disruption may be consistent with
bends seen in isolated myosin molecules (Offer, 1990) and
may have a role in the precise packing of molecules into
thick filaments.

We describe here the expression of a cDNA clone
corresponding to most of the LMM region of rabbit skeletal
muscle myosin. Fragments with regions deleted from the
N and C termini of the recombinant LMM were also
expressed to define regions of the rod important for
assembly. These expressed proteins were characterized in

detail and their solubility properties and paracrystal
structure investigated. These results indicate that,
although the 28-residue charge repeat may be important
for determining the relative axial arrangement of mol-
ecules in the thick filament, the ability to assemble is
conferred by interactions that specifically require the
C-terminal region of LMM.

Materials and methods

Materials
All reagents were of analytical grade. Radiochemicals were
obtained from Amersham pic (Amersham, Bucks). Oligodeoxy-
nucleotides were synthesized by Terry Smith and Jan Fogg of this
laboratory using an Applied Biosystems (Warrington, UK) 380B
automated DNA synthesizer by the phosphate triester method
(Gait, 1984). Restriction endonucleases, polynucleotide kinase
and bacteriophage T4 DNA ligase were from New England
Biolabs (Beverley, MA). Klenow fragment of DNA polymerase,
calf intestinal alkaline phosphatase, and bovine pancreatic
RNAase were from Boehringer Mannheim (Mannheim, FRG).
Hen egg white lysozyme and chymotrypsin were from Sigma
Chemical Company (St Louis, MO). Expression vector pIN II A2
(Nakamura and Inouye, 1982) was a generous gift from Dr
Masayori Inouye (SUNY, Stony Brook, NY).

General microbiological manipulations
Routine manipulations of bacteria and nucleic acids were
essentially as described by Maniatis et al. (1982). Escherichia coh
K-12 strain JM101 (Messing, 1983) was used for routine cloning
manipulations using M13, pUC and pIN vector systems. Ex-
pression was carried out in strain HB2151 and mutagenesis in
strain BMH 71-18 (Carter et al. 1985). For liquid culture of
JM101, HB 2151 and BMH 71-18 strains of E. coli, 2xTY medium
(Messing, 1983) was used. Strains carrying M13 and plasmids
were maintained on TYE plates (Nagai and Thogersen, 1987). For
selection of plasmids carrying the AmpR gene, ampicillin
(100/(gml"1) was added to plates and media. DNA sequencing
was carried out by the dideoxynucleotide chain termination
method of Sanger et al. (1977).

Biochemical methods
Concentrations of expressed proteins were usually determined by
the Bradford (1976) method, using either BSA (Sigma pentax
fraction V) or lyophilized LMM (from rabbit muscle) as standard.
Myosin and LMM were determined spectrophotometrically, using
extinction coefficients of 0.53 ml mg cm"1 for myosin,
0.22 ml mg"1 cm"1 for rod, and 0.3 ml mg"1 cm"1 for LMM at
280 nm (Margossian and Lowey, 1982). SDS-PAGE was as
described (Laemmli, 1970) using microslab gradient gels. Protein
sequencing was carried out by sequential Edman degradation
using an Applied Biosystems gas-phase sequenator by Mr Ross
Jakes of this laboratory. Western blotting was as described
(Quinlan et al. 1989) using a broad-spectrum myosin monoclonal
antibody (Parke et al. 1986) obtained from Amersham pic.

Isolation and sequencing of a rabbit myosin cDNA clone
A 1.4 kb cDNA clone encoding part of LMM, which had been
isolated serendipitously whilst screening a rabbit muscle cDNA
library (constructed in lambda gtlO) for glycogenin (Da Cruz e
Silva and Cohen, 1987), was a generous gift from Dr Patricia
Cohen (University of Dundee, Scotland). The insert was labelled
with [a-32P]dCTP using a random oligo kit (Pharmacia) and used
to re-probe the library for longer inserts by standard methods
(Maniatis et al. 1982). The phage giving the strongest hybridiz-
ation signals were plaque purified and the .EcoRI inserts
subcloned to pUC18. The longest of these (1.7 kb) was sequenced
on both strands throughout its length (Fig. 1), using overlapping
restriction fragments (Fig. 2) subcloned into M13mpl8 and mpl9.
The sequence has been submitted to the EMBL/Genbank
database with accession number X59602.
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E F G L E E A K K K L A Q R L Q D S E E Q V E A V N A K C A

S L E K T K Q R L Q G E V E D L M V D V E R A N S L A A A L

100 110 120 130 140 150 160 170 180

D K K Q R N F D K V L A E W K T K C E E S Q A E L E A S L K

3ACAAGAAGCAGAGGAACTTCGACAAGGTGCTGGCCGAATGGAAGACCAAGTGTGAGGAGAGCCAGGCGGAGCTGGAGGCGTCTCTCAAG

190 200 210 220 230 240 250 260 270

E S R T L S T E L F K L K N A Y E E A L D Q L E T V K R E N

3AGTCCCGCACCTTGAGCACTGAGCTTTTCAAGCTGAAAAATGCCTACGAGGAGGCCTTAGATCAACTTGAAACTGTGAAACGGGAGAAT

280 290 300 310 320 330 340 350 360

K N L E Q E I A D L T E Q I A E N G K T I H E L E K S R K Q

370 380 390 400 410 420 430 440 450

M E L E K A D I Q L A L E E A E A A L E H E E A K I L R V Q

460 470 480 490 500 510 520 530 540

L E L T Q V K A E I D R K I A E K D E E M E Q L K R N Y Q R

550 560 570 580 590 600 610 620 630

T V E T M Q S A L D A E V R S R N E A I R I K K K M E G D L

ftCGGTGGAGACCATGCAGAGCGCCCTGGACGCCGAGGTGCGCAGCAGGAACGAAGCCATCCGCATCAAGAAGAAGATGGAGGGGGACCTG

640 650 660 670 680 690 700 710 720

N E I E I Q L S H A N R Q A A E T L K H L R S V Q G Q L K D

&ACGAGATCGAGATCCAGTTGAGCCACGCCAACCGCCAGGCCGCCGAGACCCTCAAGCACCTCCGGAGCGTCCAGGGACAGCTGAAGGAT

730 740 750 760 770 780 790 800 810

T Q L H L D D A L R G Q E D L K E Q L A L V E R R A N L L Q

ftCCCAGCTGCACCTGGACGATGCTCTCCGCGGCCAGGAGGACCTGAAGGAGCAGCTGGCCCTGGTGGAGCGCAGGGCCAACCTGCTGCAG

820 830 840 850 860 870 880 890 900

A E V E E L R A T L E Q T E R A R K L A E Q E L L D A N E R

910 920 930 940 950 960 970 980 990

V Q L L H T Q N T S L I H T K K K L E T D L T Q L Q S E V E

1000 1010 1020 1030 1040 1050 1060 1070 1080

D A S R D A R N A E E K A K K A I T D A A M M A E E L K K E

1090 1100 1110 1120 1130 1140 1150 1160 1170

Q D T S A H L E R M K K N M E Q T V K D L Q H R L D E A E Q

1180 1190 1200 1210 1220 1230 1240 1250 1260

L A L K G G K K Q I Q K L E T R I R E L E F E L E G E Q K K

1270 1280 1290 1300 1310 1320 1330 1340 1350

N A E S V K G L R K Y E R R V K E L T Y Q S E E D R K N V L

1360 1370 1380 1390 1400 1410 1420 1430 1440

R L Q D L V D K L Q V K V K S Y K R Q A E E A D E Q A N V H

1450 1460 1470 1480 1490 1500 1510 1520 1530

L S K F R K A Q H E L E E A E E R A D I A E S Q V N K L R A

1540 1550 1560 1570 1580 1590

K T R D F T S S R M V V H E S E E *

1600 1610 1620

1630 1640 1650 1660 1670 1680 1690 1700 1710

AATGCGTGTTTTCATGCTCCCTGCCCTTACACCTGACGTCCATGGGACCGAATTC

1720 1730 1740 1750 1760

Fig. 1. Nucleotide and derived amino acid sequence of clone MHC 6-6. The termination codon is represented by (*).
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0.4 kb 0.8 kb 1.2 kb

5'

1.6 kb

TGA 31

"a:
P UXVUU V XV V PSP V PB P

Fig. 2. Sequencing strategy used to sequence the LMM clone
MHC 6-6 and restriction sites used in cloning manipulations
involving MHC 6-6 and the expression vector pIN II A2.
Filled arrows show regions sequenced with M13 universal
primer using restriction fragments, whereas broken arrows
indicate regions sequenced using primers based on preliminary
sequence data. Restriction sites are identified by letters: B,
BamHI; P, Pstl; S, SocI; U, SauIHa; V, Pvuil; X, Xhol. The
EcdSl linkers are shaded and the 3'-untranslated region is
crosshatched.

The open reading frame of this clone (designated MHC 6-6)
encoded 557 amino acids extending to the C-terminal end of the
myosin heavy chain. The derived amino acid sequence showed
extensive homology with other skeletal muscle myosin heavy
chain sequences (approximately 80%) and alignment of the
sequence indicated that the N-terminal amino acid was 105
residues C-terminal to the start of LMM, as determined by Lu and
Wong (1985). MHC 6-6, therefore, encoded over 80 % of the LMM
region.

Bacterial expression and purification of proteins
Restriction sites used in cloning manipulations involving MHC
6-6 and the expression vector pEN-Et-A2 are shown in Fig. 2. To
obtain in-frame translation of MHC 6-6, an ScoRI fragment from
pUC18 encompassing the entire coding region and the 3'
untranslated region of the MHC 6-6 cDNA, was subcloned into
the £coRI site of pEN-II-A2 (Fig. 3), to generate the vector pIN-H-
MHC6-6, which expressed the entire open reading frame of MHC
6-6, with six amino acids of the lipoprotein fused to the N
terminus. The polypeptide product of this vector was denoted
LMMr

Other fragments were subcloned for expression using unique
restriction sites within the myosin rod sequence. Blunt-end
cutters facilitated the use of synthetic linker oligonucleotides to
obtain translation in the correct phase or to insert termination
codons. To delete part of the C terminus of LMMr, the pUC-
MHC6-6 vector was cut at the unique Rsal site at position 1408 of
the MHC 6-6 sequence. Synthetic oligonucleotide linkers (New
England Biolabs) with the sequence 5' CTAGTCTAGACTAG 3'
were ligated to the ends of the fragment. This oligonucleotide
contained the cleavage site for Xbal, and termination codons in
all three phases. The fragment was then cut with Xbal, EcoBl and
Hindm. The 1400 base pair EcoJU-Rsal/Xbal fragment and the
200 base pair Xbal-HindHI fragment were ligated into EcoBl/
HindlU-cut pIN-II-A2. The translational reading frame of this
vector encodes the N-terminal 469 amino acids of LMMr, with
four additional amino acids (Ser-Ser-Leu-Tyr) derived from the
linker sequence on the 5' end. As these extra residues were
uncharged and similar to those in this region of the original
sequence it was unlikely that their presence would alter the
solubility properties of the molecule substantially. This vector
(pIN-II-MHC-N469) encoded a polypeptide lacking 92 amino acids
from the C terminus of the myosin sequence. All mutants other
than N469 had the same C terminus as the endogenous sequence.

An expression vector (prN-HMHC-C338) lacking the
N-terminal 223 amino acids of MHC 6-6, but extending to its C
terminus, was constructed as follows: pUC-MHC 6—6 was cut with
Fspl and then £coRI linkers with the sequence 5' GGAATTCC 3'

lpp LMM

ATG ATG ATG ATG ATG ATGIATG ATG ATG
M K G K E F G L E

LMM Fragment

EcoRI

Hindin

BamHI

pIN-H-MHC 6-6

Fig. 3. Schematic representation of the lpp vector plasmid
construct pEN-EI-MHC 6.6 used to express the cDNA in E. coli.
This construct produced a fusion protein with six residues from
the E. coli lipoprotein located at the LMM N terminus.
Transcription was from the lpp promoter and sequences from
the lac operon rendered expression inducible by IPTG.

were ligated to the fragment. This fragment was then cut with
EcoRI and the 1095 base pair fragment ligated into .EcoRI-cut
pIN-II-A2. The orientation of the insert was determined by
cutting with Hindin, since only the correct orientation gave the
expected 165 base pair fragment. The expressed protein had the
same N-terminal amino acids derived from the lipoprotein
sequence as LMMr, with Ala224 the first residue derived from the
myosin sequence.

Trials for expression of new constructs were carried out on a
10 ml scale whereas preparative scale expression of recombinant
proteins was carried out in 11 bacterial cultures. When the
cultures had reached an absorbance at 600 nm of 0.1-0.2,
expression of the protein was induced by addition of isopropyl-/3-D-
thiogalactoside (IPTG) to a concentration of 125^gml~ . The
cultures were then grown for a further 2—3 h and the cells
harvested by centrifugation at 3000 # for lOmin. The pellet was
washed with 20 ml of cold 100 mM NaCl, 20 mil Tris-HCl (pH 8.0),
1 mM EDTA, then rapidly frozen in liquid nitrogen and kept at
—20 °C overnight. The pellet was then thawed, resuspended in
10 ml of ice-cold lysis buffer (50 mM Tris-HCl (pH8.0), lmM
EDTA, 25% (w/v) sucrose) and lysozyme added to lg l " 1 . Lysis
was allowed to proceed for 10 min on ice, then an equal volume of
2 M NaCl in lysis buffer was added and the cells were sonicated
using a Heat Systems Ultrasonics sonicator with a 1 cm probe. We
then took advantage of the fact that light meromyosin, like some
other fibrous proteins such as tropomyosin, is stable against heat
treatment (see, for example, Hitchcock-DeGregori and Heald,
1987). Immediately after sonication, the homogenate was heated
to 95-100°C in a microwave oven for 5 min, cooled on ice for
30min, and centrifuged at 120000g for l h at 4°C.

A substantial enrichment for LMMr was achieved by this step,
so that it constituted more than 60 % of the total protein in the
sample. The expressed myosin fragments were fractionated by
ammonium sulphate precipitation between 25 and 40% satu-
ration to remove the bulk of the nucleic acids. The 40%
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ammonium sulphate pellet was dispersed in 40min sodium
pyrophosphate (pH8.0), lmM EDTA and purified by anion
exchange chromatography on a Mono-Q FPLC column (Pharma-
cia) in the same buffer. The myosin fragments were eluted with a
linear gradient of 0 to 500 mM NaCl, the fragments eluting at
about 300 mM NaCl. This purification protocol had the advantage
that it made no assumptions about the solubility properties of the
expressed protein, and so could be used for wild-type LMM and
also for soluble mutants. Although initially some problems were
encountered with partial proteolysis of some expressed proteins,
this problem was reduced to negligible proportions when this
protocol was followed.

Skip residue deletions
Skip residues were assigned on the basis of homology with other
skeletal muscle myosin heavy chain sequences to Glu200 and
Gly425. Ohgonucleotide-directed site-specific mutagenesis was
carried out by the method of Carter et al. (1985) as described by
Quinlan et al. (1989). Restriction fragments were subcloned to
M13mpl8 or mpl9 for mutagenesis, and mutants were checked by
sequencing the whole insert before subcloning back into the
expression vector. An oligonucleotide with the sequence 5'
GCCGAGAAGGACGAGATGGAGCAGCTGAAG 3' was used to
delete Glu200, to generate LMM-NSKD. An oligonucleotide with
the sequence 5' CAGCTGGCGCTCAAGGGCAAGAAGCAGATC
3' was used to delete Gly425, to generate LMM-CSKD.

Sedimentation techniques
A sedimentation assay was used to determine the concentrations
of monomer and polymer for the mutant and wild-type proteins.
Protein at variable concentrations in high salt buffer (0.5 M NaCl,
5mM sodium phosphate (pH7.0)) was diluted 10-fold into lower
salt buffers, and left for 90 min at room temperature. The mixture
was centrifuged for 10 min at 10 000 g. The absorbance at 280 run
was used to measure protein concentration. Generally a final total
protein concentration of O.lmgml"1 was employed, although for
the very soluble N469 mutant, concentrations as high as
4mgml~1 were used.

Paracrystals were found in the precipitates formed in most low
ionic strength buffers, up to 150 min NaCl, within the pH range
7-8. Below pH7 the material tended to precipitate as large
aggregates that showed little sign of striations in negative stain.
Above pH8 the precipitate tended to consist of much smaller
aggregates that appeared less well ordered. Paracrystals with the
clearest banding pattern were obtained by dialysis against
50-120 mM NaCl, at a pH of 7.0-7.5, with sodium phosphate
(5 mM) or bis-Tris propane (10 mM) as buffer. The latter seemed to
give more reproducible results. Low concentrations of Mg2"1" or
Ca2+ had little effect on the appearance of the paracrystals.
Paracrystals prepared by dilution into the appropriate buffer
appeared substantially less well ordered than those formed by
dialysis.

Electron microscopy
Specimens were negatively stained with uranyl acetate. Material
was adsorbed onto carbon-coated, 400-mesh grids by applying a
5 /d drop of sample for 10-20 s. The grid was rinsed with 2-3 drops
of buffer, before staining with 6-8 drops of 2 % aqueous uranyl
acetate. For more consistent staining, the Valentine et al. (1968)
method was used. For shadowing, samples were sprayed, in an
appropriate buffer containing 50 % glycerol, onto freshly cleaved
mica, and then shadowing with platinum—carbon in a Cress-
ington (Watford, Herts.) CFE50 freeze etching device at a nominal
angle of 10 degrees, to a thickness of 1-1.5 nm.

Specimens were examined in Philips EM400 and CM 12
electron microscopes operated at 80 or 100 kV, usually with an
anti-contamination device. Some images of negatively stained
specimens were recorded under low-dose conditions. Images were
recorded on Kodak SO163 or Agfa Scientia 23D56 sheet film and
developed using Ilford PQ universal developer. Microscope
magnifications were calibrated by reference to the 2.81 nm
spacing of negatively stained sheaths of Methanospirillum
hugatei (Stewart et al. 1985a).

Results

Expression and characterization of rabbit LMM and
deletion mutants
We expressed in E. coli a fragment of rabbit skeletal
muscle myosin cDNA (MHC 6-6) corresponding broadly to
the LMM domain of the rod. The fragment was 1765 bp
long and included a coding region of 1664 bp. The 5'
nucleotide of the fragment corresponded to nucleotide
4263 of the chick sequence of Molina et al. (1987), and
nucleotide 377 of the rabbit fast skeletal muscle sequence
(Maeda et al. 1987). The derived amino acid sequence of
MHC 6-6 is shown in Fig. 1. The clone encoded 557 amino
acids, giving a predicted molecular weight of 64.59 xlO3.
The alignment of MHC 6-6 with other myosin sequences
showed that its N terminus lay 105 amino acids
C-terminal to the S2-LMM junction as determined by Lu
and Wong (1985), so that MHC 6-6 encoded most of the
LMM region of myosin.

The protein encoded by the MHC 6-6 cDNA, denoted
LMMr, was expressed to high levels using the pIN vector
system. It was the most prominent band on gels of whole
cell lysates and probably constituted between 5 and 10 % of
total cell protein. On SDS-PAGE LMMr migrated with an
apparent molecular weight of 70xl03Mr (Fig. 4, below)
and gave a positive reaction with a broad-spectrum
myosin antibody on Western blots. The sequence of LMMr
predicted a protein product with a molecular weight of
64.6x 103 MT. The slightly higher Mr of 70x 103 determined
by SDS-PAGE was not surprising, as it is commonly found
that fibrous proteins have an anomalously slow mobility
on gels (see, for example, Sutoh et al. 1978; Kaufman et al.
1984; Noegel et al. 1989). The N-terminal sequence of the
70xl03Mr band cut from a SDS-PAGE gel was

B C

43'

30'

20'
15'

Fig. 4. SDS-PAGE of expressed myosin rod fragments.
(A) LMMr; (B) LMM-N469; (C) LMM-C388. The positions of
molecular weight markers (phosphorylase 6, 94xlO3Mr;
albumin, 67xlO3Mr; ovalbumin, 43xlO3Mr; carbonic
anhydrase, 30xl03Mr; trypsin inhibitor, 20xl03Mr; alpha-
lactalbumin, 14.5xlO3Mr) are shown on the left.
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MKGKEFGLEEAKKKLAQ, identical to the sequence
predicted for the correct expression construct, with six
amino acids of the lipoprotein sequence preceding the
LMMr sequence (see Fig. 3). Disulphide crosslinking
(Stewart, 1975) doubled the Mr on non-reducing gels
confirming the formation of a coiled-coil in which the two
chains were in register as seen with proteolytic fragments
of myosin rod (Stewart, 1982). The final yield of pure LMM
6-6 was usually 1-2 mg per litre of bacterial culture.

Molecules were constructed with deletions from either
the N or C terminus of LMMr and the resultant proteins
were expressed and purified in the same way as the full-
length material. These constructs expressed protein to
levels comparable with LMMr Fig. 4 shows samples of
purified material analysed by SDS-PAGE. The expressed
fragments of LMM-C338 and LMM-N469 ran with
apparent molecular weights of 39 and 60 x 103 MT, respect-
ively. A small quantity of contaminating material was
present in some preparations. Analysis of the sequence
predicted molecular weights of 39xlO3Afr for LMM-C338
and 54xlO3Mr for LMM-N469. Mutants with the skip
residues deleted were also expressed to similar levels, and
migrated on gels in the same position as LMMr

Electron microscopy demonstrated that these proteins
had a distinctive rod-like morphology (Fig. 5), consistent
with an extended coiled-coil conformation (see, for

1A

Fig. 5. (A) Electron micrograph
of field of shadowed LMMr
molecules. Inset: gallery of
electron micrographs of
shadowed molecules of the
different constructs: (B) LMMr;
(C) LMM-N469; (D) LMM-C338.
Bar, 100 nm.

example, Stewart and Edwards, 1984). A montage of
shadowed molecules of LMMr, LMM-C338 and LMM-
N469 is shown in Fig. 5 (inset). This clearly demonstrated
the gradation in size between the different molecules. The
molecules all had the same rod-like appearance. When
appropriate concentrations were chosen (usually
50 /igml"1), individual molecules well separated from
their neighbours were commonly observed (Fig. 5), which
enabled the lengths of the particles to be measured. The
lengths of a sample of molecules of each fragment were
measured and the data are shown in Table 1. All the
fragments showed good agreement between the predicted
and measured lengths of the molecules.

Solubility properties of expressed proteins
LMMr was largely insoluble at low ionic strength (50 mM
NaCl) at pH7.0. As the pH and ionic strength were
increased, the solubility also increased (Fig. 6) in the same
general way that was observed for proteolytic rabbit
skeletal muscle LMM (Katsura and Noda, 1971,1973). The
critical concentration for assembly of LMMr, as assessed
by the concentration of protein remaining in the super-
natant after centrifugation, was approximately 25/(gml~1

at pH7.0, and 50 mM ionic strength, rising to about
65 j jgmr 1 at pH8.0. LMM-C338 was, if anything, slightly

Table 1. Length data (predicted and observed) for LMM fragments

Fragment

LMMr
LMM-N469
LMM-C338
LMM-CSKD

Mrxl0

Predicted

64.6
51
39
64.6

- 3

Observed

70

m
39
70

Predicted

80
69
50
80

Length

Mean

79
67
51
79

(nm)

Observed

S.D.

4
4
4
4

n

81
20
20
20
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Fig. 6. Solubility of the different LMM constructs as a
function of ionic strength. (A) Deletion mutant constructs: (•)
LMMr; (•) LMM-N469; (O) LMM-C338. Although the
solubility behaviour of LMM-C338 was almost
indistinguishable from that of the wild-type LMMr, the
solubility of the construct with 92 residues deleted from the C
terminus, LMM-N469, was strikingly higher. In this
experiment, the total protein concentration employed for the
assay was 0.1 rngml" and all samples except LMM-N469
precipitated to some extent under these conditions. However,
LMM-N469 was completely soluble even when concentrations
of 4mgml~1 (80/JM) were employed. (B) Skip residue deletion
constructs: (•) LMMr; (A) CSKD; (•) NSKD. Deletion of
either skip residue had a negligible effect on the solubility
properties of the construct.

less soluble than LMM 6—6 over the range of buffer
conditions tested (Fig. 6A). Both LMMr and LMM-C338
were fully soluble at higher ionic strength (above 0.3 M).
However, LMM-N469 was completely different in its
solubility properties at low ionic strength. The concen-
tration of LMM-N469 measured in the supernatant after
dialysis was indistinguishable from the starting total
protein concentration over the range of concentrations
tested. This fragment remained soluble up to concen-
trations of 4mgml~1, which was two orders of magnitude
higher than the solubility observed with LMMr The
constructs from which skip residues had been deleted
(LMM-NSKD and LMM-CSKD) were indistinguishable
from LMMr in their solubility properties (Fig. 6B).

Formation of ordered aggregates
The material precipitated under low ionic strength
conditions was examined by electron microscopy using
negative staining. LMMr formed large aggregates that
were sometimes up to many micrometres long. They
generally had a spindle-like shape (best seen at lower
magnifications, e.g. Fig. 7), and often tended to be clumped

together. Larger specimens tended to be too thick to obtain
satisfactory electron micrographs. They showed a clear
pattern of light and dark stripes perpendicular to the long
axis of the paracrystal (Fig. 7). In addition, a number of
crystalline sheets were also produced under these con-
ditions.

LMMr paracrystals. There was a substantial degree of
polymorphism observed in the paracrystalline aggregates
formed when LMMr was dialysed to low (near physiologi-
cal) ionic strength. The most common pattern seen on well-
isolated paracrystals showed a simple pattern of narrow
dark stripes separated by wide lighter bands (Fig. 7) with
an axial repeat of 43 nm. The dark stripes were about 6 nm
wide, and the light bands were about 36—37 nm wide. Most
paracrystals appeared to have dyad symmetry, which
indicated an antiparallel packing of LMM 6-6 molecules.
Occasionally polar paracrystals, also with a 43-nm axial
repeat, were observed (Fig. 8), but these were much less
common than the other forms. One could often see that the
ends of most types of paracrystal, and places where the
width of the paracrystals decreased in a series of steps,
coincided with the end of the light band (Figs 7 and 8).

These results indicated that the packing of LMM 6-6
molecules in the paracrystals could best be explained by
the type of gap-overlap structure analogous to that found
with paracrystals of paramyosin (Cohen et al. 1971), and of
the intermediate filament protein GFAP (Stewart et al.
1989), as well as with LMM (see, for example, Katsura and
Noda, 1973; Bennett, 1981). The type of structure proposed
for the basic 43-nm LMM 6-6 paracrystals is illustrated in
Fig. 9. Molecules overlap their nearest neighbours by
43 nm. The 6-7 nm dark band means that the molecules
must be 6-7 nm shorter than twice the molecular overlap.
This predicts a molecular length of 79-80 nm, which is in
excellent agreement with the length predicted from the
sequence (80 nm) and that measured from shadowed
preparations (79 nm, Table 1). The molecular orientation
(that is to say, whether the longer overlap was between N
or C termini in dyad paracrystals) could not be determined
by inspection of the paracrystals.

Areas displaying a more complex pattern (for example,
see Fig. 10) were quite common. Often these occurred
where paracrystals with the simple 43 nm pattern ap-
peared to overlap. Staggers of one third of the fundamental
repeat (14.3 nm) were most frequent (Fig. 10), in which
dark stripes were separated by light bands alternately 7
and 21 nm long. In addition, a stagger that appeared to be
closer to half the repeat (approximately 20 nm) was
observed more rarely (for example, part of the paracrystal
shown in Fig. 10). Many of the polymorphic paracrystal
forms that we observed appeared to be generated by
superposition of axially staggered units of the fundamen-
tal repeat. The paracrystal form with the two dark lines
separated by one third of the fundamental repeat
corresponded to interactions between molecules staggered
by 14.3 nm, which is the axial separation of myosin
molecules in muscle thick filaments. These polymorphic
forms suggest that in addition to the 43 nm spacing seen in
the simple paracrystal form, interactions between mol-
ecules based on a 14.3 nm repeat are also possible.

Two-dimensional crystalline sheets. In addition to the
paracrystals described above, we sometimes found thin
crystalline sheets in preparations of LMMr dialysed to low
ionic strength. The most common pattern observed
(Fig. 11) was one with an axial repeat of 43 nm in which
two dark lines were separated by 19 nm (just under half
the repeat distance). At high magnification (Fig. 12) it
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Fig. 7. Electron micrograph of LMMr paracrystals negatively stained with uranyl acetate showing the pattern most commonly
observed. These paracrystals have a single prominent dark line spaced axially every 43 nm and appear to have dyad symmetry.
Note that at the fraying ends of the paracrystals, the dark line appears to coincide with steps in the structure and paracrystal
ends. This observation indicates that the molecular ends are located at this line. Bar, 100 nm.

8 :' : ^ ^

Fig. 8. Polar paracrystal of LMMr. This pattern clearly does not have dyad symmetry, and so indicates that the molecules within
the paracrystal are arranged parallel to one another. This polar pattern was observed much less frequently than the dyad pattern
shown in Fig. 7. Bar, 100 nm.

could be seen that each of these dark stripes perpendicular
to the long axis of the crystal was made up of alternating
dark and light lines separated by about 4nm. Optical
diffraction (Fig. 12, inset) showed characteristic row lines
at a lateral spacing of 3.6 nm sampled by the 43-nm axial
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repeat, confirming that the molecules were arranged on a
two-dimensional crystalline lattice.

Aggregates with LMM mutants. Although LMM-C338
was precipitated under conditions of low ionic strength, no
paracrystalline structures were observed under the con-



I
37 nm 43nm

80 nm 43nm

Fig. 9. Schematic representation
of the molecular arrangement in
the LMMr paracrystals with a
43 nm axial repeat. The
individual 80 nm long molecules
are staggered by 43 nm, but,
because the molecular length is
less than twice the axial repeat,
there is a roughly 6 run gap
between successive molecules.
Because stain will penetrate this
gap, it appears in darker
contrast to the surrounding
material. Consequently, the
negatively stained pattern is
dominated by a dark line every
43 nm.

Fig. 10. Electron micrograph of a negatively stained LMMr paracrystal showing an example of the more complex patterns formed
by superposition of two areas having the simpler pattern that is illustrated in Fig. 7. Bar, 100 nm.

11

Fig. 11. Electron micrograph of a negatively stained crystalline sheet of LMMr, showing an axial banding pattern dominated by
two dark stripes, separated by 19 nm, every 43 nm. Bar, 100 nm.
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Fig. 12. Higher-magnification electron micrograph of part of the negatively stained crystal illustrated in Fig. 11. When viewed
from the side, it is clear that each dark stripe is composed of alternate light and dark lines separated laterally by about 4 nm. Bar,
50 nm. Inset: optical diffraction pattern showing prominent off-axial row lines corresponding to a lateral spacing of 3.6 nm. These
row lines, and the meridian, are sampled by the finer repeat due to the 43 nm axial banding pattern.

ditions examined. The material formed short narrow
filaments that tended to aggregate into larger tangles
showing no sign of any degree of order (Fig. 13). LMM-
N469 was, of course, soluble under these conditions and so
did not form paracrystals. Both LMM-NSKD and LMM-
CSKD formed paracrystals. Those formed by LMM-CSKD
were very similar to those formed by wild-type material.
The aggregates had the same spindle-like appearance, and
a strong 43 nm axial banding pattern was observed
(Fig. 14A). Both the polymorphic paracrystal forms ob-
served in wild-type material (having staggers of one third
and close to half the 43 nm repeat) were observed in
aggregates of LMM-CSKD. LMM-NSKD formed aggre-
gates with the same general morphology as LMM 6-6 and
LMM-CSK (Fig- 14B). The aggregates had a strong axial
banding pattern. Generally, the banding pattern was the
same as that observed in a polymorphic forms of the LMMr
paracrystals, with the 43 repeats staggered by 20 nm, close
to half the repeat (Fig. 14). Areas displaying the simple
43 nm repeat were rare and small, and the other
polymorphic form (staggered by one third of the 43 nm
repeat) was not observed.

Discussion

Bacterial expression of fragments of myosin rod provides a
powerful means by which to study the molecular interac-
tions that are involved in myosin assembly. Defined
fragments can be expressed in E. coli, enabling the regions
of the rod that are important for assembly to be defined

(Sinard et al. 1990; O'Halloran et al. 1990). Such fragments
may have potential value in crystallization studies in
order to obtain high-resolution information about the
myosin rod. The technique of site-directed mutagenesis
enables precise changes to be made in the rod sequence,
and the effect of these changes on the in vitro assembly
properties of the rod fragments can then be examined.

We have produced substantial quantities of myosin rod
fragments by expression of a myosin heavy chain cDNA in
E. coli using the pIN vector system (Nakamura and
Inouye, 1982), which has also been used by Leinwand et al.
(1989) to express myosin fragments. Expression levels
were generally high, and the protein could be purified to
homogeneity using a protocol based on the heat stability of
LMM. The length of the molecules was measured in
electron micrographs of shadowed preparations and found
to correlate well with the length predicted from an alpha-
helical coiled-coil structure. LMMr and LMM-C338 had
solubility properties similar to those of proteolytic LMM
and the critical concentration for their assembly varied in
a similar manner with pH and ionic strength. Moreover, in
physiological ionic strength conditions, the recombinant
material formed paracrystals with the 43 nm and 14.3 nm
axial repeats observed in aggregates obtained from
myosin rod and a range of its proteolytic fragments
(Kendrick-Jones et al. 1971; Katsura and Noda, 1973;
Safer and Pepe, 1978; Yagi and Offer, 1981; Quinlan and
Stewart, 1987; Ward and Bennett, 1989). These data
support strongly the conclusion that we have produced
material with near native propeties. Maeda et al. (1989)
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Fig. 13. Electron micrograph showing a negatively stained field of the disordered fibrous aggregates formed when LMM-C338
precipitated at low ionic strength. Bar, 100 nm.

have also shown the formation of paracrystals from
expressed rabbit myosin LMM.

The type of gap-overlap structural model we have
proposed for the LMMr paracrystals is very similar to
models proposed for paracrystals prepared from proteo-
lytic LMM, such as those described by Katsura and Noda
(1973) and Bennett (1981). Although in these studies using
proteolytic LMM, the precise staining pattern depended on
the extent of proteolysis, all the patterns observed were
based on molecular staggers of 43 nm or 14.3, similar to
those we observed with LMMr Moreover, in many
instances it was clear that the 14.3 nm repeat was derived
from an overlapping of 43 nm repeats in the same way as is
illustrated in Fig. 10. Multiple polymorphic forms have
been frequently observed in low ionic strength precipitates
of proteolytic LMM (see, for example, Katsura and Noda,
1973, for a particularly well-documented study). The
observation of such polymorphism in the more homo-
geneous LMMr prepartions indicated that the polymor-
phism derived from an intrinsic property of the myosin rod
sequence, rather than the presence of a range of
proteolytic fragments. Such a polymorphism would be
consistent with the range of different molecular interac-
tion geometries that myosin rods probably have to adopt
when forming muscle thick filaments (see Atkinson and
Stewart, 1991). The polar paracrystals (Fig. 8) and two-

dimensional sheets (Fig. 11) represent structures only
rarely seen with myosin rod fragments (in which mol-
ecules are usually arranged antiparallel). It may be that
the formation of these rare aggregates was a consequence
of the high degree of homogeniety of the preparations
obtained by expression in E. coli. Previous examples of
sheets, for example, have been obtained by using cyanogen
bromide cleavage (Young et al. 1972) or very carefully
controlled proteolysis to yield very homogeneous material
(Quinlan and Stewart, 1987).

In addition to the paracrystalline arrays commonly seen
with proteolytic myosin rod fragments, we were also able
to obtain two-dimensionally ordered crystalline sheets
with the full-length recombinant LMM. In addition to the
characteristic 43 nm axial repeat, these crystals had a
lateral spacing of 3.6 nm or slightly less than twice the
expected diameter of an alpha-helical coiled-coil (Fraser
and MacRae, 1973). This lateral spacing indicated that the
fundamental packing unit in these crystals was probably a
molecular dimer, which may be important because a range
of data indicates that myosin dimers are a key intermedi-
ate in thick filament assembly (Davis, 1988; Davis et al.
1982; Godfrey and Harrington, 19706). These crystals may
enable the molecular interaction geometry both with the
dimer and between dimers to be established using
computer-based image processing (see, Stewart, 1988) as
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Fig. 14. Electron micrographs of negatively stained
paracrystals formed from constructs from which skip residues
had been deleted. (A) CSKD parac rystals; (B) NSKD
paracrystals. Bar, 100 nm.

has been employed, for example, on crystalline tubes of the
rod long S-2 fragment (Quinlan and Stewart, 1987).
Crystal formation is comparatively rare with fibrous
proteins and it is likely that our success with the expressed
material was due to its high homogeniety, resulting not
only from its not having been prepared by proteolysis, but
also from its being only one isotype compared with the
several that are usually prepared in myosin isolated from
whole muscle.

Deletion of either skip residue in the LMMr molecule
had no apparent effect on the solubility of the molecules, or
on the structure of the paracrystals formed. This implied
that the skip residues do not play a significant part in the
molecular interactions that are responsible for the
precipitation of LMM at low ionic strength. Apparently
the structure of the coiled-coil was not perturbed by the
presence of the skip residues, at least to the extent
necessary to be detected by producing any change in the
staining pattern or morphology of the aggregates formed.
This observation would argue against the sort of distortion
proposed by McLachlan and Karn (1982). Offer (1990) has
argued that the positions of the skip residues are
correlated with more flexible regions in the myosin rod. If
this is the case, it may be that their role is to allow the rod
to be distorted slightly to permit myosin molecules to pack
correctly in the (non-crystalline) thick filament. Such
distortion would probably not be important in the
formation of paracrystalline and crystalline assemblies
that characterize the aggregates formed by LMMr

The solubility properties of the different expressed
fragments have important implications for the interac-
tions between molecules that are important for assembly.
In contrast to the very similar solubility properties of
LMMr and LMM-C338, the deletion of the C-terminal
region in LMM-N469 radically altered the solubility
properties of this mutant. This mutant remained soluble
over a range of pH and ionic strength conditions. The
difference in solubility between LMM-N469 and LMM-

C338 cannot be accounted for merely by the difference in
their length, since although LMM-C338 is a shorter mol-
ecule than LMM-N469, it is less soluble. If the strength of
the interaction was proportional to the length of the
molecule (as might be anticipated if the major interaction
between molecules derived from complementation of the
zones of alternating positive and negative charge), then
one would expect solubility to reduce with molecular
length. Because the converse was observed, our results
instead indicate that a specific part of the molecule, the C
terminus, exerts a disproportionate influence on solubility
and molecular interactions. The large increase in solu-
bility that we observed by deletion of a small region at the
C terminus of LMMr confirmed the findings obtained
using proteolytic fragments of both skeletal muscle and
smooth muscle myosin (Nyitray et al. 1983; Cross and
Vandekerckhove, 1986) that indicated that an important
determinant of LMM solubility lay near the C terminus of
the molecule. A similar effect of deleting the C terminus of
the molecule has been found using fusion proteins derived
from Acanthamoeba myosin II (Sinard et al. 1990). In
contrast, the 'solubility domain' of Dictyostelium myosin
lies much further from the C terminus of the molecule
(O'Halloran et al. 1990). Nyitray et al. (1983) found that a
proteolytic fragment of LMM lacking as many as 129
amino acids remained insoluble at low ionic strength, and
that it was necessary to remove a further 5 x 103 Mr before
fragments became soluble. The discrepancy between this
result and our own, which indicates that only 92 amino
acids need be removed to alter the solubility drastically,
may be due to the inhomogeneity of proteolytic prep-
arations, or perhaps to differences between myosin isoforms.

A region near the C terminus of the myosin molecule,
then, clearly has a vital role in its assembly. The
molecular basis for this, however, remains obscure. The
sequence appears not to be significantly different from
that of the rest of the myosin rod, although a concentration
of basic residues does mean that overall there is a dipole in
the charged residues. Dipoles are thought to be important
for the interactions between alpha-helices in some globu-
lar proteins, and it is possible that it is dipole-dipole
interactions that initiate myosin assembly.

An interesting aspect of the importance of the C
terminus concerns the role of the 28-residue charge-repeat
for assembly. This charged-residue repeat gives rise to a
series of bands of alternating charge along the rod and it
has been proposed that complementation of these charged
zones, by an appropriate stagger of the myosin rods, is a
major determinant of myosin assembly (Parry, 1981;
McLachlan and Karn, 1982, 1983; McLachlan, 1984). This
repeat extends throughout the rod portion of myosin and,
at least in LMM, is little altered between the N- and C-
terminal ends of the molecule. However, despite the
presence of the repeat throughout the length of the LMM
molecule, our results show that it is only a comparatively
small length of the sequence at the C terminus that is vital
for assembly. This is not what would be expected if the
complementation of the zones of alternating charge were
providing the driving force for myosin assembly, because
the same degree of charge complementation should be
found with deletions from either terminus. Therefore, our
results strongly suggest that the 28-residue charge repeat
does not appear to be primarily responsible for myosin
assembly.
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criticisms from our colleagues in Cambridge, in particular Rob
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