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We have cxprcsscd in E. ecUi segments of the rod portion of rabbit skeletal fart muscle myoxin and conrpnrcd physical propertied of two din’crcnt 
nprcics, LMM-30 and LMM-SOC’, LMM-30 consirrs of 263 amino widr including the original C-tcnninus of nryosin heavy rhnin. LMM-30C 
is colincar with LMM-30, but is devoid of 17 rckiducs a~ the C-terminus. ‘W NMR tpcctroscopy indicates that the Gtcmrinus af LMM-30, but 
not of LMM30C’ is unfolded and freely mobile, Furthermore, the prcrcnt results show that the unfolded C+xminus is esscntinl for molecular 

aarrmbly of LMM-30; ut pi*1 8.0 LMM-30, but not LMM-JOC’, formed agyrcyatcs upon dccrcusing the ionic rtrcngth, 

Myosin: c+HcIicaI coiled-coil; Sclf+rsscrnbly; Recombinant DNA rcchniquc; Nuclear mugnctic resonance 

1, INTRODUCTION 

The skeletal muscle myosin molecule consists of two 
heavy chains and four light chains, The Gterminus of 
the heavy chain is responsible for assembly of myosin 
into thick (myosin) filaments [1,2]. Limited tryptic 
digestion splits a myosin molecule into the C-terminal 
section of the rod (light meromyosin, LMM) and the 
rest (heavy meromyosin, HMM). 

Not much is known about the mechanism responsible 
for filament formation. Electrostatic interactions be- 
tween superhelical coiled-coil molecules thrdugh the 
regular distributions of charges have been proposed to 
play a role, based on the amino acid sequence of 
nematode myosin [3,4]. To study the assembly of 
tnyosin, we have expressed 30 kDa segments of LMM in 
the expectation that these molecules are long enough to 
maintain the original molecular interactions of intact 
myosin and short enough to facilitate NMR structural 
studies. Recombinant proteins should have several ad- 
vantages over LMM prepared by proteolysis of myosin. 
These conventional LMM preparations contain a mix- 
ture of products encoded by a gene family and they are 
heterogeneous due to proteolysis at the C- as well as the 
N-terminus [5-IO]. 

Correspondence address: A. Wittinghofer, Max-Planck-Institut fiir 
medizinische Forschung, JahnstraDe 29, W-6900 Heidelberg, Ger- 
many 

Abbreviutions: LMM, light meromyosin; NMR, nuclear magnetic 
resonance 

Published by Elsevier Science Publishers 8. V. 

2. MATERIALS AND METHODS 

2. I 1 E.~pressio~~ of recombinant proteins 
Standard DNA technology was used for construction of the vectors 

as outlined in Fig, IA. For the introduction of a stop codon pLMM 
in MI 3mp9 was mutagenized with the oligonucleotide 5’.GGTC- 
AACTAACTGCG-3’ using the thiophosphate method [I I]. After 
overnight induction with isopropyl-@D-thiogalactopyranosid 
(IPTG), the bacterial cells were broken by lysozyme and the proteins 
were extracted with a high salt solution as described [12]. The protein 
was then enriched to a purity of more than 90% by two cycles of 
dialysis against 100 mM KCI and extraction with 600 mM KCI, both 
in IO mM phosphate buffer, pH 6,5. The protein LMM-30C’ was 
enriched as for LMM-30, followed by further gradient purification on 
a DEALScpharosc column pre-equilibrated with 20 mM 
pyrophosphate, pH 8.0, 1 mM DTE, I mM EDTA, 30 mM KCI. 
LMM-30C’ was eluted at about 280 mM KCI. 

2.2. PJMR meusurements 
‘I-1 NMR spectra were recorded with a Bruker AM-500 NMR spec- 

trometer operating at 500 MHz. The water signal was suppressed by 
selective presaturation. For the NMR experiments the protein was 
precipitated by t l-fold dilution of the sample with buffer A (10 mM 
potassium phosphate, 30 mM KCI in HzO, pH 6.5). The precipitate 
was dissolved in a small volume of buffer B (10 mM potassium 
phosphate, 0.6 M KCI in DzO, pH 6.5). After precipitation of the pro- 
tein by a lO.fold dilution of the sample with D20, the precipitate was 
redissolved in 500 ~1 of buffer B and 5 ~1 of a 0.01 M solution of 
trimethyl-silyl-perdeuteropropionic acid (TSP) wereadded, providing 
the internal reference signal. 

2.3. Solubility tests 
Solubility of LMM-30 and LMM-JOC’ were studied by measuring 

percent protein precipitated. The concentrated protein dissolved in 
0,6 M KCI, 1 mM EDTA, 1 mM DTE, 10 mM phosphate buffer was 
diluied into low-salt buffer. After overnight incubation at 4’C, each 
mixture was centrifuged for 30 min at 100 000 x g with a Beckmann 
TL-100 ultracentrifuge. The pellet thus obtained was dissolved in 100 
,uI of 0.6 M KCI. The protein concentration was measured by the 
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Pig. 1, Expression of LMM fragments. (A) LMM cDNA from pLMM 
[IZ] was cloned into pKK233.2 containing the P,,,-promoter [14] as 
outlined, The Lys-1923 codon AAA was mutagcnized to a stop codon 
to produce pKKLMM30C’ that expresses LMM3OC’ which has 246 
amino acids instead of 263 for LMM30. (B) SDS-PAGE analysis of 
E, co/i lysntcs with pKKLMM30 (lanes 1,2) and pKKLMM30C’ (3,4) 
minus (1,3) and plus (2,4) I mM IPTG, respectively, Purified LMM30 
(6) and LMM30C’ (7) are also shown, with molecular weight markers 

in lane 5 having the indicated molecular weights, 

method of Bradford [13]. The buffers (10 mM) used were potassium 
phosphate (pH 65, 7.5) and Tris-HCI (pH7.5, 8,0), 1 mM EDTA, I 
rnM DTE with variable concentration of KCI. 

0 300 

3. RESULTS AND DISCUSSION 

We have shown carlicr that recombinant rabbit short 
light mceomyosin (LMM74) and a fragment thereof 
could conveniently be expressed in E, co/i, These pro- 

teins were shown to have propertics resembling Wxc of 
protcolytic rabbit LMM (121. Since we wanted to find 
the minimum sire of LMM protein that could form 
paracrystals and have solubility properties resembling 
native LMM we expressed LMM30 comprising amino 
acids 1675-1939 and LMM20 from 1768-1939 (not 
shown), Fig. I shows the construction of an exprccxion 
vector in pKK233-2 [ 141 and the high-level expression of 
recombinant proteins after induction with I;PTG. The 
proteins could be purified as described for full-length 
LMM before [12], see section 2. 

3.2. Lo\v salt sohrbility 
Upon decreasing ionic strength, LMM-30 and 

LMM-30C’ form aggregates (Fig, 2), a property which 
they share with conventionally prepared EMM, At pH 
7.5 or lower, both species precipitated LMM-30C’ be- 
ing more soluble than LMM-30. At pH 8.0, however, 
LMM-30C’ was completely soluble, while LMM-30 
precipitated. The solubility curves are dependent on 
pH, but independent of the kind of buffer used. The 
simplest interpretation is that at pH 8.0 the C-terminus 
is essential for the assembly. This implies that the 
molecular assembly of LMM is caused by two types of 
interactions, the presumably electrostatic interactions 
between the helical parts of LMM and a still undefined 
C-terminus-mediated interaction, At pH 7.5 or lower, 
the electrostatic interactions would be strong enough to 
induce aggregation even without substantial contribu- 
tion of the C-terminus-mediated interaction. The pre- 
sent observation may be related to the well-known dif- 
ferences between myosin filaments formed at pH 7 and 
pH 8 [15-191. The pH 8 filaments resemble the native 
thick filaments in length distribution and in thickness, 
while the pH 7 filaments are thicker and longer. 
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Fig. 2. Low salt solubititiesof LMM-30 and LMM-30C’ a They were measured as % precipitation at various pH (see section 2). The protem concen- 
trations were 0.093 mg/ml for LMM-30 and 0.121 mg/ml for LMM-30C’. 



Valrlmc al, number I,2 

The ‘Pf NMR spectrum of LMM-38 cxhibitr a scrIcs 
of rather narrow resonances with line widths in a range 
oP4-6 Hz typical for pepridcs (Fig, 3). These resonances 
arc: superimposed an R background of broad rcsananccr 
which *?re cxpcetcd for R protein with the size of 
LMM-30. The narrow resonances were assigned by two. 
dimcnsionnl NMR mrrhods to the apin systems of one 
histidinc, two valincs, one isoleucine, two serincs, two 
ghltamates find one lysinc per protamer, 8s indicated 
(details of the assignment procedure will be published 
elscwherc). The amino acid composition derived from 
NMR matches cxnctly the composition of the C- 
terminus of LMM-30 (“Val~His.Ser-ty~-Val-Ile.Ser- 

Glu-Glu). This suygcstr that the sharp lines arise only 
from the nine residues at the C-terminus. The spcefrum 
of LMM-3OC”, which is devoid of 17 amino acids from 
the C-terminus, shows the same broad onckgrormd and 
(1 few sharp lines. The resonances of the spin syatcms 
identified in LMM-30 nrc no longer observed (Fig. 3), 
which proves their suggcstcd assignment to the Cm 
terminus of rhe protein. 

The chemical shift values of the C-tcrminnl amino 
acids are rather close to the values found in random-coil 
madcl peptidcs [18,19]. Togcthcr with the long trans- 
versa1 relaxation times (small line widths), this means 
that the C-terminus is extremely mobile and unfolded, 
This conclusion is also supported by the obscrvsrion of 
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Fig. 3. 500 MHz ‘H NMR spectra of LMM30 (above) and LMM3OC’ (below). Protein concentration was 1 mM in 0.6 M KCI, 10 mM potassium 
phosphate pH 6.6in 99.750/o l&O, at 308°K. Resolution enhanced spectrum (Lorentzian-to-Gausskn transformation), Assignments were obtained 

by two-dimensional NMR spectroscopy (not shown). 



only one set of ressnanec lines fear the C-torminl in the 
molecule; the two Gtecmini of the coiled-coil molecule 
must have the same time-averaged conformntions and 
rhc same mutual intcractians. The only exceptions were 
the resonances of Vnl Band 8’ , where two separate sels 
of resonance” lines with half the intensity were obocrwd. 
This indicates that these valine residues experience two 
different mierocnvironments likely due to the interac. 
tion between the two C-terminal peptides at position 
255, the border between the helical and the random con- 
formations, The high mobility of the C-terminus is not 
simply due to its position at the end of the polypeptirlc 
chain. The N-terminus shows no sign of high mobility 
(e.g. the N-terminal methianine would give rise to a 
sharp singlet methyl resonance at 2.1 pp~n which was 
not observed). Moreover, the spectrum of the C- 
terminus of LMM-30C” shows no indication of such a 
high mobility. 

The most important experimental finding is that the 
C-terminus of LMMSO and most probably of the 
skeletal myosin cod is unfoled and mobile and may play 
a crucial role in myosin assembly. The special role of 
the C-terminus for assembly has also been confirmed by 
electron microscopy and light scattering studies (Maeda 
et al., unpublished). With conventionally prepared 
LMM such an observation might not have been possible 
due Co proteolytic digestion of the C-terminus [5]. That 
the C-terminus of myosin heavy chain is non-helical has 
been deduced from the appearance of proline in the C- 
terminal amino acid sequence of myosin heavy chains 
from various sources, such as the nematode body wall 
muscle [3,4], the vertebrate smooth muscle [20] and 
non-muscle tissues 121,221, but it is not found in the 
vertebrate skeletal muscle myosin C-terminus. Ex- 
perimental evidence for such a structure in myosin 
heavy chain has never been presented. The unfolded C- 
terminus has been inferred also for tropomyosin [23], 
another protein forming a coiled-coil structure, where it 

Hu.ulcy, H.E. (lU63), 1. Mol. Blot. 7. 211-301, 
L0wcy, s. (1979) in: Fibrous pratcinr: sdidril’, intlumM and 
hlcciicel ALIWIK, VUL I tPwry, DAR, and Crcnmcr, L.K. cd%) 
Ac#dCmlr: PPcsJ, bandon. 
Mcbrrtehlan, A‘D. nnd Kern, J. (1982) Narurc 29‘9, 326-231, 
hlctachlnn, A.D. tend littrn, J. (19831 J. Mol. tjiol, 164, 
605-626. 
Nyirmy, L., hiloci!, ci,, Srilayyi, L,, Unlin[, M., 1-11, K,C., 
Wona, A. nntl Gcrpcly, J. (1983) 3. Biol. Clrcm, 258, 
13213-13220. 
ElXinpn, hl* and ‘rrux, n. (1980) in: Mchodr in Pcptidc nild Brs- 
fcin Scclncnrc hnalyrir (Birr. Chr, rd.) pp. 213-224, Elrcvicr, 
hmr~erdam. 
Hnh, J.F.Y. nnd Ycoh, G,P,S. (1979) Na~rc 280, 321-323. 
Macda, K,, Serakicl, G, and Wittinghofer, A. (1987) Eur. .I. 
Uiachcm. 167, 97-LO2, 
Emerson, C.P. and Dcrriatcin, S.I. (1987) Annu. Rev, Biochem. 
56, 695-726, 
Tong, SW’. nnd Elringa, M. (1990) J. Biol. Chcm. 265, 
4893-4901 I 
Tnylar, J,W., 01r, J. and Eeksrcin, H. (1985) Nucleic Acids Kes. 
13, 8765-8758. 
Maeda, K., Sczakicl, G., Hofmann, W., hlcnctrcr, J.-I:, nntl 
Wirringhofcr, A. (1989) J. Mol. Riol, 205, 269-273. 
I3 ,\dford, M, (197G) Anal. Biochcm. 72, 248-254. 
Atzrman, E. and Brosius, J. (1985) Gene 40, 183-190. 
Kamincr, 8, and Bell, A.L. 91966) J. htol. Biol, 20, 391-401. 
Burke, M. and Hnrrington, W.P. (1972) Biochcm. I I, 
1456-1462. 
Davis, J.S. (1988) Annu. Rev. Biophys. Chcm. 17, 217-239. 
Buncli, A0 and Wiilhrich, K. (1979) Biopolymcrs 18, 285-297, 
Wiirhrich, K, (1986) NMR of Proteins and Nucleic Acids John 
Wiley & Sons, New York. 
Yanagisawa, M., Mama&, Y II Katsurngawa, Y ,, Imamura, M., 
Mikawa, T. and Masaki, 7. (1987) J. Mol. Biol. 198, 143-157. 
Warrick, H.M., DcLozenne, A., Lcinwand, L,A. nrld Spudich, 
J.A. (l98G) Proc. Natl. Acad. Sci, USA 83, 9433-9437. 
Hammer Ill, J.A., Bowers, B., Paterson, B,M. and Korn, ED. 


