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Shape and Substructure of Skeletal Muscle Myosin Light Chain Kinase? 

Georg W. Mayr and Ludwig M. G. Heilmeyer, Jr.* 

ABSTRACT: To evaluate the shape and substructure of cal- 
modulin-dependent myosin light chain kinase from skeletal 
muscle, the a p e  and holoenzyme and three well-characterized 
proteolytic fragments were studied by enzymatic measure- 
ments, by hydrodynamic techniques, and by CD spectroscopy. 
For the native apoenzyme, a molecular weight of 70 300 was 
established by sedimentation equilibrium in contrast to 
>80 000 estimated by electrophoresis. A highly asymmetric 
structure was evidenced from sedimentation and viscosity data. 
Examination of two slightly different calmodulin binding 
fragments of M, -36OOO showed that both are fairly globular, 
high in a-helix content, enzymatically active, and calmodulin 
regulated. They have been termed head fragments. The third 
fragment of M, -33000 could be demonstrated to represent 
the remaining part of the native enzyme by its amino acid 

Phosphorylation of myosin at light chain 2 by myosin light 
chain kinase (MLCK)' is widely accepted to play an essential 
role in the Caz+-mediated activation of smooth muscle con- 
traction (Sobieszek & Small, 1977; Walsh et al., 1982c) as 
well as in myosin assembly (Suzuki et al., 1978). In striated 
muscle the role of MLCK is not yet elucidated as clearly 
(Bgrgny et al., 1980); Crow & Kushmerick, 1982; Cooke et 
al., 1982). Most of the MLCK species isolated require cal- 
modulin for their activity expression (Yazawa & Yagi, 1977; 
Dabrowska et al., 1978). Calmodulin (CM) reversibly binds 
to MLCK with high affinity in a calcium-dependent manner 
(Crouch et al., 1981). 

Molecular weights between 77 000 and 94 000 for the 
striated muscle MLCK (Pires & Perry, 1977; Wolf & Hof- 
mann, 1980; Edelman & Krebs, 1982) and between 105 000 
and 155000 (Dabrowska et al., 1977; Adelstein & Klee, 1981; 
Walsh et al., 1982b) for the smooth muscle MLCK were found 
by gel electrophoresis in the presence of NaDodS04. 

Hydrodynamic data have been collected for the smooth 
muscle enzyme (Adelstein & Klee, 1981), and some data also 
exist on striated muscle MLCK (Crouch et al., 1981). But 
whereas much information on the enzymatic function and 
regulatory role of MLCK has been accumulated, little is known 
about structural details of MLCK and their relevance. 

Here, the hydrodynamic reexamination of the molecular 
weight of the skeletal muscle enzyme indicates a lower mo- 
lecular weight than previously reported. As the major object 
of this study, data on the overall shape and secondary structure 
as well as on functionally relevant substructures of the apo- 
enzyme and holoenzyme (i.e., the complex with CM) were 
collected from native MLCK, three well-characterized pro- 
teolytic fragments, and their corresponding complexes with 
CM. Hydrodynamic techniques, far-UV CD spectroscopy, 
and enzymatic measurements were employed. A model of 
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composition and CD spectrum. This enzymatically inactive 
fragment, although low in a-helix content and rich in proline, 
was shown to be highly asymmetric ( a / b  > 10). From the 
latter, termed tail fragment and one of the head fragments, 
a more active enzyme could be partially reconstituted. 
Modeling by spherical beads [Bloomfield, V., Dalton, W. O., 
& Van Holde, K. E. (1967) Biopolymers 5 ,  135-1481 led to 
a close agreement in observed and calculated frictional ratios 
for all fragments as well as the apoenzyme built up by end 
to end arrangement of head and tail fragment, suggesting this 
headed structure for the enzyme. Holoenzyme formation by 
calmodulin binding to the head was accompanied by an in- 
crease in asymmetry and a-helix content and a decrease in 
apparent partial specific volume. 

MLCK is proposed, the major feature being a head-and-tail 
structure with the head containing all the domains essential 
for activity. 

Materials and Methods 
Chemicals and Reagents. Fluphenazine dihydrochloride 

was a generous gift of Heyden GmbH, Munich, FRG, divinyl 
sulfone and 1 ,Cbutanediol diglycidyl ether were from EGA- 
Chemie, FRG, [32P]phosphoric acid was from New England 
Nuclear, and [ T - ~ ~ P I A T P  was prepared according to Glynn 
& Chappel (1964). DEAE-cellulose DE-52 and filter disks 
(GFC, 2 cm) were from Whatman, and DEAE-Sephacel, 
Sephacryl S-300, Sephadex G-25, and Sepharose 4B were from 
Pharmacia. Crystallized bovine serum albumin and TPCK- 
treated trypsin (from bovine pancreas) were from Serva, FRG, 
and soybean trypsin inhibitor and ATP were from Boehringer 
Mannheim, FRG. Bio-Gel HTP (hydroxyapatite) was from 
Bio-Rad. All other reagents were of analytical grade. Special 
buffers used were the following: high-salt buffer, 0.5 M KC1, 
10 mM Tris-HC1, pH 7.5, DTE as indicated, and 1 mM 
EDTA; low salt buffer, 0.1 M KCl, 10 mM Tris-HC1, pH 7.5, 
DTE as indicated, and 1 mM MgC12. 

Skeletal muscle MLCK was prepared essentially as de- 
scribed by Crouch et al. (1981) with some modifications re- 
ducing the purification time. A batchwise adsorption to 
DEAE-cellulose and a stepwise desorption instead of the 
gradient desorption were employed. Dialysis whenever possible 
was substituted by gel filtration on Sephadex G-25 columns. 
The leading peak eluted from the hydroxyapatite column was 
pooled, MgClz and CaC1, were added to 1 mM and 0.1 mM, 
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Gel electrophoresis in the presence of NaDodSO, was 
carried out according to Weber & Osborn (1969) or Laemmli 
(1970). 

For isoelectric focusing the method of O'Farrel (1 975) was 
employed. Protein was determined by an automatized Lowry 
procedure (Lowry et al., 1951) with bovine serum albumin as 
the standard mg/mL = 0.660). CM determination was 
calibrated by a CM standard solution. Its concentration was 
established by an OD276,1 mg/mL of 0.2 in the Ca2+-free form 
and by amino acid analysis. MLCK determinations were 
calibrated via the OD given under Results. 

MLCK activity assays were carried out at 30 OC in 40 mM 
Tris-HC1, pH 8.0, 8 mM Mg(OAc)z, 100 pM CaCl,, 1 mM 
DTE, 1 mM [y3,P]ATP (0.2 mCi/pmol), 1 pM CM, and 70 
pM LC2 at appropriate dilutions of the enzyme (ca. 0.1 
pg/mL). Aliquots were withdrawn repeatedly and analyzed 
for C13CCOOH-precipitable radioactivity by the filter paper 
method of Corbin & Reimann (1975). For the steady-state 
kinetic analysis (K,  for CM, LC2, ATP; activation by Ca2+ 
and Mg2+) the other components were held at standard con- 
ditions. Ca2+ was varied by employing 1 mM EGTA/Ca2+ 
buffers, and free CaZ+ was calculated as described by Kilimann 
& Heilmeyer (1982). 

Amino Acid Analysis. Samples were either precipitated 
with 10% cold C1,CCOOH and washed with water or exten- 
sively dialyzed in EDTA-treated and boiled dialysis tubing 
against 0.1 M NH,HC03 and lyophilized. Aliquots for spectra 
and protein determination were separated from the latter 
samples. To part of the samples were added thioglycolic acid 
and for quantitations norleucine as an internal standard prior 
to hydrolysis. Specified conditions are given in Table I. A 
Biotronik-6000 amino acid analyzer with one column system 
(0.6 X 25 cm, Durrum DC6 A resin) and lithium citrate 
buffers was employed. 

Analytical ultracentrifugations were performed in a 
Beckman Model E equipped with electronic speed control, 
RTIC temperature control unit, and a photoelectric scanning 
system. Samples were freshly reduced by adding 2-5 mM 
DTE and equilibrated against the appropriate buffers by gel 
filtration on small columns of Sephadex G-25. Sedimentation 
velocity experiments were carried out at 60 000 rpm in double 
sector cells (12 mm) with quartz windows and Kel F center- 
pieces at 4.0 OC. Sedimentation equilibrium runs were carried 
out with column heights of ca. 3 mm at low (9000-12000 rpm) 
and intermediate speed (1 5 000-22 000 rpm) and 4.0 "C in 
six channel cells (12 mm). Time to equilibrium was estimated 
as recommended by Teller (1973). Equilibrium scans were 
recorded at 280 nm in triplicate. Base-line scans were recorded 
after 5-6 h at 40 000 rpm and slowing down the speed to the 
original value without using the brake. Sedimentation coef- 
ficients were calculated from the inflection point positions r 
of the boundaries recorded in 16-min intervals by linear re- 
gression of log r vs. time. s'20,w values were calculated ac- 
cording to Svedberg & Pedersen (1940). Stokes' radii were 
calculated according to Rssed = M(l - Q)/(ST$VS) from A4 
and the s value, with density p and viscosity 7 (in centipoise) 
of solvent,2 and N as Avogadro's constant. Frictional ratios 
were obtained as f/& = Rssed/R,, with R,, = [3i72M/(4~N)]'/3. 

Sedimentation equilibrium data, generally 30-35 c, vs. r 
points with decreasing r spacing toward the bottom, obtained 
by point by point subtraction of the base-line values, were 
analyzed by two numerical techniques using a desk top com- 
puter (HP 85).3 In the first treatment the c,  vs. r data were 

respectively, and a second CM-Sepharose 4B chromatography 
(2.5 X 15 cm column, 40 mL/h) was performed in 40 mM 
triethanolamine hydrochloride, 100 mM NaCl, 0.5 mM DTE, 
0.2 mM benzamidine, and 0.1 mM PMSF, pH 7.5 (buffer A), 
containing 0.1 mM CaC12 and 1 mM MgC12. MLCK was 
eluted by buffer A containing 0.5 mM EGTA instead of CaC1, 
and MgC1, and was stored at -20 "C after the addition of an 
equal volume of glycerol. 

Fragments of MLCK Produced by an Endogenous Protease. 
MLCK eluted from the first CM-Sepharose 4B column of the 
routine preparation (ca. 30 mg) was equilibrated against 15 
mM KZHPO4, 1 mM DTE, and 1 mM CaCI2, pH 6.8, on a 
column of Sephadex G-25, incubated for 2 h a t  30 OC, and 
then chromatographed on a hydroxyapatite column as usual 
except that 1 mM CaClz was included in all buffers. The first 
eluting peak, after 1 mM MgC12 was added, was applied to 
a CM-Sepharose 4B column (see above). Approximately 50% 
of the applied material passed through. The bound material 
was desorbed by buffer A containing 0.5 mM EGTA. The 
unbound protein again was applied to a CM-Sepharose 4B 
column as above. The unbound fractions from this column 
were transferred into buffer A containing 0.5 mM EGTA by 
gel filtration. These unbound fractions (termed FT) and the 
combined fractions desorbed from the affinity columns by 
EGTA (termed FH,) were stored at -20 OC after the addition 
of glycerol to 50%. 

Tryptic Calmodulin Binding Fragment of MLCK. Six 
milligrams of purified MLCK was adsorbed onto CM-Se- 
pharose 4B (1.6 X 10 cm) equilibrated with buffer A (without 
benzamidine) containing 1 mM MgC12 and 0.1 mM CaC12 
at room temperature. After 30 min, 20 mL of trypsin (10 
pg/mL, dissolved in the same buffer) was quickly pumped onto 
the column. After 15 min, the digestion was stopped by 
quickly pumping 20 mL of an ice-cold solution of soybean 
trypsin inhibitor (20 pg/mL in the same buffer) onto the 
column. After being further washed with 10 volumes of the 
above buffer at 4 OC, the material was eluted with buffer B 
containing 2 mM EGTA. The eluate was diluted 3-fold with 
H 2 0  and applied to a column of DEAE-Sephacel(l.6 X 5 cm), 
equilibrated against 40 mM triethanolamine hydrochloride, 
0.2 mM benzamidine, 1 mM DTE, and 0.5 EGTA, pH 7.5. 
A linear gradient (100 mL) to 0.2 M NaCl was applied. 
Fractions (termed FH,) containing only fragments of M, 
-36 000 judged by gel electrophoresis were pooled, concen- 
trated on a second DEAE-Sephacel column by stepwise elution 
or on a small column of CM-Sepharose 4B (like above), and 
stored as described above. 

Calmodulin was isolated from bovine brain according to 
Yazawa et al. (1980). A final fluphenazine-Sepharose 4B 
affinity chromatography was carried out as described by 
Charbonneau & Cormier (1979) instead of the gel filtration. 

Phosphorylatable light chains (LC2) in the dephosphor- 
ylated form were isolated from myosin freshly purified from 
rabbit skeletal muscle according to Trayer & Perry (1966) 
and dephosphorylated according to Pemrick (1980). The light 
chains were further fractionated as described by Holt & Lowey 
(1975). Contaminating CM was removed by fluphenazine- 
Sepharose 4B affinity chromatography. 

Fluphenazine-Sepharose 4 8  was prepared as described by 
Kakiuchi et al. (1981). Epoxy activation of Sepharose 4B was 
carried out as described by Sundberg & Porath (1974). 

Calmodulin-Sepharose 4B (0.8-0.9 mg/g of gel) was 
prepared as described by Sharma et al. (1980). Coupling to 
divinyl sulfone activated Sepharose 4B was carried out at pH 
9.5 in the presence of 50 WM CaCIz. 

* Index "1" for solvent (component 1 )  parameters omitted. 
Programs named SEDEQUI and SEPAM are available on request. 
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directly fitted by the function 
" 

e, = Zch exp[ui(9 - r.')/Z] 

with u, = MA1 - O#)d/(R7'J as described by Haschemeyer 
& Bowers (1970). A simple peeling-off procedure [as d e  
scribed by Yphantis (1964)l was used to decide on n. This 
treatment yielded reliable values for the total meniscus con- 
centration c. and for u, of the smallest component present and 
a set of c, and u1 values for higher molecular weight com- 
ponents if present. In a second treatment. point average 
molecular weight moments were calculated from c, vs. r data 
by using the E,,, value from treatment 1. The numerical 
techniques used were combinations of the methods described 
by Teller (1973) and Grant Kar & Aune (1974). 

Densifomefry of buffers and protein solution extensively 
dialyzed against the appropiate buffers was carried out at 4.0 
i 0.005 OC with a digital density meter of the mechanical 
oscillator type (chempro/PAAR DMA 60 + DMA 601) as 
described by Kratky et al. (1973). Instrument performance 
was checked with bovine serum albumin. 

Anulyfical Gel Filfrufion. A column of Sephacryl S-300 
(1.5 X 86 cm) equilibrated in high-salt buffer containing 0.5 
mM DTE was performed at 4.0 i 0.5 OC and 5 mL/h: I-mL 
fractions were collected. Protein was monitored by UV ab- 
sorbance, and the elution volume of MLCK was confirmed 
by activity measurement. Calibration was performed as de- 
scribed by Byers & Kay (1982). The Stokes radius RW was 
estimated according to Siege1 & Monty (1966). 

Vscosify experimenfs were carried out with an Ubbelohde 
type microviscometer ( I  30 mm capillary length, 1 mL outflow 
volume); temperature was maintained at  4.0 i 0.001 OC. 
Repeated measurements were performed by means of a Vis- 
cotimer (Schott, FRG). Outflow times were between 148 and 
160 s with a scatter of iO.05 s. Protein solutions prepared 
like for the analytical ultracentrifugation experiments were 
clarified by centrifugation at  SOOOg and were successively 
diluted. Concentrations were measured for every dilution step. 
Data were treated by standard methods (Bradbury, 1970). A 
density correction for the protein was taken into account by 
adding 0.3 mL/g to uncorrected [SI values. 

Fur-W CD specfra of protein solutions extensively dialyzal 
against the appropriate buffers were recorded at 20 OC by a 
Dichrograph Mark 111 (CNRS-Roussel Jouan/Jobin Yvon) 
by using quartz cells of 0.2-I-mm path length. The numer- 
ically smoothed and baseline corrected [e] spectra were an- 
alyzed as described by Greenfield & Fasman (1969). A set 
of equations of the type X,,, =/Aa +/Go +fRXR with X, 
X, and XR as the [e] values of companding reference spectra 
and X. as the measured value was solved for the f values 
between 195 and 245 nm at I-nm intervals by a least-squares 
technique. Reference speeva were the ones compiled by Yang 
et al. (1976). The condition fa + fe + fR = I always was 
included. A refinement of the fit concerning h e l i  chain length 
dependence was performed as shall be described elsewhere.' 

Results 
Isdafion ofMLCK was optimized in a way that high purity 

was achieved within maximally 60 h, including the second 
CM-Sepharose 4B affinity chromatography. From 3 to 3.5 
kg of muscle, 15-27 mg of >99% pure light chain kinase (sa 
Figure 1) of a specific activity between 70 and 105 #mol. 
min".mg-' was obtained. The high specific activities are 
believed to be the result of an improvement and acceleration 

1-1 

' HP SS-program named cinic is available on quest. 
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P~QURE I: Characterization of MLCK. FH.. FH,, and FT by gel 
electrophorcsis in the prma of NaDodS04 and isoelectric focusing 
of MLCK. In ( a i )  samples were elfflmphorcsed on 12.0% slab gels 
amording to Laemmli (1970) and in (k) and (I) on 7.5% gels according 
to Weber & Osborn (1969). (a) MLCK (ZOpg) f m h l y  isolated; (b) 
MLCK(I5rg)after I wcekat4'Cintheprsemrof0.2mMCaCIz; 
(c) FH, (20 pg); (d) FT (3 rg) showing a single band; (e) MLCK 
(4 pg) showing a single band; (f) FH, (12 pg) as obtained before 
DEAE-Sephacel chromatography; (8) FH, (15 rg) after DEAE- 
Sephacel chromatography; (h) FH,CM (20 pg) after 2 w e c h  at 0 
OC in the prcrcnce of 0.2 mM CaCI,; (i) FH,CM (20 pg) after storage 
like(h);(k) FH,(lOpg);(l) ~(8pg) ; (m)MLCK(IOpg)subjs ted  
to isoelectric focusing (pH decreasing from top to bottom). 

of the first enrichment steps and additionally of an optimized 
assay (see Materials and Methods). MLCK obtained after 
the hydroxyapatite chromatography slowly degraded proteo- 
lytically at 4 OC in the presence of Ca'*. The second CM- 
Sepharose 4B chromatography led to an increase in the sta- 
bility against proteolysis and removed degraded and inactive 
material still present. No degradation of the polypeptide chain 
was now observable upon storage for 2 weeks in the presence 
of 0.2 mM Caz* at 0 'C, and the activity decrease always was 
smaller than 50%. At -20 O C  in 50% glycerol the enzyme was 
stable for a t  least 6 months. 

The integrity and homogeneity of the MLCK were con- 
firmed by ( I )  one band of M, 84000 i 3000 on polyacryl- 
amide gels in the presence of NaDodSO, (Figure I), (2) one 
band upon isoelectric focusing. PI= 6 i 0.5 (Figure I ) ,  (3) 
homogeneous sedimentation profiles in the analytical ultra- 
centrifuge at high and low ionic strength (sa below). and (4) 
high specific activity with Ies than 1% of the maximal activity 
in the presence of 0.5 mM EGTA. 

Kinefic umlysis yielded K, values for Mg.ATP of 330 #M, 
for LC2 of 18 #M, and for CM of 4.0 nM. Half-maximal 
Caz+ activation in the presence of ex- CM was observed 
at  pCa 6.75 (Hill coefficient of 2.1). A single pH optimum 
at 8.0-8.5 and an optimal Mg" of 8 mM were found. All 
parameters were in good agreement with previously reported 
values (Pires & Perry, 1977; Blumenthal & Stull. 1980). The 
Wspecfrurn of MLCK showed a broad maximum at 276-278 
nm, a shoulder a t  290 nm typical for tryptophan, and same 
phenylalanine fine structure. The ratio OD~mm/OD~6(kun of 
1.59 indicated the absence of more than traces of nucleotide 
material. An nu/nL of 0.56 was determined based 
on amino acid analysis. 

Profeo/yfic fragmenfution of MLCK occurred spontaneously 
if the enzyme eluting from the first CM-Sepharose 4B column 
was incubated with millimolar CaCI'. Two distinct fragments 
of M, -35000 and 33000 were obtained (Figure I ) .  From 
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the succeeding hydroxyapatite column, the two fragments were 
eluted together like undegraded MLCK. A separation was 
possible as only the larger one (FH,) bound to CM-Sepharose 
4B. A second passage over CM-Sepharose 4B yielded an 
essentially pure M, 33 000 fragment (FT). Both fragments 
were stable in the presence of 0.2 mM Ca2+ at 0 OC for 2 
weeks. 

A CM binding fragment was also produced by tryptic di- 
gestion of MLCK preadsorbed onto CM-Sepharose in order 
to protect the CM binding domain from proteolysis. At the 
trypsin concentration used, two types of fragments of MI 
-55 000 and 36 000 were produced which were still bound 
to the immobilized CM. Increasing the time of proteolysis 
led to a shift from MI -55 000 material to MI 36 000. The 
tight binding of the fragments to the affinity matrix allowed 
an effective removal of protease and of nonbinding proteolytic 
fragments. The small amount of MI -55 000 fragments still 
present after digestion (Figure 1) could be separated from the 
smaller fragments by chromatography on DEAE-Sephacel. 
There was a broad peak of M, 36 000 material which only in 
its ascending part contained the heavier fragments. From 6 
mg of MLCK, 1.6 mg of >97% pure MI 36000 fragments 
(FH,) was obtained, which were as stable as the fragments 
above. 

Characterization of the Fragments Isolated. The CM 
binding fragments are termed FH (head fragment) with an 
index 3" for spontaneously proteolytic and "t" for tryptic. The 
non-CM binding fragment will be termed FT (tail fragment; 
for explanation see Discussion). Densitometry of gels per- 
formed according to Laemmli (1970) showed that FH, con- 
sisted of two different polypeptides of M, 34 500 and 35 500 
present in a ratio of ca. 1:l. These two bands comprised >99% 
of the total protein, and no native MLCK was demonstrable. 
The specific activity of FH, measured under standard con- 
ditions was ca. 12.6% of that of the MLCK from which it was 
isolated and 1.6% in the presence of 0.5 mM EGTA. A K, 
value for LC2 of 17.5 pM was determined. The UV-absor- 
bance spectrum of FH, as compared with native MLCK was 
characterized by a significantly enhanced absorbance maxi- 
mum at 276-277 nm (OD2,,,* mg/mL = 0.86) but a similar fine 
structure. 

The FT fragment if subjected to electrophoresis according 
to Laemmli (1 970) moved as one discrete band with a mo- 
lecular weight very close to that of fragment FH,. On gels 
according to Weber & Osborn (1969) a lower molecular 
weight of 33 500 was determined. The fragment was ca. 99% 
pure and showed no significant activity (maximally 0.2% of 
that of the native enzyme). The UV-absorbance spectrum 
showed a low-specific absorbance around 280 nm and indicated 
a very low amount of tryptophan. 

The tryptic fragment FH, (Figure 1 )  consisted of three 
polypeptides of MI 37 000, 36 000, and 35 000 comprising ca. 
lo%, 60%, and 25% of the protein. The specific activity was 
24.7% of that of MLCK as determined in the presence of Ca2+ 
and 0.2% in the presence of EGTA; the K, value for LC2 was 
17.8 pM. A reconstitution experiment was carried out by 
incubating equimolar amounts of FH, and FT in the presence 
of excess LC2, CM, and Ca2+ 30 min prior to the start of the 
assay with ATP. The specific activity (based on FH con- 
centration alone) increased in the presence of 100 pM Ca2+ 
and decreased in the presence of 0.5 mM EGTA. These 
changes were found to depend on the protein concentration: 
in the presence of Ca2+ the activity was 30.7% of the activity 
of MLCK at 0.26 pg/mL of total fragments and 56.3% at 2.6 
pg/mL. In the presence of EGTA it decreased to 0.4% and 

Table I: Amino Acid Composition of MLCK and the 
Fragments FH, and FT" 

FH, + 
M L C K ~  FH," FT" F T ~  

Asx 79.8 f 1.4 108.8 t 2.5 65.9 f 1.5 88.4 
Thr 45.0t 1.4e 40.6 f 0.7 38.2t 2.0 39.5 
Ser 61.4 f 1.4e 55.0t 1.6 64.2 t 5.0 59.4 
Glx 127.5 t 1.8 104.8 f 1.6 168.0 f 1.9 134.8 
Pro 83.9 * 1.6 51.7 t 2.8 106.9 t4.3 77.9 
Gly 80.7t 1.8 54.5 f 1.0 108.5 ?: 1.4 80.2 
Ala 97.4 f 2.1 48.3 * 2.6 113.9 t 1.7 79.5 
Val 50.5 f 2.1f 55.0f 1.3 45.3 f 1.0 50.4 
Cys 16.5 f 1.4g N D  N D  
Met 15.6 t 0.4' 31.2 t 0.8' 9.3 t 0.5' 20.8 
Ile 38.2 f 2.3f 43.8t 0.9 31.6 f 0.6 38.0 
Leu 71.2f 1.7, 91.9 f 1.8, 65.8 f 1.3, 79.5 
Tyr 11.5 t 0.3' 17.7f 1.1' 10.0 t 0.2' 14.0 
Phe 31.9 f 0.7 41.9 ?: 1.3 29.3 f 0.8 35.9 
Lys 68.5 f 1.2 67.1 t 2.4 63.0f 2.0 65.2 
His 15.4 + 0.6 21.8 t 0.4 13.5 f 1.0 17.9 
Arg 31.9 f 0.4 39.7 f 0.4 23.2+ 0.4 31.9 
Trp 7.2 ?: 0.lk 9.7 f 0.9' 2.1 f 0.6' 6.1 
NH, 96.0257 N D  N D  
MRW 107 113 104 

a Values given are mo1/1OS g t SEM. Samples were hydrolyzed 
in 6 N HCl at 110 "C. 
preparations after 24,48, and 72 h of hydrolysis in triplicate each. 
" Analysis done in duplicate after a 36-h hydrolysis. d Weight- 
average contents calculated by using the means of the molecular 
weights given in Table 111. e Obtained by extrapolation to zero 
hydrolysis time. 
g Determined as cysteic acid after performic acid oxidation accord- 
ing to Hirs (1956). ' Mean of the value obtained (as methionine 
sulfone) after performic acid oxjdation and the one from thiogly- 
colic acid containing samples. ' Only from thioglycolic acid 
containing samples. J Mean of values from amino acid analysis 
and values determined spectrophotometrically according to 
Edelhoch (1967). Mean of values determined spectrophoto- 
metrically and colorimetrically according to Messimo & Musarra 
(1972). Determined only spectrophotometrically. 

Analysis done from two different 

Obtained from 72-h hydrolysis values. 

OS%, respectively. Mixing of FH, with FT at similar con- 
centrations had no significant effect on the activities. 

The amino acid composition of MLCK (Table I) was in 
close agreement with previously published data (Crouch et al., 
1981), showing a typically high Pro content of ca. 9 mol %. 
A main difference is the lower Trp content which was de- 
termined spectrophotometrically and additionally by a col- 
orimetric method. The amino acid analysis performed on the 
fragments FH, and FT (Table I) showed a strikingly lower 
content of Asx and higher content of Glx in FT as compared 
with FH,. The amounts of the small hydrophobic amino acids 
Pro, Gly, and Ala were twice as high in FT than in FH,, the 
contents of all aromatic amino acids as well as of Met and Arg 
were drastically lower and those of the branched-chain amino 
acids Val, Ile, and Leu were slightly lower in FT as compared 
with FH,. 

Sedimentation Equilibrium Studies. All hydrodynamic 
experiments were carried out at 4.0 OC. For the native proteins 
partial specific volumes measured at this temperature (see 
below) were used for data treatment in order to avoid larger 
errors in the buoyancy terms. 

Figure 2A shows a typical molecular weight distribution as 
a function of the local cell concentration for MLCK. Always 
some higher molecular weight material (MI  >250 000) was 
present but no material smaller than M, 70 000. As indicated 
by the small increase in number- and weight-average molecular 
weights, the total cell concentration of material larger than 
M, 70000 was low. No change in the polypeptide homogeneity 
of the samples could be detected after the experiments by gel 
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Table 11: Hydrodynamic Properties of MLCK, MLCK.CM, and CM 

MLCK MLCK-CM CM MLCK + CM 
- 
'Z(4,l.S.) (mL/g) 0.726 (0.004) 0.715 (0.005) 0.706 (0.006) 0.720 (0.006) 
- 0.72lC 0.700 (0.004)d 0.722e 
Uz(m,l.s.) (mL/g) 0.732f 0.721 

0.730g 0.726g 0.712(1 
0.707' 

M 70300 (1200) 87200 (1200)j 16720k 
3.03 (0.04) 3.63 (0.03) 1.74 (0.05)' 

- 
"Z(20,W) (mL/g) 

~ z o ~ W ( 1 . S . )  ( S )  
1.83 (0.05)'" 

3.02/ 1.7 7 

14.0 
3.13 (0.08) 
16.9 (0.4) 15.3 (0.5) 5.2 (0.4)'" 
16.4 (0.5) 

RS,sed(l.s.) (A) 54.5 (1.3) 58.8 (1.5) 23.8 (1.0)'" 
RS,sed(h.s.) 52.8 (1.9) 
RS,gel(h.s.) (A) 51.6 (0.9) 
f/fO (1.s.) 2.00 2.02 1.42'" 
f/f o (h.s.2 1.90 
p x  10- 2.22 (0.08) 2.15 (0.07) 2.13 (0.14)'" 
8Opn (g/g) 2.4 3.8 1.04'" 
6calcdo (g/& 0.42 0.43 0.46 
a b  [6 = 6 caicd 12.0 11.6 4.4'" 

Conditions for values indexed (l.~.), low-salt (1.s.) buffer containing 0.5 mM DTE; conditions for values indexed (h.s.), high salt (h.s.) 
buffer containing 0.5 mM DTE. For MLCK.CM, 0.2 mM CaCI, was included in the low-salt buffer, and for MLCK + CM, 0.5 mM EGTA 
was included additionally. Stokes' radii&, frictional ratiosflf,, and p were calculated directly from the values measured at 4 "C to avoid 
normalization errors. Values in parentheses are errors of the data (usually deduced from *2 SE of measured data). 
Caz+. 
CM used. f Values obtained by the temperature correction dE,/dT= 0.0004 mL/(g:K) (Durchschlag & Jaenicke, 1982). g Calculated by 
amino acid composition. 
adding molecular weight of CaZ+-CM to the value measured for MLCK. 
mM CaCl,. 
obtained from [17] and RS,sed at the bracketed 6 .  

With 50 HM EGTA, no 
Calculated weight average, the value for CaZ+€M used. With 0.2 mM CaC1,. e Calculated weight average, the value for Ca'+-free 

Caz+- and Mg2+-free CM, from Crouch & Klee (1980). Ca2+-CM, from Crouch & Klee (1980). J Obtained by 
Calculated from the sequence. I With 0.5 mM EGTA. rn With 0.2 

Obtained via the p factor. Calculated from the amino acid composition (see Discussion). Mean of prolate axial ratios 

electrophoresis. Therefore, higher molecular weight material 
could only consist of N-mers of MLCK. To decide whether 
the N-mers are in reversible equilibrium with monomers of 
irreversibly aggregated or both, simultaneous runs at different 
loading concentrations were performed. The nonoverlap of 
corresponding molecular weight moment vs. concentration 
curves (Figure 2B) indicates the presence of material irre- 
versibly polymerized. Gel filtration prior to the runs could 
reduce the percentage of higher molecular weight material but 
not completely abolish it. A local radius plot (Yphantis, 1964) 
in Figure 2C, done with the M, and M, data shown in Figure 
2B, also shows no overlap of corresponding moments, which 
is a sufficient condition for some reversible polymerization. 
Direct curve fitting (treatment I; see Materials and Methods) 
of c vs. r 2 / 2  data from a total of 12 equilibrium runs at dif- 
ferent speeds (see Materials and Methods) and loading con- 
centrations between 0.1 and 0.9 mg/mL assuming a two- 
component mixture yielded a mean molecular weight of com- 
ponent 1 of 70300. 

A low-speed run (9000 rpm) with a 1:l molar mixture of 
MLCK apd Ca2+-CM in low-salt buffer at a loading con- 
centration of 0.45 mg/mL resulted in a minimum molecular 
weight of 84400. This clearly showed that complex formation 
with calmodulin was almost complete even at the meniscus 
(concentration close to 0.2 mg/mL), and the stoichiometry 
was 1:l. 

High-speed sedimentation equilibrium runs with fragments 
FH, and FT in low-salt buffer gave molecular weights of 
37 200 and 31 700, respectively. In both cases, some percents 
of higher molecular weight material were also present. The 
temperature-corrected o2 values calculated from amino acid 
composition (as given in Table 111) were used. 

Sedimentation Velocity and Viscosity Studies. Series of 
sedimentation velocity experiments with MLCK, CM, and 
MLCK-CM were performed at 4.0 OC between 0.2 and 1.5 
mg/mL. The corresponding szO,, values obtained by extrap- 

11ot 

l f 8 f l ~ 4 1 r t # ,  1 
02  04 06 08 10 

c (mg/ml) 

FIGURE 2: Sedimentation equilibrium analysis of MLCK. Plots of 
point average molecular weight moments M,, M,, and M, vs. con- 
centration in (A) and (B) and local radius plot in (C). Conditions: 
high-salt buffer and 0.2 mM DTE. (A) Loading concentration 0.1 
mg/mL, 22000 rpm; (0) Mn data; (0) M, data; (+) M, data. (B) 
15 000 rpm; (0) M, data; (0) M, data; (+) M, data a t  a loading 
concentration of 0.13 mg/mL; (m, 0, X) same moments at  0.34 
mg/mL initial concentration. (C) M, and M, data from the ex- 
periments in (B) and same symbols. 

olation of the s'values normalized to water and 20 OC to zero 
concentration and the derived hydrodynamic data pre given 
in Table 11. In all cases only one symmetric boundary gen- 
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Table 111: Molecular Weights and Hydrodynamic Properties of the Proteolytic Fragments of MLCK and the Complexes with Ca2+-CMa 

FHt’CM FHS 

53400‘ 35000 (2000) 
37200 (3000) 

0.726 0.735 
3.56 (0.08) 3.11 (0.06) 
36.3 27.3 
1.46 1.25 
1.53 0.70 
0.43 0.42 
5.0 2.5 
3.4 

FH,*CM FT 

5300OC 

0.726 
3.73 (0.05) 
34.5 
1.40 
1.26 
0.43 
4.2 
2.7 

33500 (2000) 
31700 (2700) 
0.7 26 
1.81 (0.07) 
43.6 
2.07 

0.47 
14.3 
11.3 

a Conditions always were low-salt buffer containing 0.2 mM CaCl, and 0.5 mM DTE. For further explanations cf. Table 11. Determined 
Obtained like for MLCK. CM (cf. Table 11). 

From two sedimentation equilibrium experiments in low-salt buffer plus 0.5 mM DTE at 22 000 rpm, and c, temperature corrected as given 
The mean of the differently obtained molecular weights was used for FH, and 

by NaDodSO, gel electrophoresis according to Weber & Osborn (1969) (cf. Figure 1). 

under Table 11. e Calculated from amino acid composition. 
FT. Calculated assuming no asymmetry. 
bracketed 6. 

Calculated from amino acid composition. i Prolate axial ratios obtained from RS,sed at the 

erally representing more than 90% of the material loaded was 
observed. The remaining protein, obviously aggregated, sed- 
imented faster, without forming a discrete boundary. A 
slightly negative slope of ~ l , , ~  vs. c plots in all three series (not 
shown) suggested that the analyzed boundary only represented 
nonaggregating protein. 

value in high-salt 
buffer than in low-salt buffer. An unusually high Stokes radius 
of ca. 55 A in low-salt buffer and a somewhat lower value in 
high-salt buffer indicating a slightly more compact structure 
under the latter conditions were found. To reinforce the high 
Stokes radius also reported by Crouch et al. (1981), analytical 
gel filtration was employed in addition. In high-salt buffer, 
a mean value out of four experiments differing by only 1.2 A 
from the value deduced from sedimentation velocity was found. 
Adsorption prevented similar determinations at low-salt con- 
ditions. A significant increase in the sedimentation velocity 
was observed with MLCKCM. A Stokes radius still higher 
than that of MLCK alone was calculated. Frictional ratios 
close to two were deduced for both MLCK and MLCKCM 
from these sedimentation data. The hydrodynamic parameters 
of CM alone were in agreement with previously published data 
(Dedman et al., 1977; Crouch & Klee, 1980). Reversibility 
of MLCKCM complex formation could be demonstrated by 
chelation of Ca2+ with 0.5 mM EGTA after a short prerun 
in the presence of Ca2+. Components with s20,w values of ca. 
1.8 and 3.0 (Table 11) corresponding to CM and MLCK, 
respectively, reappeared. 

Viscosity experiments with MLCK, MLCKCM, and CM 
were performed at the same conditions and in the same con- 
centration range as the sedimentation experiments. In this 
range, plots of the reduced viscosities qsp/c vs. c were linear 
without concentration dependence (not shown); intrinsic vis- 
cosities are given in Table 11. The most striking feature is the 
high intrinsic viscosity of ca. 17 mL/g for MLCK compared 
with values of 3-4 mL/g for normally hydrated globular 
proteins. Like in the sedimentation velocity a small difference 
between low-salt and high-salt buffers directed toward a more 
compact structure in high-salt buffer. For the 1:l complex 
with Ca2+-CM, an intrinsic viscosity lower by ca. 2 mL/g was 
observed. Addition of 0.5 mM EGTA to the complex in- 
stantaneously reduced the qsp/c values by 1.3 mL/g. When 
the experiment was started with a 1:l mixture in low-salt 
buffer in the presence of 50 pM EGTA and Ca2+ was added 
to 200 pM in excess, the reverse change was observed, sug- 
gesting a rapid reversible transition between dissociated and 
associated states. The intrinsic viscosity obtained for CM alone 
was 5.2 mL/g. 

MLCK alone showed a slightly higher 

The proteolytic fragments and 1:l molar mixtures of the 
head fragments with Ca2+-CM were also subjected to sedi- 
mentation analysis at concentrations between 0.15 and 0.8 
mg/mL. The corresponding s20,w values are given in Table 
111. Both CM-binding fragments, FH, and FH,, showed the 
same value; the fragment FT, however, although similar 
in molecular weight, sedimented drastically slower. As with 
the native enzyme, a low amount of faster sedimenting material 
was present. Equimolar amounts of Ca2+-CM and FH, or FH, 
led to a significant increase of the s20,w values with still only 
one sedimentation boundary present. This suggests that both 
FH, and FH,, respectively, have formed a stable faster sedi- 
menting complex with Ca2+-CM in the concentration range 
examined. Under the same conditions equimolar amounts of 
FT and Ca2+-CM sedimented independently from each other. 
The frictional ratios for the fragments FH were in the range 
found for globular proteins whereas FT had a frictional ratio 
still higher than that obtained for MLCK (cf. Table 11). 

Density measurements were performed on solutions of CM, 
MLCK, and a 1: 1 mixture of MLCK and CM in the absence 
and presence of Ca2+. The 8, values deduced and corre- 
sponding values calculated from amino acid composition are 
compiled in Table I1 for 4 and 20 OC. No variation of 4; with 
protein concentration was found up to 3 mg/mL. For MLCK 
a close agreement of the observed 8, to the 27, calculated from 
amino acid composition (Cohn & Edsall, 1943) was found. 
Equimolar mixtures of MLCK and CM were measured in the 
presence of 50 pM EGTA and after the addition of saturating 
concentrations of CaCl,. A buffer control was performed 
identically. Comparison of the measured 4 values with the 
weight-average 8, values calculated for molar 1: 1 mixtures of 
MLCK and CM at 4 OC in the absence and presence of Ca2+, 
respectively, shows a close agreement in the presence of EGTA 
but a value lower by 0.006 mL/g in the presence of Ca2+. 
Complex formation therefore must have been accompanied 
by a positive density change af the solution. 

Studies on Secondary Structures. Figures 3 and 4 show 
some of the CD spectra recorded in the far-UV region. [ e ]  
values below are given in degcm2-dmol-’. The CD spectrum 
of MLCK (Figure 3A) is characterized by a low overall el- 
lipticity with a negative shoulder around 221 nm ([e],,, = 
4600) and a minimum at 204 nm ([e],  = -7130), suggesting 
a low amount of a! helix and a large amount of “unordered” 
structure. Adding or chelating Ca2+ had no effect on the 
spectrum. The spectrum of FH, indicates a larger amount of 
a! helix and shows minima at 207 and 220 nm ([e],, = -3150; 

= -6740); in contrast the spectrum of FT does not 
suggest the presence of much a-helical structure. It is char- 
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Table IV: &-Helix and p-Form Contents and Mean Chain Lengths 
of CY Helices of MLCK, Its Fragments, and the Complexes with 
CM As Estimated from Far-UV CD Spectra" 

CY P 
helix? f o r m +  n t  SE 

polypeptide(s) SE (%) SE (%) (residues) 

' I '  ' I  I .  I 

200 210 220 230 2LO 200 210 220 230 2LO 
A lnm) / n m )  

FIGURE 3: Far-UV CD spectra of native MLCK (O) ,  FT [(- - -) in 
(A)], FH, [(-) in (A)], and FH, [(-) in (B)] recorded in low-salt 
buffer with 0.2 mM CaC12. (- - -) Residue number average spectrum 
calculated from the spectra of FH, and FT in (A) and from FH, and 
FT in (B). 

I '  I , '  1 

2 .  A 
' 1  B l i  

1 ,  I ,  I 
200 210 220 230 240 200 210 220 230 2L0 

h ( n m l  inml 

FIGURE 4: Far-UV CD spectra of approximate molar 1:l mixtures 
of MLCK and CM (A) and FH and CM (B). For details see Table 
IV and Results. The continuous curves represent the spectra observed 
for the mixtures under associating conditions (Le., the complexes) 
and the broken lines the spectra calculated for the mixtures by using 
the constituent spectra recorded under identical conditions. 

acterized by a negative plateau around 217 nm, possibly 
suggesting 0 structure, a discrete minimum at 203 nm ([elzo3 
= -8210), and a still more negative minimum below 198 nm. 
A residue number average spectrum calculated from the 
spectra of FH, and FT is depicted in the same figure. Residue 
numbers per mole of protein were estimated by dividing the 
corresponding mean molecular weight by the MRW given in 
Table I. A close agreement with the spectrum of the native 
enzyme is obvious. FH, shows a CD spectrum similar to that 
of FH, (Figure 3B) but the minima, although at the same 
wavelengths, are smaller in absolute values ([e],,, = -6300; 
[8],,, = -5700). Again the calculated average spectrum with 
FT shows close resemblance to that of native MLCK. Figure 
4 shows that CaZ+-CM binding to MLCK or FH was accom- 
panied by larger changes in secondary structure. In each 
experiment the concentrations of separate solutions of MLCK 
and CM were adjusted in Ca2+-containing low-salt buffer at 
a molar ratio as finally desired for the mixture. Equal volumes 
of both solutions were mixed, EGTA was added to half of the 
constituent solutions and the mixture, and CD spectra of all 
six solutions were recorded. In the absence of conformational 
changes upon complex formation or the absence of interaction, 
the recorded spectrum of the mixture should be identical with 
the calculated composite spectrum. Calculation of the com- 
posite spectrum was carried out by using the residue number 
average (see above). Indeed, identical spectra were obtained 

MLCK 1 7 +  1 3 t 3 6.7 t 0.4 
Ca'+-CM 59 + 2 5 k 2 8.4 r 0.4 
CM (Caz+ free) 52 f 2 10 + 2 8.5 c 0.5 
MLCK.CM (measd)b 29 c 2 9 k 3 7.5 + 0.8 

MLCK t CM 2 4 c 1  5 + 2  7 . 3 * 0 . 5  
MLCK.CM (calcd)c 24 3 7.4d 

MLCK t CM 23 4 7.4d 
(measd) e 

(calcd) 
20 i. 1 7 c 3 8.5 + 0.4 
1 0 * 2  6 + 3  11 .6k1.2  
33 f 1 10 + 2 7.4 c 0.3 

2 
FH,.CM (measd)g 
FH,.CM (calcd)h 30 6 8.4 

All spectra were recorded in low-salt buffer, in the presence 
either of 0.2 mM CaC1, or of 0.2 mM CaCl, and 0.5 mM EGTA. 
The symbols for polypeptides and complexes are explained in the 
text and in Tables I1 and 111. The values given are the means c SE 
of two to four different spectra each. The standard error repre- 
sents variation between the siqgle spectra. Mean chain length n 
is used as by Chen et al. (1974). The values given for MLCK.CM 
and FH;CM do not exactly represent those of a 1 : l  molar com- 
plex as a slight excess of MLCK and FH, was present, respectively. 
b Weight ratio MLCK:CM of 0.22: 1. Calculated average for a 
mixture of Ca'+-CM and MLCK at the same weight ratio. 

Calculated as a weight average of cy-helix fractions. e Same 
weight ratios as in footnote b,  with uncomplexed mixture of 
MLCK and Ca2+-free CM. Calculated average for the same mix- 
ture. g Weight ratio CM:FH, of 0.34:l .  Calculated average for 
the same mixture of Ca'+CM and FH, 

in the presence of EGTA (not shown). In the presence of Ca2+, 
however, the measured spectrum of MLCKCM (Figure 4A) 
was significantly different from the calculated composite 
spectrum; the corresponding spectra of FH&M also were 
different (Figure 4B), yet by a smaller degree. In both cases 
the minimum around 221 nm was more negative. With a 
mixture of FH, and CM, we failed to demonstrate corre- 
sponding changes in ellipticity. The CD data of CM in the 
presence and absence of CaZ+ agreed with previously published 
data (Wolff et al., 1977; Richman & Klee, 1979). 

In Table IV the a-helii and @sheet contents and mean chain 
lengths estimated as given under Materials and Methods are 
compiled. An a-helix content of 17% and a low mean chain 
length were estimated for native MLCK. Fragment FH had 
a significantly higher a-helix content than IT. Weight-average 
a-helix and 0-sheet contents for the mixtures of FH and FT 
close to the values of MLCK were calculated. The mean 
a-helix chain length calculated from these fragments was not 
consistent with the estimate for MLCK, but at low a-helix 
content this estimate is less reliable. Low &sheet contents in 
all cases were estimated; however, uncertainty in these esti- 
mates generally is high. The analysis clearly showed ca. 5% 
increase in a-helix content upon complex formation between 
MLCK and Ca2+-CM as well as ca. 6% increase in 0-sheet 
content. For the complex between FH, and Ca2+-CM a 
smaller increase in a-helix and @sheet content was found. In 
the absence of CaZ+, the a-helix and &sheet contents calcu- 
lated for the mixture of MLCK and CM from the constituent 
contents agreed well with the values found for the real mixture, 
demonstrating the consistency of the CD spectrum analysis 
technique. By this technique, for the Caz+-free form of CM 
vs. the Ca2+-saturated form a decrease in a-helix content by 
7% and simultaneously an increasing 0-sheet content were 
estimated. 
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marked deviation from spherical shape also for CM. 
Several criteria show that spontaneous proteolysis has led 

to two complementary fragments (FH, and FT) still close to 
the native conformation and that cleavage must have occurred 
at a restricted region in the middle part of the polypeptide 
chain. (1) The amino acid contents of both fragments (Table 
I) add up closely to the contents calculated for MLCK. The 
small difference in the sum of molecular weights of the two 
fragments from that of the whole enzyme indicates that only 
20 f 5 residues of the native polypeptide are missing. A rather 
hydrophobic composition of Ala, Pro, Thr, Lys, Ser, and Gly 
(in decreasing frequency) can be estimated for these missing 
residues. (2) Only FH,, the heavier one of these two frag- 
ments, expressed light chain kinase activity; its identical K,,, 
value for LC2 with that of the holoenzyme indicates that 
cleavage did not affect the LCZbinding region. As the activity 
though to a smaller degree than that in the holoenzyme was 
CaZ+-CM dependent and the fragment still bound to CM- 
Sepharose at concentrations below 1 pM, a major part of the 
CaZ+-CM-binding and -sensitizing region must be located in 
this fragment and be relatively intact. The rise in specific 
activity found after reconstitution with the per se inactive 
fragment FT and the increase in the CaZ+-CM activation 
strongly confirm complementarity of fragments and show that 
FT plays a role in the maintenance of activity and in Ca2+-CM 
activation. (3) There is a close similarity of the residue number 
average CD spectrum calculated from the spectra of the 
fragments to the spectrum of the native enzyme. Similar 
evidence comes from the corresponding UV-absorbance 
spectra. 

The tryptic fragment FH, also showed all the above-men- 
tioned properties. Attempts to increase the specific activity 
by reconstitution with fragment FT failed in this case. 
However, the Ca2+-CM dependence of FH, alone was already 
close to that of FH, in the presence of FT. A polypeptide 
region located in FT close to the cleavage site and playing a 
role in Ca2+-CM sensitization which is not cleaved off in the 
slightly larger fragment FH, would account for this difference 
between FH, and FH,. The duplicate presence of this segment 
in FH, and FT then could prevent reconstitution. The same 
would hold if such a peptide region were not directly involved 
in CaZ+-CM binding but only in stabilizing a conformation 
of the active fragment essential for this property. For smooth 
muscle MLCK it was shown that both in the presence (Walsh 
et al., 1982a) and in the absence of CM (Walsh et al., 1980) 
the domain conferring Ca2+-CM sensitivity can be split off, 
leading to a Ca2+-CM-independent active fragment. In 
skeletal muscle MLCK both in the absence of CM (FH,) and 
in the presence of immobilized CM (FH,) under the conditions 
used, proteolytic cleavage between the catalytic domain and 
the Ca2+-CM-binding region was somehow prohibited. In 
agreement with the findings in smooth muscle MLCK, how- 
ever, calmodulin obviously had dictated a cleavage pattern 
different from that of the apoenzyme. 

The terminology “head fragment” FH for the active 
CaZ+-CM-binding fragments and “tail fragment” FT for the 
inactive fragment was introduced based on their hydrodynamic 
properties. FH, and FH, showed frictional ratios in the range 
characteristic for globular proteins (Table IV) (Squire & 
Himmel, 1979). Under the assumption of completely spherical 
particles, the maximum degrees of hydration (6,,, in Table 
IV) were calculated as ca. 0.75 g/g for the FH fragments and 
1.25-1.53 for their complexes with Ca*+-CM. The value of 
0.75 g/g is in the normal range, but a doubling of this value 
upon Ca2+-CM binding is unlikely, suggesting rather a change 

Discussion 

The molecular weight obtained from sedimentation equi- 
librium is lower than previously reported (Crouch et al., 1981), 
but a similar value of 73000 can be calculated from the 
quantity M(dp/dcZ),, given by these authors and the buoyancy 
term from our own data after temperature and density cor- 
rection. In contrast, we like others found a higher molecular 
weight value by gel electrophoresis (80 000 by Weber-Osborn 
gels and even 84 OOO by Laemmli gels). As the hydrodynamic 
estimation is largely free from major errors provided the 
buoyancy term is measured, we have assumed the value of 
70 300 to be close to the real molecular weight and have used 
it for all calculations. 

Since the small amount of aggregated MLCK material 
always observed in sedimentation equilibrium experiments had 
molecular weights several times larger than that of the mo- 
nomer, the monomer molecular weight could be reliably es- 
timated. In sedimentation velocity runs the monomer sedi- 
mentation boundary was undisturbed by the faster sedimenting 
species. For the viscosity measurements a systematic error 
introduced by the polymerized material was unavoidable but 
should have been reduced by using high concentrations of DTE 
and examining the low protein concentration range. 

It has been suggested that the complex of MLCK with 
Ca2+-CM has a 1:l stoichiometry (Crouch et al., 1981; Blu- 
menthal & Stull, 1980; Adelstein & Klee, 1981). We can 
confirm this stoichiometry by the minimum molecular weight 
found at sedimentation equilibrium of a molar 1:l mixture of 
CaZ+-CM with MLCK, by the single homogeneous sedimen- 
tation boundary of this mixture, and by the CaZ+-CM-acti- 
vation curve measured at high MLCK concentrations (0.15 
pM) which reached its plateau level at a 1:l molar ratio. 

The treatment of Scheraga & Mandelkern (1953), com- 
bining sedimentation and viscosity data in order to eliminate 
hydration, was employed to estimate the asymmetry of MLCK 
and its CaZ+-CM complex. From the equation @ = ( N ~ [ q ] * / ~ q  
X lO-I3)/[(l - O@)iW3] with [q] in dL/g, @values of 2.22 
X 10-6,2.15 X 10-6, and 2.13 X 1 O4 were obtained for MLCK, 
MLCKCM, and CM, respectively, in low-salt buffer. When 
these @ values are used, from the equation [q] = v(0, + 6 / p )  
an estimate of the hydration term is possible via the Shima 
factor v, tabulated for the corresponding @ values [e.g., in Yang 
(1961)l. Since the hydration terms obtained for prolate and 
oblate ellipsoid models (see 6, in Table 111) are unusually high, 
this way of estimating hydration and asymmetry seems to be 
invalid. As discussed by Kuntz & Kauzmann (1974), poor 
representation of the shape of the molecule by an ellipsoid 
model, differences in “effective hydration” between the two 
transport phenomena sedimentation and viscous flow, and a 
flexibility of the macromolecule can be the reasons. 

Hydration therefore was calculated from amino acid com- 
position according to Kuntz & Kauzmann (1974). The re- 
sulting values, bcald in Table 11, are close to the average hy- 
dration obtained for proteins by hydrodynamic techniques 
[OS3 f 0.26 g/g (Squire & Himmel, 1979)l. When add was 
used, axial ratios were determined either like above from [q] 
or from f/fo via the Perrin shape factor F by using the equation 
f / f o  = F[1 + S/(PO~)]’/~. In all three cases (MLCK, 
MLCKCM, and CM) the axial ratios obtained from f/fo are 
higher than those from [q]. This kind of data inconsistency 
in fact would be in accordance with the latter two reasons given 
above and was found by Kuntz & Kauzmann (1974) for most 
cases reexamined. The a / b  values in Table I1 are the means 
of both estimates for a prolate ellipsoid, showing significant 
degrees of asymmetry for MLCK and MLCKCM and a 
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in asymmetry. By use of the hydrations Scald (Table III), 
which all were close to 0.4 g/g, prolate axial ratios of ca. 2.5 
for the head fragments and ca. 4.5 for their complexes with 
Ca2+-CM were obtained from f/fo. The prolate model was 
virtually chosen. Axial ratios would remain constant if in fact 
Ca2+-CM binding led to an increase in hydration to ca. 0.8 

For FT, a prolate axial ratio of 14.3 was obtained by using 
6cald and of 11.3 by using 0.8 g/g for 6. A value for 6,, of 
5.7 g/g, calculated for FT like above, would be only compatible 
with a completely unfolded polypeptide. It is concluded that 
FT in fact is highly asymmetric. For a hydration between 0.5 
and 0.8 g/g, the long half-axis of FT can be calculated between 
271 and 293 A by using a = R , , [ ( u / ~ ) ~ ] ' / ~  with the hydrated 
radius as Rh = Ro[l + S/(PO~)]'/~. Whereas only a narrow 
range of error is left for hydration and asymmetry of FH, for 
FT an alternative confirmation of asymmetry is desirable. 
Therefore, electron microscopic experiments are in progress. 

Further structural details can be deduced from the far-UV 
CD spectra, absorption spectra, and amino acid composition. 
The head fragments FH, and FH, have far-UV CD spectra 
resembling those of other intracellular enzymes with a rela- 
tively high a-helix content. Amino acid analysis and UV- 
absorbance spectrum indicates that FH, contains most of the 
aromatic residues of the whole enzyme. The ca. 30% increase 
in tryptophan fluorescence observed by Johnson et al. (1981) 
upon interaction of MLCK with Ca2+-CM thus means that 
a minimum of two of the four Trp found in the head fragment 
respond to Ca*+-CM binding. 

In C M  alone, Ca2+ saturation leads to an increase in a- 
helical content to close to 60% (Table IV), a degree thought 
to be maximal from inspection of the primary structure. The 
further increase in a-helix and 8-sheet content upon binding 
to MLCK, therefore, must be largely attributed to MLCK, 
there representing up to 50% of relative increase. The same 
holds for the increase in @-sheet content. As both a helix and 
p sheet represent highly condensed, hydrogen-bonded poly- 
peptide structures, the ellipticity increase indicates a rise in 
packing density upon association. Our finding of a decrease 
in O2 at 4 "C upon Caz+-induced complex formation is com- 
patible with an increase in packing density as well as with the 
burying of a larger hydrophobic surface area. The latter 
indeed may be important as the exposure of hydrophobic 
regions has been evidenced for Ca2+-CM (LaPorte et al., 
1980). Especially at  low temperature, water forms highly 
ordered clathrate structures with lower packing density (close 
to that of ice) around hydrophobic structures, and the release 
of this structured water upon association indeed would lead 
to an apparent decrease of B2. Release of 4000 AS of water 
from clathrate complexes of p 0.92 into bulk water with p 1.0 
would comprise for ca. 50% of the observed change in D2. The 
corresponding buried surface area calculated assuming a water 
monolayer would be ca. 1400 A2, and this indeed is the range 
estimated for protein-protein interactions from crystal 
structures (Chothia & Janin, 1975). 

For the tail fragment, from the presence of more than 11 
mol % proline residues, obligate a-helix brakers [see Schulz 
& Schirmer (1979)], as well as from the CD spectrum, an 
a-helical backbone making up the above stated highly asym- 
metric structure can be excluded. The ca. 10% or 30 residues 
of a helix estimated could maximally span ca. 45 8, in length, 
as the rise per residue is 1.5 8,. Since no other sufficiently 
stable single-stranded structure is known, most of the length 
of ca. 280 8, must be spanned by the remaining ca. 280 
non-a-helical residues by any other at  least double-stranded 

g/g* 
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FIGURE 5 :  Bead models of MLCK, its proteolytic fragments FH, and 
FT, and the complexes of FH, and MLCK with CM constructed in 
a way to show closest agreement in calculated (values in parentheses) 
and experimentally established (cf. Tables I11 and IV) frictional ratios. 
For modeling all known hydrodynamic parameters were taken into 
account. Computer calculations were rformed as described in the 

for (i) the previously estimated prolate shape of FT at 0.55 g/g 
hydration [a value virtually chosen, but close to Scald (in Table IV)] 
and (ii) the volumes of the other species at hydrations close to 0.5 
g/g (0.44-0.52 g/g). The hydrated volumes (in A3) thus used were 
34560,144000,178560,69 120,103680, and 69 120 for CM, MLCK, 
MLCKCM, FH,, FH,CM, and FT, respectively. The single beads 
were arranged in hexagonal dense packing and rearranged by trial 
and error. Only the end to end arrangement of FH, and F" resulted 
in frictional ratios as found for MLCK. 

structure, with a consequent rise per residue of around 2 A 
for a double-stranded and around 3 8, for a triple-stranded 
structure. Only two types of secondary structure account for 
this high rise per residue: the collagen-like and polyproline-like 
helical structures with 2.9-A rise per residue and the fi  
structure with 3.3 A [see Schulz & Schirmer (1979)l. The 
high content of the amino acids Pro, Gly, and Ala known from 
sequence studies as major constituents of the collagen primary 
structure (Balian et al., 1972; Fietzek et al., 1973) indeed may 
suggest the presence of collagen-like segments. Because of 
their obligate requirement for Gly in every third position, a 
maximum collagenous chain length of ca. 300 A may be es- 
timated from the ca. 35 Gly present. Parallel alignment of 
three strands like in collagen is unlikely for a continuous 
polypeptide chain. Therefore antiparallel alignment of strands 
would have to be postulated, e.g., in a way found for synthetic 
poly(L-alanyl-L-prolylglycine) by Segal & Traub (1 969). 
Additional stretches of a polyproline-like helix which has been 
evidenced as a parallel double helix in the IgG3 subclass 
(Marquart et al., 1980) may be assumed since Gly is not 
obligate in this structure. Finally a longer stretch of the 
fragment may be spanned by a 8 sheet built up from long 
antiparallel strands. The CD spectrum suggests a mixed 
structure perhaps containing all these elements. Such a 
structure might possess a significant amount of flexibility, thus 
providing the third explanation for the above discussed in- 
consistencies in hydrodynamic data, and might be suited for 
interactions with the elongated structures of myofilaments. 

A refined model of the shape of MLCK, MLCKCM, and 
the corresponding fragments was constructed by three-di- 
mensional arrays of beads for which frictional ratios were 
calculated according to Bloomfield et al. (1967a,b) fromfo 
= 67r77R0 a n d f =  6aqnr/(l + (r/n)C$lCjLIRij-') ( i  # j ) ,  
with a number n of beads of a hydrated radius rand  distance 
R, between beads i and j. 

In Figure 5 one such model with good agreement in all 
frictional ratios is depicted, further confirming and illustrating 
the headed structure of MLCK. Lengths for MLCK of ca. 
380 8, and for FT of ca. 210 8, and mean widths for FT of 
ca. 18 8, and for the head fragment of ca. 40 A were deduced. 

text. A (hydrated) unit sphere of 11.12- w" radius was chosen to account 
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Ca2+-CM binding leads to a length increase of the head part 
by ca. 40 A. 
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Bovine Dentin Phosphophoryn: Composition and Molecular Weight+ 
W. G. Stetler-Stevenson and A. Veis* 

ABSTRACT: The molecular weight of phosphophoryn, an acidic 
phosphoprotein unique to dentin matrix, has been difficult to 
determine because of a combination of neutral protease ac- 
tivities in this tissue and the intrinsic high charge density of 
the molecule. In this study, bovine dentin phosphophoryn 
(BDPP) was isolated by a procedure designed to prevent 
proteolysis. Bovine unerupted third molar powder was de- 
mineralized by ethylenediaminetetraacetic acid (EDTA). The 
EDTA-soluble phosphophoryn fraction was isolated and pu- 
rified by sequential calcium chloride precipitation, gel filtration 
in sodium dodecyl sulfate (NaDodSO,) containing buffer, 
anion-exchange chromatography, and finally gel filtration in 
4 M guanidine hydrochloride (4 M Gdn-HC1) buffer. Sedi- 

Phosphophor yns are major protein constituents of dentin 
extracellular matrix, accounting for as much as 50% of the 
noncollagenous proteins in some species. They are extremely 
rich in aspartyl, seryl, and phosphoseryl residues. Phospho- 
phoryns bind calcium ions with high affinity (Lee et al., 1977; 
Zanetti et al., 1981) and can be preferentially precipitated by 
relatively high concentrations of calcium ion (Kuboki et al., 
1979; Butler et al., 1981). They have been shown to markedly 
affect the in vitro crystallization of hydroxyapatite (Nawrot 
et al., 1976; DeSteno et al., 1975; Termine & Conn, 1976; 
Termine et al., 1980~).  Autoradiographic (Weinstock & 
Leblond, 1973), biosynthetic (Dimuzio & Veis, 1978b; Maier 
et al., 1983), and analytical studies (Carmichael & Dodd, 
1973) support the hypothesis that phosphophoryns are rapidly 
synthesized and secreted directly at the mineralization front. 
On the basis of these varied data, phosphophoryns have been 
postulated to play a number of important roles in normal 
dentinogenesis including nucleation and initial localization of 
calcium phosphate crystals within the hole regions of the 
collagen matrix (Butler, 1972; Veis, 1978; Dimuzio & Veis, 
1978b; Glimcher, 1981; Veis et al., 1981). 

However, discrepancies still exist in the literature concerning 
the molecular sizes and amino acid compositions of the 
phosphophoryns. Values for the molecular weight of bovine 
dentin phosphophoryn determined in earlier studies are on the 
order of 35000-39000 (Veis et al., 1972; Lee et al., 1977). 
Typically, these earlier studies failed to prevent proteolysis 
during demineralization and isolation procedures. Recent 
studies have shown that the strict prevention of proteolysis 
during isolation yields fetal bovine dentin phosphophoryn with 
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mentation equilibrium, sedimentation velocity, and diffusion 
coefficient data, viscosity studies in a high ionic strength buffer, 
and NaDodSO, gradient gel electrophoresis data gave con- 
sistent results for the molecular weight of BDPP, all being in 
the range of 151 000-167 000. This range is much higher than 
any previously reported value. An anomalous behavior was 
observed in nongradient NaDodSO, gel electrophoresis. 
Dissociative analytical gel filtration chromatography in 4 M 
Gdn-HC1 gave a molecular weight value of 100000. This 
discrepancy was resolved by studying the viscosity of BDPP 
in 4 M GdmHC1 which showed BDPP does not assume a true 
random-chain conformation in this solvent. 

a molecular weight on the order of 100 000 as determined by 
gel filtration in 4 M guanidine hydrochloride (GdmHC1) and 
sodium dodecyl sulfate (NaDodSO,) gel electrophoresis 
(Termine et al., 1980b). 

Recent studies of rat incisor dentin have shown that the rat 
incisor has at least two highly phosphorylated phosphoproteins 
(Dimuzio & Veis, 1978a,b; Linde et al., 1980; Butler et al., 
198 1). Different methods have given widely varying results 
for the molecular weights of these rat incisor phosphophoryns. 
For example, gel filtration chromatography in 3 M GdmHC1 
gave values of 65 000-7 1 000 for the molecular weights (Di- 
muzio & Veis, 1978a) whereas high-speed sedimentation 
equilibrium analysis performed in 0.1 M phosphate buffers 
containing 1 mM ethylenediaminetetraacetic acid (EDTA) 
at neutral pH showed no apparent concentration-dependent 
behavior and gave a molecular weight estimate of 30000 
(Jontell & Linde, 1977; Jontell et al., 1980). NaDodSO, gel 
electrophoresis has also been used to estimate the molecular 
weight of rat incisor phosphophoryns. When enzymatically 
dephosphorylated rat incisor phosphophoryns were run on 
NaDodSO, gel electrophoresis (7.5% acrylamide), a value of 
72 000 was obtained for the molecular weight (Linde et al., 
1980). When corrected for the addition of the phosphate, the 
estimate of the molecular weight became about 100000. More 
recently, values of about 90 000 for the phosphorylated 
phosphophoryns have been obtained by using an acrylamide 
gradient NaDodSO, electrophoresis system (Butler et al., 
1981). However, Jontell et al. (1982) have recently shown 
that rat incisor phosphophoryns behave anomalously in Na- 
DodS0, gel electrophoresis systems as well as gel filtration 
chromatography in 6 M Gdn-HC1. Using sedimentation 
equilibrium analysis, these investigators also found nonideal 
behavior of the phosphophoryns from rat incisors in 1 M NaCl 
solutions. However, after dephosphorylation, these proteins 
showed ideal behavior in the analytical ultracentrifuge. The 
molecular weight of the dephosphorylated phosphophoryn was 
determined by this method to be 28 000. When corrected for 
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