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Abstract 
Purified chicken gizzard myosin light chain kinase (MLCK) analyzed by anion-exchange high-performance liquid chromatography (HPLC) can 

be consistently resolved into three well separated peaks, termed ~, fl, ~r. These peaks are shown to correspond to differently charged forms of MLCK 
with the charge difference between ~ and fl twice as large as between fl and 7. The isoelectric point and elution position of the peaks as well as their 
amplitudes are modified by phosphorylation or by autophosphorylation of MLCK suggesting that the observed charge differences are related to their 
different phosphate content. The three forms appear to have similar apparent affinity for both the substrates, ATP and the isolated regulatory light 
chain, but their specific activities are different. 
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1. ~ u ~ o n  

Ca2÷-calmodulin (CaM)-dependent phosphorylation 
of the 20-kDa regulatory light chain of myosin (LC 20) 
is a dominant regulatory mechanism in vertebrate 
smooth muscle. Myosin light chain kinase (MLCK) was 
identified as a Ca/CaM-dependent enzyme which cata- 
lyzes the transfer of phosphate from ATP to LC 20 [1]. 
Recently, factors other than Ca/CaM have been pro- 
posed to be involved in the biological regulation of 
MLCK activity. Among them there is the role of post- 
translational modification of MLCK, specifically phos- 
phorylation, in modulating interactions between 
MLCK, LC 20 and CaM [2]. 

Previously we have described that purified MLCKase 
can be separated by anion-exchange HPLC into three 
species which retained phosphorylating activity and were 
characterized by similar peptide mapping [3]. 

In the present study the enzyme kinetic properties of 
these species have been elucidated in some details. In 
addition we show that the charge of the species was 
modified by MLCK phosphorylation. 

2. Materials and methods 

2.1. Protein and enzyme preparation 
MLCK was purified essentially from chicken gizzard according to 

the procedure described by Sobieszek and Barylko [4]. MLCK concen- 
tration was measured from its absorption of 278 nm using the extinction 
coefficient E l~ = 1.1 [5]. 

Turkey gizzard calmodulin and the regulatory myosin light chain, 
used as the kinase substrate, were purified as described previously [6,7]. 

2.2. High-performance liquid chromatography 
The equipment used was the same described in [14]. Water used for 

chromatography was deionized (Milli-Q (Millipore)) and all solutions 
were degassed and passed through a 0.45-mm Millipore filter prior to 
the chromatography. All reagents used were of analytical-reagent 
grade. 

Anion-exchange separations were performed on a Mono Q column 
from Pharmacia or on an analytical (75 × 7.5 mm, I.D.) Bio-Gel 
DEAE-5-PW column from Bio-Rad. All chromatographic runs were 
carried out at room temperature at a flow-rate of 1.0 ml/min. Separa- 
tions on the Mono Q column were performed as described in [3]. 
Separations on the DEAE-5-PW column were performed as described 
in [8]. Peaks were collected manually and analyzed for MLCK activity. 

2.3. Phosphorylation rate measurements 
Phosphorylation assays were carried out as described previously [9]. 

2.4. Gel electrophoretic procedures 
One-dimensional SDS-polyacrylamide gel electrophoresis was car- 

ried out according to Laemmli [10]. Isoelectric focusing was carried out 
in a pH range 7-9. Two-dimensional gel electrophoresis was performed 
according to O'Farrell [11]. 

* Corresponding author. 

Abbreviations: MLCK, myosin light chain kinase; HPLC, high-per- 
formance liquid chromatography; CaM, calmodulin; DTI', dithio- 
threitol; LC 20, 20-kDa regulatory light chain of myosin. 

3. R ~  

Standard purified MLCK from chicken gizzard sub- 
jected to anion-exchange chromatography on a Mono-Q 
column is normally resolved into three distinct fractions, 
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termed 0t, fl and ? in order of increasing retention times, 
(Fig. 1 a). The same profile was obtained after analysis 
the same type of preparation on a different ion-exchange 
chromatographic column (Fig. 1 b). A similar chromato- 
graphic pattern was obtained for turkey gizzard MLCK 
(Fig. lc), but in this latter case the relative proportion of 
the three peaks was different as compared to that of 
chicken MLCK. For turkey MLCK 0c and fl were domi- 
nant on y and were present in about the same amount. 
The separation and maxima of these three peaks varied 
a little from preparation to preparation, but for a given 
preparation the patterns wre reproducible. This variabil- 
ity could arise from oligomerization of the kinase [6] 
which depends on its concentration. However, the fact 
that very similar profiles were obtained for a given prep- 
aration at loading concentration ranging from 0.1 to 1.0 
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Fig. 1. Anion-exchange HPLC of smooth muscle MLCK. Chicken and 
turkey MLCK (250/tg), purified by standard techniques, were analyzed 
with two different columns. (a) Chicken gizzard MLCK on a Mono Q 
column; (b) chicken gizzard MLCK on a DEAE-5-PW column; (c) 
turkey gizzard MLCK on a DEAE-5-PW column. The relative elution 
conditions are described in section 2. 
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Fig. 2. One- and two-dimensional gel electrophoretic analysis of 
MLCK. (a) Chicken gizzard MLCK (4 gg) purified by standard tech- 
niques was analyzed by 10% SDS-polyaerylamide gel electrophoresis 
to check its purity; (b) isoelectric focusing of the same MLCK prepara- 
tion (10 gg) was performed on a pH gradient ranging from 5 to 8; (c) 
isoelectric focusing of turkey gizzard MLCK (10/tg) was performed as 
in (b); (d) a gel parallel to that shown in (b) was run in the second 
dimension on a 6% SDS-polyacrylamide slab gel. Arrows and numbers 
in (b) and (d) indicate MLCK variants. All gels were stained with 
Coomassie brilliant blue. 

milligram (results not shown) indicates that the observed 
differences were of different type and more likely re- 
flected isoelectric variants. This conclusion was con- 
firmed by a two-dimensional analysis of MLCK where 
the three forms were found to correspond to differently 
charged species of MLCK. From the results it is evident 
that a pure chicken gizzard MLCK preparation (Fig. 2a) 
gave origin to an isoelectric focusing pattern character- 
ized by three bands (Fig. 2b, arrows), the isoelectric 
point values of which were 6.6, 6.3 and 6.0, respectively. 
For turkey MLCK the same basic pattern was found 
(Fig. 2c), except that the band corresponding to isoelec- 
tric point of 6.6 was present in major amount as com- 
pared with chicken. When analyzed in the second dimen- 
sion, i.e. according to the molecular weight, the three 
proteins displayed the same electrophoretic mobility typ- 
ical to MLCK, thus negating a possibility that the charge 
differences resulted from a simple proteolysis of MLCK 
(Fig. 2d). 

Consistent with this observation the chromatographic 
pattern was different for MLCK preparations which un- 
derwent autophosphorylation or when the kinase was 
phosphorylated by catalytic subunit of cAMP dependent 
protein kinase. As is evident from Fig. 3 the relative 
amounts of ct species appeared to remain unchanged 
while the amounts of fl and 7 species become markedly 
reduced. At the same time a new peak termed ~' ap- 
peared between ~ and ft. These results clearly show that 
the presence of MLCK variants was related to covalent 
modification (phosphorylation) of the enzyme. 

Characterization of the enzyme kinetic properties in- 
volved initial rate measurements and were carried out 
over a range of ATP and LC 20 concentration of 14-350 
/tM and 12-300/~M, respectively. Using a common ap- 
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Fig. 3. Effect of phosphorylation of MLCK on its HPLC profile. 
MLCK was either autophosphorylated or phosphorylated by the cata- 
lytic subunit of cyclic AMP dependent protein kinase and then chroma- 
tographed on a DEAE-5-PW column as described in the legend to Fig. 
1. (a) Control MCLK (250 pg); (b) autophosphorylated MLCK 
(MLCK, 5 pM; CaM, 200 nM; CaC12, 0.1 mM; ATP, 1 mM; total 
volume 700 pl, incubated on ice for 60 min; (c) MLCK phosphorylated 
by catalytic subunit of cyclic dependent protein kinase in the presence 
of calcium (MLCK, 5 pM; CaM, 200 nM; CaCI2, 0.1 mM; cAMP 
subunit 5 pg; ATP, 1 mM; total volume 700/al, incubated on ice for 
60 min); (d) MLCK phosphorylated by catalytic subunit of cyclic de- 
pendent protein kinase in the absence of calcium (MLCK, 5 pM; CaM, 
200 nM; EGTA 1 mM; cAMP subunit 5/tg; ATP, 1 mM; total volume 
700/11, incubated on ice for 60 rain); (e) graphic illustrating the relative 
percentage of peaks in chromatograms of panels a, b, c and d. For panel 
b, c and d only the region corresponding to peaks is shown. 

proach based on the reciprocal plots we obtained the 
curves shown in Fig. 4. The three isoelectric variants 
exhibited a similar apparent affinity for both ATP and 
LC 20, but the Vm, was higher for 0t and fl species as 
compared with that of y. 

4.  D i s c u s s i o n  

In a previous paper we have presented evidence, based 
on anion-exchange HPLC, about a possible existence of 
different charged species of MLCK in chicken gizzard 

smooth muscle MLCK [3]. In the present report we ex- 
tend those observations and demonstrate that these spe- 
cies arise from the presence of different isoelectric vari- 
ants as well as from the kinase being phosphorylated to 
a different extent. Furthermore we characterized the en- 
zyme kinetic properties of the three variants. 

By means of two different HPLC columns we were 
consistently able to fractionate chicken and turkey 
MLCK into three peaks, ~, fl and y. Both in the HPLC 
and in isoelectric focusing experiments we can see that 
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Fig. 4. Initial velocity relationship pattern for MLCK isoelectric vari- 
ants as a function ofATP (a) and LC 20 (b) concentration. MLCK was 
chromatograpbed on a Mono Q column as described in Fig. 1. The 
three peaks were collected manually and the rates of 32p incorporation 
into LC 20 were determined as indicated in section 2. Key: peak ct (e); 
peak fl (v); peak T (0). 
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the charge difference between 0c and fl is twice as large 
as between fl and y. 

The amplitude of the peaks varied for chicken and 
turkey MLCK, suggesting the presence of a true isomer 
distribution different for the two avian species. This is in 
agreement with the already observed structural differ- 
ences between the two MLCKs [12]. In addition different 
HPLC patterns were already obtained for newborn and 
adult chicken MLCK [8]. The three MLCK species can 
have origin from amino acid sequence differences and/or 
from post-translational modifications of the protein. 
MLCK is known to exists as several distinct molecular 
species in skeletal muscle, heart, and smooth muscle or 
non-muscle tissue [13]. Moreover for rabbit skeletal mus- 
cle MLCK sequence analysis indicates the presence of 
approximately equal quantities of two isoforms differing 
in a single amino acid replacement [14]. Isoforms were 
also found for cAMP-dependent protein kinase (cAPK) 
and protein kinase C (PKC) (see [15] for a review). 

As far as smooth muscle MLCK is concerned only one 
full-length eDNA clone has been identified. This has 
allowed the definition of the complete amino acid se- 
quence of the protein [16], suggesting that one type only 
of MLCK is expressed in this muscle. In agreement with 
this observation we have shown that peptide maps of the 
three forms are very similar [3]. In the present report we 
demonstrate that both the amplitude and the elution 
position of the three forms were affected by phosphoryl- 
ation of MLCK. Therefore we conclude that the ob- 
served charge differences were due to different phos- 
phate content as well as could result from small differ- 
ences in the amino acid sequence. 

Enzymatic properties of MLCK isoforms have been 
characterized by determination of specific activity (Vmax), 
apparent Michaelis-Menten constants (K~) and of their 
apparent affinity for Ca-CaM complex. Some differences 
were observed for the three forms, ~ and fl appearing to 
have higher specific activity than 7, even though the 

Km value for both ATP and LC 20 is similar for all the 
three forms. 

Studies are in progress to understand the relationship, 
if any, between MLCK forms and their autophosphor- 
ylation levels in the regulation of smooth muscle contrac- 
tion. 
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