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L-Thyroxine (Ta) and L- t r i iodothyron ine (T~) spec i f i ca l l y ,  inh ib i ted 
myosin l i g h t  chain Rinase (MLC-kinase) from various t issues whereas 
i nh ib i t o ry  effects of Tm and T R on other protein kinases such as protein 
kinase C, cAMP-dependen~ prote~n kinase, casein kinase I ,  casein kinase I I  
and calmodulin kinase I I  were much weaker. T~ was a more potent i n h i b i t o r  
of MLC-kinase than T 3. Kinet ic studies showed that T 4 behaved as a 
competitive i n h i b i t o r  of MLC-kinase toward calmodulin (CAM) and that Ki 
value was 2.5 uM. The a c t i v i t y  of the ca ta ly t i c  f ragme~o f  MLC-kinase, 
which is act ive without CaM, was not inh ib i ted by T4.12 ~ ~I-T 4 gel overlay 
revealed that CaM did not bind Ta but MLC-kinase had ~ ~I-T A Binding 
a c t i v i t y .  These observations suggest that Ta binds at or n~ar CaM binding 
domain of MLC-kinase and i nh ib i t s  CaM-induced act ivat ion of MLC-kinase. 
© 1988 Academic Press, Inc. 

In smooth muscle (1) and non-muscle ce l ls  (2), MLC-kinase is important 

for  ce l l u l a r  events related to change in shape and secretory processes. 

This protein kinase requires both Ca 2+ and CaM for  f u l l  a c t i v i t y .  In 

previous works using a CaM-antagonist; W-7 and the MLC-kinase i nh i b i t o r ;  

ML-9, we showed that MLC-kinase plays a major role in the regulat ion of 

cont rac t i le  proteins by phosphorylating the 20,000 dalton l i gh t  chain of 

myosin in vascular smooth muscle (3, 4) and blood p la te le ts  (2). In the 

thyroid gland, Tawata et a l .  (5) noted the existence of MLC-kinase that 

The abbreviations used are: MLC-kinase, myosin l i gh t  chain kinase; CaM, 
calmodulin; EGTA, ethyleneglycol bis (B-aminoethylether)-N,N,N',N' 
te t raacet ic  acid. 
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shares many of the characterist ics observed in gizzard MLC-kinase. 

Kobayashi et al. (6) reported the presence of CaM in the human thyroid, and 

CaM levels may be increased in Graves' disease (7). Our data revealed that 

thyroxine and tr i iodothyronine bound to MLC-kinase and inhibited the 

CaM-activation of the enzyme. 

EXPERIMENTAL PROCEDURES 

[¥-32p)ATP and L-C3',5'-1251]thyroxine were purchased from Amersham 
Corp. TPCK-trypsin (bovine pancreas), and trypsin inh ib i to r  (soybean) were 
from Sigma Chemical Co. D,L-thyroxine, D,L-tr i iodothyronine, and 
D,L-tyrosine were also purchased from Sigma. Other thyroid hormone 
derivatives were generous g i f ts  of Prof. A. Nagasaka (Fujita Gakuen Univ.). 
General laboratory reagents used were of analytical grade or better. 

Calmodulin was puri f ied from frozen bovine brain by the procedures 
described by Endo et al. (8). Myosin l ight  chain was prepared from chicken 
gizzard by the method of Hathaway and Haeberle (9) and from rabbit skeletal 
muscle by the method of Blumenthal and Stull ( I0).  MLC-kinase was puri f ied 
from various tissues by the modified methods of Walsh et al. ( i i )  and Takio 
et al. (12). The catalyt ic  subunit of cAMP-dependent protein k ina~ was 
puri f ied from bovine heart by the method of Beavo et al. (13). Ca - 
activated, phospholipid dependent protein kinase (protein kinase C) was 
prepared from rabbit brain, as described by Hidaka and Tanaka (14). Casein 
kinase I from rat l i ve r  was prepared by the method of Meggio et al. (15). 
Casein kinase I I  from rabbit skeletal muscle was prepared according to the 
method of Huang et al. (16). Calmodulin kinase I I  was puri f ied from rabbit 
brain by the procedure of Kennedy et al. (17). MLC-kinase and3~ther 
protein kinase ac t i v i t i es  were measured by quanti f icat ion of ~ P]phosphate 
incorporation into isolated myosin l ight  chain or other protein substrates, 
as described (18), in the absence or presence of thyroid hormones. 

The L-thyroxine-binding ac t i v i ~5o f  chicken gizzard MLC-kinase was 
determined by modifications of the l-calmodulin gel overlay described by 
Glenny and Weber (19). SDS-polyacrylamide gel procedure electrophoresis 
was performed using the discontinuous buffer system of Laemmli (20) and the 
gel f ixed in 40% methanol, 7% acetic acid for 30 min. Gels were rinsed 
three times with d i s t i l l ed  water and washed in 10% ethanol for 2 hr at room 
temperature to remove the SDS. They were then washed with 10% ethanol for 
30 min and rinsed three times with water. The gels were subsequently 
incubated with 25 mM Tris-HCl (pH 7.0), I mM CaCI^ and I0 mM MgCI 2 for I0 
min and washed several times with the buffer. Th~ gels were then incubated 
with gentle s~aking for 1 hr with the same solution containing 1251-L- 
thyroxine (10 cpm/ml) at 25°C. Unbound L-thyroxine was removed by 
repeated washings with the solution at 4°C. The gels were washed br ie f l y  
with d i s t i l l ed  water, stained, dried and subjected to autoradiography with 
Kodak X-Omat AR-X ray f i lm. 

RESULTS AND DISCUSSION 

Effects of thyroid hormone, L-thyroxine and 3,5,3 ' - t r i iodo-L-thyronine 

on phosphotransferase ac t i v i t i es  of casein kinase I ,  casein kinase I I ,  

cAMP-dependent protein kinase, protein kinase C, calmodulin kinase I I  and 
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Table I .  Inhib i t ion of various protein kinase ac t i v i t i es  by L-thyroxine (T4) 
and 3,5,3 ' - t r i iodo-L-thyronine (T3) 

MLC-kinase 
Concentration of 150 (uM) 

T 4 T 3 

Casein Kinase I 420 >1000 
Casein Kinase I I  310 210 
cAMP-dependent protein kinase 130 71000 
Protein Kinase C i i 0  120 
CaM kinase I I  190 86 
MLC-kinase (Chicken gizzard) 8.9 ± 2.0 22.1 ± 4.0 
MLC-kinase (Skeletal muscle) 8.7 ± 1.8 19.8 ± 3.0 
MLC-kinase (Thyroid gland) 6.7 ± 1.1 15.1 ± 3.1 

Im~ei~IKn;sinhibit°r concentration which cause 50% inhib i t ion of enzyme ac t i v i t y .  
values producing inhib i t ion of MLC-kinase from various tissues are 
of two independent determinations. The assay procedures of protein 

kinases are described under "Experimental Procedures". 

MLC-kinase were i nves t i ga ted .  As shown in Table 1, L - thy rox ine  i n h i b i t e d  

MLC-kinase a c t i v i t i e s  from chicken g izzard ,  bovine thy ro id  gland and rabb i t  

ske le ta l  muscle by 50% at the concentrat ion of  9 x 10 -6 M, whi le  

3 , 5 , 3 ' - t r i i o d o - L - t h y r o n i n e  produced 50% i n h i b i t i o n  of  the enzymes at the 

concentrat ion of  2 x 10 -5 M. Contrary to potent a b i l i t i e s  of  thy ro id  

hormone to i n h i b i t  MLC-kinases, enzyme a c t i v i t i e s  of  casein kinase I ,  

casein kinase I I ,  cAMP-dependent pro te in  kinase, pro te in  kinase C, and 

calmodul in kinase I I  were a f fec ted  only weakly by L - thy rox ine  and 

3 , 5 , 3 ' - t r i i o d o - L - t h y r o n i n e .  The i n h i b i t i o n  of  chicken gizzard MLC-kinase 

by thy ro id  hormones and t h e i r  d e r i v a t i v e s  were examined (Table I I ) .  

Table I I  
Inhib i t ion of MLC-kinase ac t i v i t y  by thyroid hormone and i ts  derivatives 

Inhibi tors Concentration of 150 (uM) 

L-Thyroxine *8.9 ± 2.0 
D-Thyroxine , 8.3 ± 1.6 
L-Triiodothyronine 22.1 ± 4.0 
D-Triiodothyronine 19.5 ± 3.3 
L-Diiodothyronine >100 
L-thyronine 7100 
L-Diiodotyrosine >100 
L-tyrosine 7100 
D-tyrosine 7100 

l~n; inh ib i to r  concentration which causes 50% inhib i t ion of chicken gizzard 
M[~-kinase ac t i v i t y .  The assay was performed in the presence of saturating 
amounts of Ca ~ (0. i  mM) and CaM (0.4 ~g/ml). The values presented are 
means of two independent determinations. * are included in Table I .  
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Fig. I. 
A. Effect of increasing concentrations of CaM on thyroxine-induced 

inhibit ion of chicken gizzard MLC-kinase. L-Thyroxine concentrations 
were 0 ~M ( 0 ) ,  10 uM ( 0 ) ,  and 30 ~M ( ~ ) ,  respectively. 

B. Kinetic analysis of thyroxine-induced inhibit ion of chicken gizzard 
MLC-kinase when the data were plotted as I/V vs. L-thyroxine 
concentration. The assay was performed in the presence of 0.I mM Ca 2+ 
and 0.05 ~g/ml ( 0 ) ,  0.2 ~g/ml ( 0 ) ,  and 2 ~g/ml (A)  of CaM. 

D,L-thyroxine and D,L- t r i iodothyron ine proved to be e f fec t i ve  i nh ib i t o r s ,  

but 3 ,5-d i iodo-L- thyron ine,  L- thyronine,  3 ,5-d i iodo-L- ty ros ine and 

D,L-tyrosine did not a f fec t  MLC-kinase a c t i v i t y  up to 3 x 10 -4 M. There 

was no d i f ference between the a b i l i t y  of the D and L form to i n h i b i t  the 

MLC-kinase a c t i v i t y .  

Since the ac t iva t ion of MLC-kinase requires calmodulin (CAM), we 

determined whether or not increasing concentrations of CaM would prevent 

the L-thyroxine-induced i nh ib i t i on  of MLC-kinase. This L-thyroxine-induced 

i nh ib i t i on  of the enzyme could be overcome by high concentrations of CaM 

(Fig. IA),  but not by increasing the concentrations of myosin l i g h t  chains 

or ATP used (data not shown). Kinet ic studies showed that  L- thyroxine 

behaved as a competit ive i n h i b i t o r  of  MLC-kinase toward CaM and the Ki 

value was calculated to be 2.5 ~M (Fig. 1B). 

MLC-kinase was reported to be a l t e rna t i ve l y  act ivated in an i r r eve rs i b l e  

manner by l imi ted proteolys is  wi th t ryps in  (21). In th is  process, the 

c a t a l y t i c a l l y  act ive fragment produced was e n t i r e l y  independent of Ca 2+ and 

CaM. The Ca2+-CaM-independent a c t i v i t y  of  MLC-kinase was not inh ib i ted  by 

L- thyroxine up to 3 x 10 -5 M (Fig. 2),  whi le Ca2+-CaM-dependent MLC-kinase 
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" Effect of L-thyroxine on Ca2+-~M activated ( 0 )  and trypsin 
d ( 0 )  MLC-kinase act iv i ty.  Ca:'-CaM activated chicken gizzard 

MLC-kinase act iv i ty  was determined in the presence of 0. i  mM CaCl 2 and 
0.4 ug/ml CaM, and the assay of digested MLC-kinase was performed in the 
presence of 2 mM EGTA. The MLC-kinase act iv i ty determined in the absence of 
L-thyroxine was shown as a control (100%) act iv i ty.  

a c t i v i t y  was depressed in a dose-dependent fashion. In the l i g h t  of  a l l  

these f ind ings ,  the i n h i b i t o r y  act ion of L- thyroxine seems to be due to the 

enzyme-activating process of MLC-kinase by Ca2+-CaM. 

To determine the target  prote in of L- thyroxine in MLC-kinase 

i n h i b i t i o n ,  the L- thyrox ine-b ind ing a c t i v i t y  of  CaM and MLC-kinase was 

assessed by means of gel over lay technique. MLC-kinase (Mr 130,O00)(Fig. 3, 

A. C o o m a s s i e  

a b c 
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B. A u t o r a d i o g r a p h y  
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31 ~ : 

" 125I-k-thyr°xine gel overlay of CaM and MLC-kinase. 
, Coomassie s ta in ing .  Panel B, Autroadiography. 2 ug of CaM 

(lane a) ,  bovin serum albumin (lane b) and chicken gizzard MkC-kinase 
~ n e  c),  were subjected to electrophoresis  on a 15% SDS-PAGE. 
"~I-thyroxine ge] overlay was performed as described under "Experimental 

Procedures". 
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lane C) showed 1251-L-thyroxine-binding ac t i v i t y ,  whereas CaM (Mr 16,000) or 

albumin bind l i t t l e  or no thyroxine. These results suggest that thyroxine 

affects the act ivat ion process of MLC-kinase by Ca2+-CaM. Interaction 

between thyroid hormone and CaM was excluded by dialysis of the labeled 

thyroid hormone in the presence of puri f ied CaM and various concentrations 

of Ca 2+ (22). Our 1251-thyroxine gel overlay (Fig. 3) supported th is 

f inding and indicated that thyroxine binds d i rec t ly  to MLC-kinase. We 

reported that derivatives of W-7, such as A-3 (18) and ML-9 (3) inhibi ted 

MLC-kinase in a competitive fashion with ATP, and suggested that these 

compounds bind at or near the ATP-binding s i te of the enzyme. The 

inh ib i t ion  of MLC-kinase by thyroxine was not competitive with ATP. 

All these results indicate that thyroxine is a unique type of MLC-kinase 

inh ib i to r .  The inh ib i to ry  action of thyroxine seems to be the result of 

direct effect on the CaM-binding s i te of the enzyme. 
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