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1. Intreduction

The existence of two distinet conformational
states of the myosin exsvme (EC 3.6.1.3) depending
on the presence of either ATP or ADP, has been dem-
onstrated with the use of UV absorpiion [1], trypto-
phan fluorescence [2] and ESR [3] spactral tech-
niques. /

Transient kiretic investigations have further re-
vealed that during the hydrolytic cycle a long-lived
intermediate complex of myosin with the product
which is rate-limiting must cccur [4]. While the above-
mentioned techniques require that the protein be in
solution, we have been able to observe these confor-
_mational differences on myosin in the gel state and
even in the myofibrils by following the extent of inac-
tivation by alkylation of those l.hnol groups influ-
encing the active sites.

2. Methods

Myofibrils [5] and myosin {6] were prepared
from mixed rabbit skeletal muscles. For myosin prep-
aratlous 5 mM EDTA were included in all solvents.
Heavy meromyosin (HMM} was obtained from myo-
sin by tryptic digestion [7]. Alkylation was per-
formed with 40400 malar excess of V-ethylmaleim-
ide (NEM) over active sites of myosin on 0.1- 0.3 mg
protein per ml in 30 mM KCl and 25 mM Tris-HCl
PH 7.6 under conditions as indicated in the text.
Usually NEM was added 1 min gfter addition of the
nucleotide and the reaction terminated § min later by
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addition of a 100-fold molar excess of dithiothreitol
over NEM. The samples were then 15 times diluted
with 5 mM EDTA and 25 mM Tris-maleate pH 7.0,
centrifuged at 20 000 g and the sedimented protein
dissclved in 10 mM EDTA, ! M KCl and 25 mM Tris-
HC! pH 7.6 for astessment of the K-ATPase activity
[8]. Protein concentrations were determined by the
biuret method standardized on nitrogen estimations
[9] - For calculations molecular weights for myosin
and HMM were taken as 500 000 and 340 000, re-
spectively, both containing two active sites per mole-
cule [10]. The myosin content in myofibrils was as-
sumed to be 50% of total protein.

3. Results and discussion

The detection of different conformational states
of myosin— ADP caomplexes by ESR as used by
Seidel and Gergely [3] involves atlachunent of spin
labeled iodoacetamide to thiol groups (S| thiol group
as defincd by Kielley and Bradley [L1]) on myosin
which itself alters the transient kinetics of the enzyme
[12, 13] . However, the reactivity towards alkylaticu
of those thiol groups essential for the K-stimulated
ATPase uctivity is strongly dependent on the confor-
mation of the myosin— ADP complex resulting from
either hy drolysis of ATP (M*ADP) or addition of
ADP to inyosin only (MADP). Therefore, in the pres-
ent work, the inactivation of the K-ATPase by alkyla-
tion with NEM was used to differentiate beiween
these two conformational states. Although with a 70-
fold excess of NEM over myosin inaclivaetion occurs
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Fig. |. Innctivation of K-ATPase of myosin by alkylation. Pre-
vious to the ATPase test alkylation was performed as de-
scribed in Methods for different periods of ime with 30 uM
N-ethylmaleimide on 0.44 uM myosin at 25° In 30 mM KCL,
25 mM Tris-HCI pH 7.6 and 2.5 mM Mg-ATP (s—e—e) o1
Mg-ADP {(o—c—0).

mainly witkin the first 2 min in the presence of Mg- -
ADP, alkylation was usually performed for 5 min re-
vealing the largest difference to the case with Mg-ATP
(fig. 1). If the alkylation reaction is pecformed after
different incubation times of myosin with ATP, the
extent of inaclivation increases as the ATP becomes
depleted by the ATPase activity (fig. 2). With'a 28
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Fig. 2. Time vourse ol chanpe In‘u_nacu'mliun of K-ATPasc of
myosin fellowing addition of Mp-ATP. Previous to the ATPase
test alkylation was performed with 30 uM AM-cthylmaleimide
for 5 min at 25° es described in Methods after incubation of
myosin for different periods of lime with Mg-ATP. 12.5 pM
Mg ATP were added a1 O time to 0.44 uM myosin in 30 mM
KC1 and 25 mM Tris-HCI pH 7.6 at 25°.
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Fig. 3. Inactivation of K-ATPase of myoltbrils by alkylation
at 25° and 0°_ Previous to the ATPasc tost alkylation was per-
fornred with different amounts of N-ethylmaleimide for §
min as described in Methods on 0.25 mg myolibrils/ml in 30
mM KC1, 25 mM Tris- HCt pH 7.6 and 2.5 mM Mg-ATP

(s —e—a)ur Mg-ADP (o—o0-—o) at 25 (a) and at 0° (b).

molar ex¢ess of ATP over myosin it takes more than
20 min until fast inactivation of the K-ATPase occurs,
indicating that one complete hydrolytic cycle lasts on
average for about 100 sec. This value should be half-
ed, however, if only ane of the two sites per myosin
molecule is active at any instant. '

It was moieover possible to use this method
whether myasin was in the dissolved or gel state or
even within the structural texture of the myofibril
(fig. 3). The initial slope of loss in ATPuse activity
with increasing extent of alkyiation was taken as the
inactivation rate. [n table I the inactivation ratesin
the presence of ATP are given as relative values com-

pared to those which were obtained in the presence of
ADP but otherwise identical conditions. Since the -~

progress curve of ATP splitting by fully activated myo-
fibrils at' 37° tends to fall off rapidly with time [14]
alkylation was started 3 sec after addition of ATP and
terminated 30 sec later. As under these conditions an
equally slow inactivation rate occurs in the presence
of ADP due to partial transformation of ADP to ATP
by myokinase; the Inactivation rate in the presence of

/ATP had to be compared to that in the presence of -

2.5 mM Mg-pyrophosphate and 250 mM KCi [15].
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‘ . ) Table |
]mejﬁu_l:ion rates of K-ATPase of heavy meromyosin, myosin and myofibrils duc to alkylation under various steady state condi-
Hont of hydrolysis,
Life time of
hydrolytic Relative mnauchivation
Substrate hydroly sed cycle per rate in presence of
Temperature in the steady slate active site ATP frate in presence

Proteln Addition in°C {umole/min/mg protein} {ec) of ADP = 100)
Heavy
nromyosin MgATH 25 000991 b 3312)
Myosin Mg-ATP +

J.6 M KCl1 25 0.000791 Joz 12 (2)
Myosin MEgATP 25 0.00316 76 2019
Myosin Meg-ATP 1) 0.000524 457 92(3)
My osin Ta-ATP +

3.6 M KCl 25 0112 2.1 71(2)
Myosin a-ATP 25 a7 1.4 1244)
Myosin Ca-ATP 0 0.0678 1.5 100 (3)
Myofibrils Mg-ATP .25 0.421 0.28 - 25(4)
Myofibrils Mg-ATP D_ 0.0173 6.9 97 ()
Myofibrils Mg-ATP 37 1.47 0.082 29 (4)

* At 3T experimenis were performed as indicated in the text.

 ————

Values in column § are calcolated on the basis thal both hydroly tic sites of myusin arc simultaneously active [20, 21 ] . In each ¢x-
periment, previous to the K-ATFPase tests, alkylation with different amounts of M-ethylmaleimide was perfonned as described in
Methods in the presonce of 2.5 mM AT and ADP in parallel. Ta column & inaclivation mies in presence of ATP arc given i arbs-
trary units relative to Lthose obtained In presence of ADP, the latter being thken as 100 (number of experonents in parentheses).

From the results of Trentham and coworkers {4] it
can be deduced that the M*ADP conformation of
HMM exists al least for 97% of the complete hydro-
lytic cycle time. Their value for the catalytic centre
activity of HMM of 0.041 sec—F obtained from
stopped-flow kinetics would indicale a life time of the
rate-limiting M* ADP conformation of about 24 seg
and corresponds well to the value given in table § of
36 sec derived from steady state measurements. [ts
duration for intact myosin in the gel state is also of
the same order of magnitude whereas in solution in
tugh salt it Is even much louger lived. That the inacti-
vation rate due to alkylation is persisiently low under
various conditions in which the turmover rate per ac-
tive site' iz increased up to 4000-fold, indicates that
the M* ADP conformation always remains the pre-
dominant species at 25°. If the M*ADP conformation
does alzo occur at low temperature following hydrol-
ysis, It is shorter lived relative to the subsequent
MADP complex which is thus sufficiently long lived
to aliow full alkylation (table 1). In this case the

MADP conplex must become the rate-limiling sicp
as recenlly suggested by Malik and Martonosi [13].
Our results on myofibrils indicate that not only
in resting muscle [4] but alse in the activated state
M*ADP conformation exists as the prevailing form.
Actin is thought to activate by shortening the lifetime
of M*ADP through interaclion with 1t and concomi-
tantly accelerating the speed of ADP desorption {4],
althouph :ctin is also able to undergo interaction
with the MADP complex in myofibrils [15]. On the
other hand Ca-ATP which does not elicit conlraction
[16] . also leads 10 formabon of M*ADP at 257, a re-
sult also reported by Werber and coworkers [2] using
fluorescence techniques. It thercfeore appears that
this conformation of myosin is not directly linked to
the force-generating part ¢i the contraction cycle. In
addition it has recently been shown that this part of
the cycle can be produced without preceding hydro-
Iy tic step, simply by desorption of pyrophosphate or
of the ATP analogue adenylyl isnidodiphosphate from
the myosin heads [17, 18] . According to Lymn and
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-Ta_vlor L 9] in th.e foIJowing atep of the contractile
" cycle, ATP aocomp!ishes d:sth;:ment of the' fyosin
"heads from actin also without hydmlym Hydmlysis
takes place after and leads to the 1ong lastinig M*ADP

" conformation. One may conclude therefore, that this’

couformatlon ensums a ‘slow- tumover rate in ordcr ln
avoid energy Ioss during rest. It also énsures the di- r

rect coupling of the hydrolytic with the working ¢y- -

cle on.the mo[ecula: Ievel because ATP can combine

with the active site only after dcsorpuon cnf the prod—_ .

uct lh:ough actin intervention.
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