
lymerized as a result of a steric barrier or an 
unfavorable lattice matching. In this case, a 
dark band defines one folding unit. 
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neutron small-angle scattering studies have 
not shown a distinct change in the head - 
structure on binding of nucleotide (an ATP 
analog) (7) or on "invisible" F-actin (8), 
suggesting that no significant change occurs 
in the head during activity. 

In this report we present direct evidence 
for a structural change in the myosin head 
(Sl) during active hydrolysis of MgATP. 
Improved methods of small-angle x-ray 
scattering were used with synchrotron radi- 
ation as an intense and stable x-ray source. 
The correlation between changes in the S1 - 
structure and biochemical states thought to 
be Dart of the S l  adenosine tr i~hos~hatase . & 

( ~ T ~ a s e )  cycle was determined. 
Small-Angle Synchrotron X-ray Scattering Reveals papain-treated chicken SI [molecular 

Distinct Shape Changes of the Myosin Head mass 130 kD (9)], which has a full compo- 
nent of the light chains (1 0, 1 J), was used 

During Hydrolysis of ATP immediately after purification by gel filtra- 
tion, and only peak fractions were retained. 
A series of x-ray measurements on nucle- 

Katsuzo Wakabayashi, Makio Tokunaga, lzumi Kohno, otide-free and various nucleotide-bound S1 
Yasunobu ~ugimotoi Toshiaki Hamanaka, Yasunori Takezawa, complexes were made with the use of an 

Takeyuki Wakabayashi, Yoshiyuki Amemiya exposure time of 3 min at 18.5"C (12). 
Protein concentrations were varied from 3 

In the energy transduction of muscle contraction, it is important to know the nature and 
extent of conformational changes of the head portion of the myosin molecules. In the 
presence of magnesium adenosine triphosphate (MgATP), fairly large conformational 
changes of the myosin head [subfragment-1 (Sl)] in solution were observed by small-angle 
x-ray scattering with the use of synchrotron radiation as an intense and stable x-ray source. 
The presence of MgATP reduced the radius of gyration of the molecule by about 3 angstrom 
units and the maximum chord length by about 10 angstroms, showing that the shape of 
S1 becomes more compact or round during hydrolysis of MgATP. Comparison with various 
nucleotide-bound S1 complexes that correspond to the known intermediate states during 
ATP hydrolysis indicates that the shape of S1 in a key intermediate state, S1-bound 
adenosine diphosphate (ADP) and phosphate [Sl**.ADP.P,], differs significantly from the 
shape in the other intermediate states of the S1 adenosine triphosphatase cycle as well 
as that of nucleotide-free S1. 

to 7 mglml. X-ray measurements on S1 in 
the presence of 5 mM MgATP were started 
within 0.5 min after S1 was mixed with 
ATP. Because the rate constant of MgATP 
hvdrolvsis bv S1 in solution is -0.05 s-' at , , ,  
room temperature (13), most of the ATP 
(at least 4 mmol) should remain unhvdro- 
lyzed at the end df the x-ray measurement. 

Small-angle x-ray scattering curves are 
presented in Fig. 1 as Guinier plots 
{ln[l(S)] versus S2 ~ lo t s )  (14), where I(S) is 
the scattered x-ray intensity and S = 2 
sinO/A (where 20 is the scattering angle and 
A is the x-rav wavelength). The Guinier u r 

plots from all S l  samples gave straight lines 
in the ranee of SZ I 0.223 x kZ 

Conformational changes of the myosin junction with ATP hydrolysis, have re- (S:,x ), an; there was no evidence of up- 
head have been widely investigated because vealed the possibility of comparatively large ward curvature at l.ower values of S2 that 
of their possible role in the molecular shape changes of the head both for the would have resulted from aggregation of the 
mechanism of muscle contraction and other isolated myosin (4) and actin-Sl complexes molecules in solution (14, 15). The straight 
myosin-driven motile systems. In vitro mo- (5, 6). In contrast, previous x-ray and region (the Guinier region) was narrow, 
tility assays in which the head alone was 
used strongly suggest that internal motions 
of the myosin head play an important role 
in the sliding movement of the actin fila- 
ments (1). Many physicochemical studies 
[see, for example, (2, 3)] have indicated 
that changes of the myosin head occur 
during hydrolysis of ATP. Such conforma- 
tional changes have been attributed to the 
internal flexibility of the head (3). Recent 
electron microscopy (EM) studies, in con- 
-- 

K. Wakabayashi, I Kohno, Y. Sugimoto, T Hamanaka. 
Y Takezawa, Department of Biophysical Eng~neering, 
Faculty of Engineering Science, Osaka University, 
Toyonaka. Osaka 560, Japan. 
M. Tokunaga and T. Wakabayashi, Department of 
Physics. Faculty of Science, University of Tokyo, Bun- 

Fig. 1. Typical small-angle x-ray 
scattering curves of various S1 
samples on a Guinier plot. These 
plots are 7 mglml data. The 
straight lines represent extrap- 
olated Guinier fits. The fitting 
ranges (the Guinier regions) of 
the straight lines are indicated by " 

vertical dashed lines [S2 = ' - - 
0.0778 x 1 0-4 A-2 (s:,,) and S + 
= 0.2228 x (S:,)]. The 
dotted chain line at 0.12 x 

shows the S2  value of the 
present Guinier's criterion (21). 
For clarity, the curves have been 
shifted successively by 0.8 unit 

kyo-ku, Tokyo 113, Japan. on the 1 n[l(S)] axis 
Y. Amemiya, the Photon Factory. National Laboratory 
for High Energy Physics. Tsukuba, lbaraki 305. Japan. 
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Fig. 2. Protein concentration de- 
pendence of the apparent Rg of 
various S1 samples (A). The Rg 
(the root-mean-square distance 
of the electrons from the center of 
gravity of the molecule) was cal- 
culated from the slope (*2a x 
{Aln[l(S)]IAS2}i12) of the Guinier 
region as shown in Fig. 1. This 
region was chosen to produce a 
linear Guinier plot with low vari- 
ance (21) that would not be af- 
fected by the shape of a molecule 
(14, 15). The Guinier region of the 
scattering data showed no more 
than one linear component. (Top 
to bottom) SI .ADP-pPDM corn- 0 2.0 4.0 6.0 8.0 
plex (O), nucleotide-free S1 (O), c (ms/ml) 
S1 .ADP complex (A), S1 .ADP + P, sample (A), S1 .ADP.Vl 
complex (A), and S1 in the presence of MgATP (e). For 
S1 .ATPyS (O), only the value of 7 mglml data is shown. O 
denotes the RQ value of S1 after completion of ATP hydro- 

= 0) were determined by a variance-weighted least- ::.. lysis. The final RQ values at zero protein concentration Rg, c ;; 47,0 
II 

squares fit (32) to the data points and are given together '-46.0 

with associated SDs in (B) and Table 1. (The conventional 45.0 
RQ versus c plot was used here instead of the R: versus c 
plot because no significant difference was observed be- 44.0 

tween them.) 

and beyond SAax the plots deviated upward 
from the straight lines because of the asym- 
metric shape of S 1. The deviation of S 1 in 
the MgATP solution was less than that of 
nucleotide-free S l ,  showing that the shape 
of S1 is more compact or less asymmetric in 
the presence of MgATP (14, 15). The 
deviation of the stable complex with ADP 
and vanadate (Vi) (Sl.ADP.Vi) (1 6) was as 
small as that of S l  in the MgATP solution. 
In contrast, curves of an adenosine 5'-y- 
thiotriphosphate-bound S1 (S1 .ATPyS) 
(1 7), an S1 with MgADP trapped as a result 
of the cross-linking of Cys707 (SH1) and 
Cys697 (SH,) with p-phenylenedimaleimide 
(pPDM) (S1.ADP-pPDM) (1 1, 18; not 
shown) and an ADP-bound S 1 (S 1 .ADP) , 
deviated as much as the curve of nucle- 
otide-free S 1. 

The apparent radius of gyration R, can 
be calculated from the slope of straight lines 

Fig. 3. Pair-distance distri- A I , I 

in the Guinier lots (14j in the range of 
0.0778 x lop4 1-l (Si,,) 5 S2 5 Siax as 
a function of the ~ ro te in  concentration c 

bution functions [p(r) pro- 

(Fig. 2A). In all cases, R, decreased linearly 
with increasing c, again indicating that S 1 
exists in a monodisperse form. The slight 
differences in the slope can be explained by 
interparticle interference effects (1 4, 15) 
among different S1 samples; this effect is 
much weaker for S1 in the presence of 
MgATP and S 1 .ADP-pPDM than for other 
samples. The narrowness of the Guinier 
region in S1 samples was due to the large 
size and asymmetric shape of the molecule, 
as confirmed by calculations in which the 
crystal image of S1 (1 9) was used (see 
below). The R, values, extrapolated to zero 
protein concentration, are depicted in Fig. 
2B and Table 1. The R, of S1 in the 
MgATP solution was about 3 A less than 
that of nucleotide-free S 1. The R, of the 
S 1 .ADP.V, complex was slightly greater 
than that of S 1 in the MgATP solution. On 
the other hand, the R, value of the 
S1.ADP-pPDM complex was almost the 
same as that of nucleotide-free S1, and R, 
for the S1.ADP complex was only very 
slightly smaller than that of nucleotide-free 
S 1. The result with S 1 .ADP-pPDM is con- 
sistent with previous x-ray scattering data 
47). After completion of ATP hydrolysis 
(I I ) ,  the scattering curve and R, value from 
the S1 sample were nearly identical to the 
ones from the S1.ADP + inorganic phos- 
phate (Pi) sample (I I )  (and the S 1 .ADP 
complex) (see O in Fig. 2A). The magni- 
tudes of R are sorted in the following order: 
S 1 in M ~ A T P  < S 1 .ADP.V, < S 1 .ADP + 
P, = S1.ADP < nucleotide-free S1 = 
S1.ADP-pPDM, (Fig. 2B). 

The R, value of nucleotide-free S 1 (47.8 
A) is significantly larger than the value 
previously obtained for papain-treated rab- 
bit S1 (32.8 A) from x-ray scattering (20). 
The difference is principally related to a 

--__sI no nucleotide B _--- S1 no nucleotide 

-S1 in MgATP files] of four S1 samples. 
The function p(r) denotes 
the frequency of vector 
lengths (0 connecting - 
small volume elements 
within the entire volume of 
the molecule (14, 15). 
Each p(r) profile is shown 
superimposed with that of I ,  I I 4.-L 
the nucleotide-free S1 (the Q c I I I I I I 

dashed line). (A) S1 in the ---- S1 no nucleotide D ---- S1 no nucleotide 

presence of MgATP. (B) 
Sl .ADP.V complex. (C) 
Sl .ADPyS complex. (D) 
S1 .ADP complex. The lack 
of a distinct shoulder 
around r = 80 A in p(r) 
functions of S1 in MgATP 
and S1 .ADP.V, together 
with the decrease in Dm, 
shows that these complex- 0 50 100 150 

es are compact (15). We r (4 
calculated each p(r) func- 
tion by an inverse Fourier transformation of the average I(S)lc data in the range 0 5 S 5 So, where 
So (= 0.0220 kl) is the outer limit of the present small-angle scattering intensity measurement with 
a long camera length. The slightly oscillatory nature in p(r) was due mainly to the termination effect. 
In the calculation, the extrapolated values of the straight line in the Guinier plot were used for I(S) 
data in the region of 0 5 S 5 S,,,. The p(r) functions averaged from 3, 5, and 7 mglml data were 
shown, except for S1 .ATPyS (data at 7 mg/ml only) [no significant concentration dependence was 
observed in p(r)]. The maximum chord length Dm, of the molecule is defined as the distance at 
which the p(r) function eventually drops to zero or as the r-intercept (15). The apparent Dm, 
positions are depicted by arrows and the numerical values are listed in Table 1 .  The p(r) function 
of the S1 .ADP-pPDM complex (not shown) was similar to that of nucleotide-free S1 but gave a 
slightly larger Dm, (see Table 1). 
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Fig. 4. Modeling S1 shape changes. The gen- 
eral shape of S1 was taken from a reconstruc- 
tion of crystal images (19). After correction for 
the shrinkage, the model consisting of three 
domains was modified slightly to obtain a better 
fit to the observed small-angle x-ray scattering 
data (5 mglml). Models and comparisons of the 
o b s e ~ e d  (+) and calculated (solid) intensity 
curves on the In[l(S)] versus Splots. (A) Nucle- 
otide-free S1. (B) S1 in MgATP solution. The 
dimensions of the large, central, and small 
domains are roughly 57 by 50 by 90 A, 57 by 20 
by 64 A, and 33 by 25 by 36 A, respectively, in 
(A) and 57 by 50 by 90 A, 67 by 24 by 64 A, and 
30 by 23 by 36 A, respectively, in (B). The angle 

s (A-1) 
between the long axes of the large and central 
domains was about 40" in (A) and 65" to 70" in 

(B). The high-angle intensity data beyond S = 0.020 A-I in the observed curves are taken from the data that were obtained at 50 mglml with the 
shorter camera length and spliced to the 5 mglml data by a least-squares fitting procedure. Below S,,, the extrapolated values of the Guinier 
straight line were used. (C) The two S1 moieties drawn superimposed on each other in outline form by placing the center of gravity of the large 
domain of the (B) model over that of the (A) model. The transition from (A) to (B) was made mainly by an increase of the angle between the long 
axes of the large and central domains by 25" to 30°, whereas the overall structure of each domain was preserved. The center of gravity of the small 
domain moves about 40 A from its position of the nucleotide-free S1. In order to fit the observed intensity curves, it was necessary to introduce a 
small cavity with about 6% of its volume into the large domain and to alter the size of the central and small domains slightly in the transition from 
(A) to (B). The R values are 48 A in (A) and 45 A in (B). The intensity profiles from these models were calculated by Debye's equation (14, 15) with 
an aggregate of10 A-diameter spheres as shown in (A) and (B). At present much weight should not be placed on the difference between the 
calculated and observed intensity profiles beyond S = 0.025 A-l.  

Table 1. Effect of nucleotide binding on the radius of gyration (R ) and the maximum chord length 
(Dm,) of the S1 molecule and its estimated molecular weight. ~ { e  R, values extrapolated to zero 
protein concentration (c  = O ) ,  and SDs of the straight line obtained by a variance-weighted 
least-squares fit (32) are given. For S1 .ATPyS and ATP-depleted S1, the results from 7 mglml data 
are shown in parentheses. Note that the slightly larger Dm, of the S1 .ADP-pPDM complex may 
indicate a more extended shape than a nucleotide-free S1 (28). 

Samples 

S1 no nucleotide 
S1 in MgATP 
S1 .ADP.V, 
Sl .ADP-pPDM 
S1 .ATPyS 
Sl .ADP 
S1 .ADP + P, 
S1 ATP-depleted 

Molecular 
weight ( x  lo4) 

difference in the S2 region used in the 
determination of R, (2 1 ) . The region used in 
the previous studies (20) was 0.3 x lop4 
I S2 I 0.7 x A-', where the 

Guinier plot is much less steep (see Fig. 1). 
The range between 0.3 and -0.7 x 

is far beyond the straight region of the 
present Guinier plots, and thus it was not 
the correct Guinier region of S1. Our R, 
value is in agreement with the value recently 
obtained for papain-treated S l  preparation 

(46 + 2 A) by neutron scattering [almost the 
same S2 region as ours was used (22)j and is 
comparable to the value estimated from the 
size of the myosin head determined by EM 
(23) - 

The zero-angle intensity [I(O)lc] versus c 
plot was linear. Extrapolation of this plot to 
zero protein concentration yielded a value 
of 126 kD (mean + 6 kD SD) as the 
apparent molecular mass of S l  (24) (see 
Table l ) ,  close to that of the present 

papain-treated S 1 (9). 
Pair-distance distribution functions p(r) 

(where r is the real-space vector length) 
(14, 15) were calculated by an inverse 
Fourier transformation of the various S1 
scattering data (Fig. 3). The ~ ( r )  of nucle- 
otide-free S1 had a'peak at r = 37 A and a 
distinct shoulder at r = -80 A (arrowhead 
in Fig. 3A). This asymmetric profile of p(r) 
confirms that S l  is a highly elongated mol- 
ecule with an asymmetrically decreasing 
cross section toward its end (15). The 
shoulder is indicative of the domain struc- 
ture within an S l  molecule, its position 
corresponding to the interdomain distance 
(15). The r-intercept of p(r) gave a maxi- 
mum chord length (maximuni internal par- 
ticle dimension) Dm,, (14, 15) of about 
167 A. The p(r) curve of S1 in the 
MgATP solution showed a peak at the 
same position, had a less distinct shoulder, 
and intersected the nucleotide-free S l  
curve at r -80 A. Beyond this, there are 
significantly fewer vector lengths than in 
nucleotide-free S1, resulting in a Dm,, 
shorter by about 10 A (see Table 1). The 
R, values derived as the second moment of 
these ~ ( r )  functions (15) agreed well with 
those from the Guinier analyses. The data 
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in Fig. 3, A and B, show that the confor- 
mations of S1 in the presence of MgATP 
and the Sl.ADP.V, complex are similar, 
except for a small difference in R, (Fig. 2B 
and Table I ) .  However, Fig. 3, C and D, 
indicates that the conformations of the 
S l  .ATPyS (or S 1 .ADP-pPDM) and 
S 1 .ADP complexes are rather similar to 
that of nucleotide-free S l  . 

These results show that the shape of S1 
becomes compact (more round or bent) in 
the presence of MgATP, in agreement with 
the recent EM studies (4, 6). Among the 
elementary states of the S1 ATPase cycle, 
that of Sl**.ADP.P, is probably more com- 
pact than other states. This can be inferred 
because Sl**.ATP.Pi is the predominant 
steady-state intermediate of the S l  ATPase 
cycle (13) and because the Sl.ADP.V, 
complex is an analog of the Sl**.ADP.P, 
(25) complex; furthermore, our data show 
that the Sl.ADP.V, complex also has a 
compact structure. The compact structure 
of the Sl.ADP.V, complex is consistent 
with the results of electric birefringence 
(26) and fluorescence anisotropic decay 
(27) studies. Thus, major changes are in- 
duced by ATP, leading to an altered con- 
formation of the predominant intermedi- 
ate, Sl**.ADP.P,. 

The present results also indicate that the 
structure of S1 changes little after the ini- 
tial binding of ATP, if it is assumed that the 
S 1 .ATPyS complex or the S 1 .ADP-pPDM 
complex, or both, are stable analogs of the 
S 1-bound ATP transient state (1 7, 18). S1 
returns to nearly its original structure after 
release of Pi or ADP. Thus, large shape 
changes of S1 should occur in the transition 
into the Sl**.ADP.P, state and in the 
product (possibly Pi) release step from 
S1**.ADP.Pi. 

Recently, the structure of the same type 
of S1 sample (chicken pectoralis myosin 
S l )  was deduced by conventional three- 
dimensional reconstruction of crystal im- 
ages at -25 A resolution (1 9). In order to 
determine the extent of motions or the 
structural changes that would account for 
the changes of R, and Dm,, observed here, 
we calculated S1 shape changes with the 
use of a model consisting of three domains 
from the crystal reconstruction by taking 
into account the changes of the whole 
scattering profiles (Fig. 4). The initial mod- 
el had a curved, tadpole-like shape, which 
was modified slightly to fit the observed 
intensity curve (Fig. 4A). The 5 to 6% 
decrease in R, and approximately 7% reduc- 
tion in Dm,, of S l  in the MgATP solution 
could be explained mainly by rotation or 
bending by 25" to 30' between the long 
axes of the large and central domains in the 
nucleotide-free S 1 model (Fig. 4B). Most of 
the overall structure of the domains was 
preserved, although the size of the central 

and small domains was altered slightly. 
The displacement of the center of ravity 
of the small domain was about 40 1 from 
its original position, where the center of 
gravity of the large domains in both mod- 
els coincided with each other (Fig. 4C). 
Thus, the calculations reveal fairly large 
shape changes of S1 in the presence of 
MgATP. Although at present the models 
for the shape changes shown in Fig. 4 are 
not unique, we find it difficult to explain 
the observed changes in the scattering 
profiles without varying the degree of 
asymmetry of the molecule. More detailed 
analyses are needed to lead to a definite 
conclusion. 

There may be other explanations. As 
suggested by 31P nuclear magnetic reso- 
nance (2) and recent EM studies (4, 28), 
myosin exists as an equilibrium mixture of 
different conformations. This may be an 
alternative reason for the observed narrow- 
ness in the Guinier region (14, 15). In this 
case, the observed changes of x-ray scatter- 
ing could come from a shift of the equilib- 
rium. A recent mechanical and x-ray dif- 
fraction study on a contracting muscle fiber 
(29) revealed that multiple elementary 
force-generating processes are repeated dur- 
ing hydrolysis of one ATP molecule. This 
result also suggests that the myosin head in 
the active state is in equilibrium between at 
least two conformations. In any case, the 
proportion of S l  in a compact form would 
greatly increase in the active state. 

Our most recent high-resolution scatter- 
ing data obtained with an area detector (an 
imaging plate) [see, for example, (30, 3 l ) ]  
confirmed all of the results described here, 
and the change in the high-angle part also 
suggested an alteration in the internal 
structure of S1 in the presence of MgATP 
and the Sl.ADP.V, complex. 

The present findings provide quantitative 
evidence that interaction with ATP is ac- 
companied by substantial changes in the 
myosin head shape that are correlated with 
the key biochemical states of the S1 ATPase 
cycle. These structural changes of S1, to- 
gether with the changes of actin, may be 
associated with an energy-transducing mech- 
anism in the elementary force-generating 
process of muscle contraction as well as with 
in vitro motility of actomyosin. 
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Neural Computing in Cancer Drug Development: 
Predicting Mechanism of Action 

John N. Weinstein,* Kurt W. Kohn, Michael R. Grever, 
Vellarkad N. Viswanadhan, Lawrence V. Rubinstein, 
Anne P. Monks, Dominic A. Scudiero, Lester Welch, 

Antonis D. Koutsoukos, August J. Chiausa, Kenneth D. Paull 
Described here are neural networks capable of predicting a drug's mechanism of action 
from its pattern of activity against a panel of 60 malignant cell lines in the National Cancer 
Institute's drug screening program. Given six possible classes of mechanism, the network 
misses the correct category for only 12 out of 141 agents (8.5 percent), whereas linear 
discriminant analysis, a standard statistical technique, misses 20 out of 141 (1 4.2 percent). 
The success of the neural net indicates several things. (i) The cell line response patterns 
are rich in information about mechanism. (ii) Appropriately designed neural, networks can 
make effective use of that information. (iii) Trained networks can be used to classify 
prospectively the more than 10,000 agents per year tested by the screening program. 
Related networks, in combination with classical statistical tools, will help in avariety of ways 
to move new anticancer agents through the pipeline from in vitro studies to clinical ap- 
plication. 

There  are millions of different molecules 
that should be screened for their activity 
against cancer. Some are natural products 
collected from rain forests, oceans, and 
other habitats; some are products of syn- 
thetic organic chemistry. Before 1985, pri- 
mary screening of new compounds was done 
in mice bearing the murine leukemia P388. 
It was not clear, however, that this screen- 
ing would identify agents effective against 

solid tumors, including the common human 
carcinomas (1 ) . An alternative possibility, 
disease-oriented primary screening against 
panels of in vivo tumors, would not have 
been feasible for the very large numbers of 
candidate compounds. These issues moti- 
vated development of the current National 
Cancer Institute (NCI) drug screening, in 
which compounds are tested in culture for 
their ability to inhibit the growth of a panel 
of 60 different human. tumor cell lines (1). 
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that the matches generally related to in vitro 
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