
acting as a sideromycin for sensitive 
strains of P. pseudotuberculosis. This 

suggestion is attractive because P. pes- 
tis can grow slowly in nonhemolyzed 
serum whereas P. pseudotuberculosis 
does not. Both species grow rapidly af- 
ter saturation of serum transferrin with 
ferrous ion (12). These results would be 
expected if P. pestis possesses a unique 
ability to obtain iron in vivo by chela- 
tion. However, the results shown in 
Table 3 indicate that loss or normal ab- 
sence of this proposed activity is of 
little consequence to bacteria injected 
intravenously. An alternative suggestion 
is that strains lacking pesticin I are 
sensitive to a normal antibacterial com- 

ponent of serum that is inactivated by 
ferrous ion. An antirespiratory 7S glob- 
ulin that fits this description has been 
described (13). 

The major physiological determinant 
of virulence in P. pestis appears to 

be its ability to survive and multiply 
within phagocytes, especially within 
fixed macrophages of the reticuloen- 
dothelial system (14). Intracellular resi- 
dence affords protection against normal 
antibacterial components of serum. The 
PI-deficient cell may fail to obtain a 
favored anatomical site in the mouse, 
suitable for intracellular growth, unless 
administered directly into the vascular 

system. The ability of wild-type P. pes- 
tis to obtain such sites after intraperi- 
toneal or subcutaneous injection may 
be influenced by coagulase and fibrinoly- 
tic factor rather than pesticin I. To 
resolve the roles of these three factors 

completely, it may prove necessary to 
isolate Pl- strains that remain C+ 
and F+, or vice versa, by introduction 
of suitable point mutations on the de- 
terminant for pesticin I. 
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Dynein: A Protein with Adenosine 

Triphosphatase Activity from Cilia 

Abstract. The adenosine triphospha- 
tase protein from cilia of Tetrahymena 
pyriformis consists of 30S and 14S 
fractions. The 30S fraction consists of 
rod-like particles, 70 to 90 angstroins in 
diameter, which are linear polymers of 
globular 14S units. The 14S units have 
a molecular weight of approximately 
600,000. The enzymatic properties of 
the two fractions are similar. 

Cilia isolated from Tetrahymena 
pyriformis contain a protein having 
adenosine triphosphatase activity (1). 
This protein forms the structures 
called "arms" which are located on 
the outer fibers of the cilium (2). 
Density-gradient fractionation (2) 
yields two protein fractions having 
adenosine triphosphatase activity. The 
fractions are characterized by their 
differing sedimentation rates (Fig. 1); 
extrapolated sedimentation constants 

(sO?20, ,.) of 14S and 30S, respectively, 
have been determined in 0.1M KC1. 

From our studies of this adenosine 
triphosphatase protein by physico- 
chemical and enzymatic techniques, we 
conclude that the 14S and 30S 
fractions are related as monomer and 
polymer. We propose the term "dyne- 
in" (dyne, force; -in, protein) to de- 
scribe this and other similar adenosine 
triphosphatase proteins associated with 
motile structures. 

Electron micrographs of 30S 
dynein, shadow-cast with platinum by 
the method of Hall (3), show that it 
consists of rodlike particles of variable 
length (Fig. 2A). The heights of the 
particles (determined from shadow 
length) are 70 to 90 A; the lengths, 
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consists of rodlike particles of variable 
length (Fig. 2A). The heights of the 
particles (determined from shadow 
length) are 70 to 90 A; the lengths, 
in a typical preparation, range between 
400 and 5000 A, 1700 A for a particle 
of average weight. When the particles 

in a typical preparation, range between 
400 and 5000 A, 1700 A for a particle 
of average weight. When the particles 

lie obliquely with respect to the di- 
rection of shadowing, a repeating 
globular structure (period approxi- 
mately 140 A) can often be seen along 
their lengths (Fig. 2B). Composite 
pictures, obtained by linear translation 
and superimposition (4) reveal this pe- 
riodicity even more clearly (Fig. 2C). 

Electron micrographs obtained by 
shadow-casting 14S dynein show glob- 
ular particles (Fig. 2D). The heights 
are in the range 70 to 100 A. Ap- 
parent widths are in the range 130 
to 180 A (Fig. 3); correction of the 
widths for lateral growth of shadow- 
ing metal (3) indicates the true width 
to be in the range 90 to 140 A. Mi- 
crographs obtained by the negative- 
contrast method (5) show globular par- 
ticles of essentially the same size (Fig. 
2E and Fig. 3). Approximating the 

shape to an ellipsoid of axes 85, 
90, and 140 A, and assuming an an- 
hydrous protein density of 1.35 g/cm3, 
we calculate a molecular weight for 
14S dynein of 540,000. The possible 
error in this value is estimated to be 
?20 percent. 

Molecular weights of several prepa- 
rations of dynein have been deter- 
mined by centrifugation. The "Archi- 
bald" method (6) yielded a value of 

5,400,000 ? 1,000,000 for 30S dyne- 
in. The short-column equilibrium 
method (6) gave a value of 600,- 
000 ?- 100,000 for 14S dynein. Ac- 
curacy was limited by heterogeneity 
in each case: the 30S dynein is in- 
trinsically polydisperse, whereas the 
preparations of 14S dynein contained 
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Fig. 1. Analytical centrifugation of 14S 
and 30S dynein purified by density-gradient 
centrifugation. Two cells were run, one 
with a 1? positive wedge-window to dis- 
place its trace upward. The lower trace 
shows 305 dynein (1.8 mg/ml); the upper 
trace shows 14S dynein (1.2 mg/ml). 
Solvent: 5 mM KC1, 0.1 mM ethylene dia- 
mine tetraacetate, 1 mM tris buffer, pH 
8.2; speed, 59,780 rev/min in the Spinco 
model E analytical ultracentrifuge; direc- 
tion of sedimentation is from left to right. 
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Fig. 2. Electron micrographs of dynein. A, 30S dynein, shadow-cast with platinum. B, Selected shadow-cast particles of 30S dynein 
at higher magnification. C, The same particles as B, with six images superimposed, translating through a distance equivalent 
to 140 A between each exposure. D, A selected area from a field containing 14S dynein particles shadow-cast with platinum. E, 
Fields showing 14S dynein by negative contrast in uranyl acetate. The vertical bars represent 1 u (A) and 0.1 u (B to E). The pic- 
tures B to E are at the same final magnification, and the apparently larger size of the 14S dynein units in D is due to the lateral 
growth of shadowing metal. 

a certain amount of aggregated 
dynein and also about 25 percent of 
protein that was not adenosine tri- 
phosphatase. 

The enzymatic properties of 14S 
and 30S dynein are very similar (7). 
Their adenosine triphosphatase activ- 
ity can be activated by either calcium 
or magnesium ion, and it is inhibited 
by an excess of ethylenediamine tetra- 
acetate (EDTA). With Ca-ion activa- 
tion, the specific activity was about 
the same for both 14S and 30S 
dynein (when the 25 percent of protein 
other than adenosine triphosphatase 
protein was allowed for in the 14S) 
and averaged 1.7 + 0.4 ,mole of 
phosphorus per milligram of protein 
per minute at 20?C. The ratio of the 
specific activity with Mg-ion activa- 
tion to that with Ca ion was about 
2.5 for 14S dynein, and 0.7 to 1.1 
for 30S dynein. The Mg-activated spe- 
cific activity of 14S dynein was thus 
2/2 to 3 times greater than that of 
30S dynein. 

Both 14S and 30S dynein are mod- 
erately specific for adenosine triphos- 
phate (ATP), since other nucleoside 
triphosphates are hydrolyzed at only 
about 10 percent of the rate of ATP. 
Adenosine diphosphate is hydrolyzed 
30 percent as rapidly as ATP, which 
may reflect the presence of adenyl- 
ate kinase activity. There is no ap- 
preciable hydrolysis of 5'-adenosine 
monophosphate, sodium pyrophos- 
phate, or p-nitrophenyl phosphate. 

The evidence that 30S dynein is a 
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linear polymer of 14S dynein units 
can be summarized as follows. (i) 
Electron microscopy reveals that 30S 
dynein consists of a string of globular 
subunits, indistinguishable in size from 
14S dynein molecules; (ii) both 14S 
and 30S dynein are broken down in 
alkali to a form sedimenting at about 
10S (2); (iii) the enzymatic properties 
of the two forms are closely similar. 
This hypothesis can only be finally 
proved, however, by a demonstration 
that the two forms can be intercon- 
verted under mild conditions. 

The distance between repeating sub- 
units in 30S dynein is approximately 
the same as that shown by the arms 
on the outer fibers in longitudinal sec- 
tions of cilia (8), which supports 
earlier evidence (2) that the arms con- 
sist of dynein. It seems probable, there- 
fore, that the 14S dynein molecules 
form the individual units of the arms 
and that these units are linked in the 
longitudinal plane of the cilium. The 
breaking of links between 14S units at 
random places during preparation 
would give rise to the observed scat- 
ter of lengths among the 30S particles. 

Dynein shows little resemblance to 
any of the contractile proteins of 
skeletal muscle, but it does closely re- 
semble the protein "myxomyosin" as- 
sociated with protoplasmic streaming 
in slime molds (9), and it has some 
similarity to the protein of the mitotic 
apparatus (10). Myxomyosin, which 
has been studied in more detail, is an 
adenosine triphosphatase, has a sedi- 
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Fig. 3. Measured dimensions of 14S dynein 
particles. A, Particle height, estimated 
from shadow length. B, Particle width, 
estimated from shadow width (not cor- 
rected for lateral growth of shadowing 
metal). C, Widths, measured in a fixed, 
randomly chosen direction, of particles 
made visible by the negative-contrast 
technique. 

mentation constant of 305S, and con- 
sists of rod-like particles of variable 
length (up to 7000 A) having a di- 
ameter of 60 to 80 A. This compari- 
son, although necessarily based on 
fragmentary evidence, suggests that 
ciliary dynein is one of a class of 
proteins of widespread occurrence in 
relation to cell motility, but distinct 
from the cone contractile proteins related 
to actomyosin (11). 
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Radiation-Induced Increases in 
Fitness in the Flour Beetle 
Tribolium confusum 

Abstract. Polygenic mutations were 
induced in an inbred strain of Tribol- 
ium confusum by exposure to 500 

roentgens of gamma radiation. Female 

progeny of irradiated males bearing in- 
duced mutations in the heterozygous 
state produced significantly more viable 

offspring than control female progeny 
of nonirradiated males. 

Wallace (1) demonstrated that the 

genetic fitness of x-irradiated organ- 
isms under certain conditions is in- 
creased. He found that mutations, in- 
duced in the second chromosome of 
Drosophila by an x-ray dose of 500 r, 
brought about a significant net increase 
in viability for the bearer in the heter- 
ozygous condition. Wallace used a Cy 
L/ Pm balanced lethal stock to facili- 
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brought about a significant net increase 
in viability for the bearer in the heter- 
ozygous condition. Wallace used a Cy 
L/ Pm balanced lethal stock to facili- 
tate the isolation and maintain the in- 

tegrity of individual second chromo- 
somes from wild populations of Droso- 
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phila. He compared the viability of 
flies homozygous for a specific wild- 
type second chromosome with that of 
flies carrying wild-type second chromo- 
somes identical except for mutations in- 
duced in one of the homologues. He 
interpreted this observed net increase 
in viability as indicating that radiation- 
induced polygenic mutations, most of 
which would be deleterious in the 
homozygous condition, produced suf- 
ficient cumulative heterotic effects in 
the heterozygous condition to more 
than counterbalance induced, dominant, 
deleterious mutations (1-3). Contrary 
views and experimental evidence inter- 
preted as a contradiction of Wallace's 
results have been reported by Falk (4) 
and Muller and Falk (5). We have 
tested the hypothesis of Wallace in a 
different genetic system, that of Tribo- 
lium confusum (6). Heterozygosis was 
induced by irradiating males of an in- 
bred strain (Berkeley CF I 1) and 
crossing them with full-sibling nonir- 
radiated females. Female progeny of 
this cross, having received an irradi- 
ated set of chromosomes from the 
male parent, would be heterozygous for 
any mutations induced in the gonial 
cells at loci homozygous in the inbred 
strain and transmitted to them. 

Irradiated males and their mates 
were taken as pupae from the 38th 
generation of a strain perpetuated by 
crosses between full siblings with a 
theoretical coefficient of inbreeding (F) 
far in excess of 0.99. Experimental and 
control beetles were taken from a series 
eclosing during a single week. Between 
1 and 2 weeks after eclosion, 16 male 
parents were irradiated in a single dose 
with 500 r from a Co60 source of y- 
rays. An equal number of control male 
parents received identical treatment ex- 
cept for irradiation itself. Immediately 
after irradiation, irradiated and con- 
trol males were placed with genetically 
marked females for a period of 2 weeks 
to permit mating and consequent ex- 
haustion of irradiated spermatozoa, 
spermatids, and spermatocytes. Then, 
the irradiated and control male parents 
were paired with full-sibling females. 
Pairs were maintained in individual 
vials with whole-wheat flour as the 
medium, and were transferred to fresh 
medium weekly for 7 weeks. The sex 
of the progeny of irradiated and non- 
irradiated males was determined in the 
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and allowed to mature for 1 week fol- 
lowing eclosion. Before the test cul- 
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tures were established, beetles were 
maintained at approximately 29?C and 
70 percent relative humidity on a diet 
of whole-wheat flour supplemented 
with killed and dried yeast (5 percent), 
except when being irradiated, trans- 
ferred, or otherwise handled. 

Test cultures were set up in petri 
dishes (60 mm in diameter by 15 mm 
deep) in 7 g of medium; each culture 
consisted of three males (of nonirradi- 
ated parents) and three females. The 
females in experimental cultures were 
progeny of irradiated males; those in 
control cultures were progeny of non- 
irradiated males. In order to maintain 
identical relationships between mates 
in experimental and control cultures, 
males and females within a culture 
were never siblings but were descend- 
ants of the same grandparents-that 
is, double first cousins. Fifty experi- 
mental and fifty control cultures pro- 
vided the basis for comparison of pro- 
ductivity. Cultures were established as 

rapidly as young adults became avail- 
able, with no attempt to have all 
parental pairs equally represented in 
cultures. Thus, parental pairs provided 
progeny for cultures in direct propor- 
tion to their own productivity. 

Adults of test and control cultures 
were transferred weekly to petri dishes 

containing fresh medium. The measure 
of fitness recorded was total live prog- 
eny (adults and pupae) surviving 8 
weeks after the parents were removed 
from a given culture. By this time, and 
under the experimental conditions em- 

ployed, all but a very few pupae had 

completed metamorphosis. According- 
ly, the component of fitness measured 
was compounded of adult fecundity, egg 
fertility, and progeny viability under 
conditions which allowed minimum 

competition and reduced the possibility 
of cannibalism. 

Two points of importance are noted 
here: (i) test and control cultures 
were maintained purposefully at sub- 

optimal conditions (25?C and low, vari- 
able room humidity), and (ii) the 

progeny counts that were compared 
were based on the productivity of cul- 
tures during the first 3 weeks. 

On the basis of total productivity 
for the 3-week test period, cultures con- 
taining female progeny of irradiated 
males produced a mean of 135.28 prog- 
eny per culture. By comparison, con- 
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