
Shape and Non-Principal Axis Spin State of 
Asteroid 41 79 Toutatis 

R. Scott Hudson* and Steven J. Ostro 

Radar observations of Toutatis placed hundreds to thousands of pixels per image on the 
asteroid and revealed it to be a non-principal axis rotator. The radar data are used to 
calculate Toutatis's three-dimensional shape, spin state, and the ratios of the principal 
moments of inertia. Toutatis is rotating in a long-axis mode characterized by periods of 
5.41 days (rotation about the long axis) and 7.35 days (average for long-axis precession), 
and its dimensions along the principal axes are 1.92,2.40, and 4.60 kilometers. To within 
the model's uncertainties, Toutatis's density is homogeneous, or its inhomogeneities 
mimic the inertia tensor of a homogeneous body. 

D e l a y - ~ o ~ ~ l e r  radar is a unique ground- 
based source of fine-resolution images of 
Earth-orbit-crossing asteroids (ECAs). 
However, these images represent a nonin- 
tuitive projection and are subject to global 
aliasing. Consequently, optimal extraction 
of the information they contain requires 
their inversion with a comprehensive phys- 
ical model. In this report we present an 
inversion of Toutatis images that yields the 
most detailed physical characterization of 
an ECA to date. Toutatis's unusual spin 
state and highly irregular shape raise per- 
plexing questions about its origin and col- 
lisional history. 

Our least-squares estimation of Touta- 
tis's shape and spin state was made from 17 
Goldstone "low-resolution" (0.5 ys by 0.1 
Hz) images from 2 through 18 December 
1992 and a single Arecibo (0.2 ys by 0.012 
Hz) image from 19 December 1992 (1). We 
proceeded in a manner similar to that used 
for asteroid 4769 Castalia (2); however, the 
analysis was complicated by Toutatis's un- 
usual rotation. For the vast majority of solar 
system objects, the spin vector W is con- 
stant and parallel to both the angular mo- 
mentum vector L and the maximum-mo- 
ment principal axis of inertia (the object's 
short axis). For such principal axis (PA) 
rotation, two constant angles 0 and I$ fix 
the direction of this rotation pole and an- 
other angle $ = (27r/P)t, with P being the 

Fig. 1. (A) Renderings of the 
Toutatis model from both di- 
rections on the long, short, 
and intermediates axes. The 
bar at the upper left is 1 km 
long. Labels denote surface 
features discussed in the 
text. Source and observer 
are collocated. (B) Same as 
(A) but the source of illumi- 
nation is moved 75" toward 
the top of the page. Lamber- 
tian scattering was used in 
all renderings. Features: L, 
lobe; N, neck; C, concavity; 
and R, ridge. 

spin period, gives the rotation phase. These 
three Euler angles give the orientation of 
the body as a function of time t (3). For a 
non-principal axis (NPA) rotator like Tou- 
tatis, W is not parallel to L and is not 
constant in either body-fixed or inertial 
coordinates. Moreover, all three Euler an- 
gles are nonlinear functions of time. The 
spin vector W is periodic in a body-fixed 
frame but not in an inertial frame, and in 
general the object never repeats any partic- 
ular inertial orientation. 

Given principal moments of inertia I, 2 
Ii 2 I,, where the subscripts refer to the 
short, intermediate, and long axes, an ob- 
ject's motion is fully determined by specify- 
ing at some time to the initial conditions 00, 
I$o, 00, and Wo. Integration of Euler's equa- 
tions then provides 4, 0, $, and W as 
functions of time (3). Because those equa- 
tions depend on the moments of inertia 
only through the ratios I JIl and Ii/ll, a total 
of eight parameters is needed to specify a 
general spin state. 

Initially, Toutatis was represented by 2.5- 
and 1.5-km spheres in contact. The Euler 
angles 0 and I$ oriented the z axis, through 
the sphere's centers, with respect to ecliptic 
coordinates as functions of time, and the 
Euler angle $ gave the angular position of 
the body about this axis. For each frame, the 
orientation of this simple shape was estimat- 
ed "by hand," with no consideration of the 

underlying dynamics, by observing the cor- 
respondence between observed and modeled 
data. Because of the shape's symmetry about 
the 2: axis, no constraints could be placed on 
the angle $, but this process did produce a 
series of coarse estimates for 0 and h in each 
frame. We then fit a spin state to these 
approximate 0 and I$ values using the inertia 
tensor of the two-sphere model in the inte- 
gration of Euler's equations. The resultant, 
rather crude description of the rotation state 
provided adequate initial conditions for si- 
multaneous least-squares estimation of the 
full set of parameters describing the asteroid's 
shape, radar scattering properties (4),  and 
dynamics. 

Our model defines Toutatis's shape (Fig. 
1) by a set of vertices v ,  1 5 i 5 1600, 
grouped into triples to define 3196 triangu- 
lar surface facets (5) whose average area is 
(84 m)*. The vertices parameterize the 
shape as a deformed ellipsoid by means of v, 
= a, + ri u,, where a, and u, are points on, 
and the corresponding surface normals of, 
the dynamically equivalent, equal-volume 
ellipsoid (DEEVE), that is, the homoge- 
neous ellipsoid that has the same moment 
ratios and volume as the asteroid. The Da- 
rameters r, specify Toutatis's topography in 
terms of its deviation from the DEEVE. 

The shape and spin-state parameters 
were adjusted to minimize an objective 
function that was the sum of a least-sauares 
goodness-of-fit measure (X2) and weighted 
~enal tv  functions. The latter consisted of 
dynamical penalties and a concavity penal- 
ty. The dynamical penalties allowed control 
of the degree to which all the parameters 
were consistent with a hypothesis of uni- 
form density. The concavity penalty sup- 
pressed topography not strongly required by 
the data. 

The DEEVE has overall dimensions 
(1.70,2.03, and 4.26) 2 0.08 km (6). These 
define Toutatis's dynamical elongations as 
4.2611.70 = 2.51 2 0.16 and 4.2612.03 = 
2.10 2 0.12. The maximum extents of the 
asteroid's shape along the principal axes, 
(1.92, 2.29, and 4.60) 2 0.10 km, define 
physical elongations (7) of 4.6011.92 = 2.40 
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Fig. 2. Cross-sectional area versus position on 
the long axis for the Toutatis model and the 
lower-bound Castalia model (2). For compari- 
son, both models were normalized to unit vol- 
ume and unit long-axis length. Given uniform 
density, the curves would also correspond to 
mass distribution. 

2 0.18 and 4.6012.29 = 2.01 ? 0.13. 
Toutatis radar images appear bifurcated 

in every frame (I) .  Indeed, the intermedi- 
ate- and short-axis views of Fig. 1A lead us 
to perceive the shape as consisting of two 
lobes, which we label L1 and L2; however, 
the asteroid's volume distribution along the 
long axis is not bimodal (Fig. 2). The most 
prominent features at the several-hundred- 
meter scale include the concavities labeled 
C1, C2, and C3 in Fig. 1B. Concavities C1 
and C2 are the most circular, and we iden- 
tify these as impact craters. Their close 
proximity and similar diameters (about 750 
m) are intriguing. Concavity C3, which 
extends over most of the length of L2, is less 
circular but also may be an impact structure. 
The pattern of ridges R1, R2, and R3 dom- 
inates the relief in some views. The largest 
of these, R1, extends about 1 km across L1 
and is oriented nearly normal to the aster- 
oid's long axis. This is followed by a shorter 
ridge, R2, closer to L2. Feature R3 appears, 
in some views, to be an extension of the 
structure R1-R2. The 500-m-deep "neck" N 
extends part way around the opposite side 
of the asteroid from the structure R1-R2- 
R3, demarcating L1 and L2 in many views. 

Toutatis's rotation (Fig. 3) is specified by 
the following initial conditions. The mo- 
ment ratios are within 3% of 1J1, = 3.19 
and li/l, = 3.01. At to = 11 December 1992, 
9:21 UTC, the Euler angles of the principal 
axes of inertia with respect to ecliptic co- 
ordinates were within 3" of 4, = -103", 8, 
= 94", and +, = -136", and the projection 
of Wo along the (short, intermediate, long) 
principal axes was within 1" dayp' of (20°, 
3Z0, 98") dayp'. These eight parameters 
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Fig. 3. Toutatis's shape and spin state rendered at 6-hour intervals beginning 3 December 1992, 18:OO 
UTC, and increasing left to right, top to bottom. Each row spans 2 days and the total sequence covers 
7.25 days. The bar at the lower right is 1 km long. The view is looking south along the ecliptic pole with 
the vernal equinox to the right. An artificial light source is located 45" counterclockwise from the top and 
60" out of the page. The angular momentum vector is to the left and 52" into the page. The long axis 
moves from being nearly in the plane of the ecliptic to nearly perpendicular to it, and the long-axis 
orientation (0, 4) almost repeats after the 7.25 days (8). However, the orientation of the body about the 
long axis (+) is quite different between the beginning and end of this sequence, demonstrating that the 
complete motion of the object is not periodic. The labels corresponds to features in Fig. 1. 

define the direction of L as ecliptic longi- 
tude 180°, latitude -52". The fact that LZ/ 
2E1, = 0.55 (E is the rotational kinetic 
energy) is less than unity identifies the spin 
state (3) as a "long-axis mode." In body- 
fixed coordinates, W rotates about the long 
axis every PI = 5.41 days, and the complete 
motion consists of nonlinear periodic vari- 
ations every P, days superposed on a uni- 
form rotation about L every Pz = 7.35 days 
(8). 

The delay-Doppler projection is invari- 
ant with respect to rotation of the shape 
and spin state about the radar line of sight; 
however, plane-of-sky (POS) motion can 
break this ambiguity. For Toutatis, the POS 
motion was more than 100" during the 18 
days of radar observations, and the solution 
is sensitive to all spin-state parameters. 
Moreover, independent confirmation of the 
model's prediction of the asteroid's POS 
orientation is available from two sources, as 
follows. 

On 17 December 1992 at about 7:25 
UTC, de Pater et al. (9) conducted radar 
aperture-synthesis observations of Toutatis, 
transmitting from Goldstone and receiving 
echoes at the Very Large Array (VLA). 
Although the resolution of 0.2 arc sec, 
equivalent to 10 km at the asteroid, did not 
resolve the obiect. an eloneation at a ~ o s i -  

long axis was nearly parallel to the plane of 
the sky. 

O n  10 December 1992 at about 18:40 
UTC, when the sun-Toutatis-Earth angle 
was about 90°, Noll et al. (10) imaged Tou- 
tatis with the Hubble Space Telescope 
(HST). The image pixels subtended 926 m 
on the asteroid (0.0439 arc sec), and the 
full width at half maximum of the core of 
the point spread function was 0.070 arc sec, 
corresponding to a resolution of 1.48 km at 
Toutatis. Figure 4B shows our predicted 
appearance of Toutatis, and Fig. 4C shows 
the same view with a pixel size of 453 m for 
comparison with figure 4 of (10). The ren- 

, , " 
tion angle of about -61" was revealed in the Fig. 4. (A) Toutatis model at 17 December 1992, 

difference between the image and a point 7:25 UTC, with zero-phase illumination. North is 

source model. Figur,: 4A shows our model,s UP. The line passes through the center of mass and 
is the Goldstone-VIA prediction (9) of Toutatis's 

prediction for Touiatis's orientation during elongation at that time, (B) Toutatis model at 
the time of this o\~.;e;bation; the line run- ~~~~~b~~ 1992, 18:40 UTC, with solar illumina- 
ning through the model is the Goldstone- tion. North is 112.8" clockwise from up. (C) Same 
VLA prediction. This ~)bservation was for- as (B) but with 453-m pixels (10). The line passes 
tunate to catch Toutatis at a time when its through the center of mass at an angle of 45". 
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dered model, with a maximum dimenslun of 
2.2 km. is consistent with those authors' 
statement that the illuminated, vlslble area 
had a maxllnilln size "most likely in the 
rallge from 1.7 to 2.4 km." No11 et al. also 
interpreted the HST data as suggesting an 
"extended feature at an allgle of about 45" 
off the solar ~.ector," which is inilicated by 
the line in Fig. 4C. This apparent elonga- 
tion lvas the result of the uni~si~al  shape of 
Toutatis anil shailolving effects arising from 
the large i lh~minat~on angle. 

All of Toiltatis's surface was olxer~.ed in 
the 18-day sequence of linages (I  1 ), and 
because of the NPA rotatloll. the entlre 
inertla tensor can be deternlined to l v ~ t l l ~ n  a 
constant factor. The  dynam~cal penalties 
that forced the shape and inertla tensor 
toward nn~tual conslstencv lvith i~ll~fornl 
denslty lvere exerting negligible pressure on 
the hest-fit soli~tion: removin~tl lenl  led to 
110 significant change In the model. That is, 
the model reilillres either that Toutat~s IS 

nearly llomogeneous or that its ~nllomoge- 
neltles ~ n l l n ~ c  the inertia tensor ot a homo- 
geneous boilv ( 1  2 ) .  

The  source of Toutatis's topographic 
b~fi~rcat ion IS a mystery. Might feature N 
have been sculpted by a single direct Im- 
pact ix a seqilence of impacts? O r  is Toil- 
tat15 a contact blnary formed 111 a gentle 
collls~on hetlveen L1 and L2? O n e  \voi~lil 
also l ~ k e  to decipher the collisional history 
responsible for the R1-R2-R3 structure, as 
\yell as impl~ca t~ons  of the glol~al topogra- 
phy at all perceptible scales for the ohject's 
internal configuration, for example, its co- 
hesiveness ( 13 ). One is es~ieciallv interest- 
ed in how and lvhen Toutatls was exc~teil  
into s i~ch  a slolv, N P A  rotation state (14). 
Collisiollal s~mi~lat ions (15)  using our 
physical nlodel may suggest anslvers to 
these questions. 
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Mytl : A Membrane-Associated Inhibitory Kinase 
That Phosphorylates Cdc2 on Both 

Threonine-14 and Tyrosine-1 5 
Paul R. Mueller, Thomas R. Coleman, Akiko Kumagai, 

William G. Dunphy* 

Cdc2 IS the cyclin-dependent kinase that controls entry of cells into mitosis. Phospho- 
rylation of Cdc2 on threonine-14 and tyrosine-1 5 inhibits the activity of the enzyme and 
prevents premature initiation of mltosis. Although Wee1 has been identified as the kinase 
that phosphorylates tyrosine-1 5 in various organisms, the threonine-14-specific kinase 
has not been isolated. A complementary DNA was cloned from Xenopus that encodes 
Myt l ,  a member of the Wee1 family that was discovered to phosphorylate Cdc2 efficiently 
on both threonine-14 and tyrosine-1 5. Mytl is a membrane-associated protein that 
contains a putative transmembrane segment. lmmunodepletion studies suggested that 
Mytl is the predominant threonine-14-specific kinase in Xenopus egg extracts. Mytl 
activity is highly regulated during the cell cycle, suggesting that this relative of Wee1 plays 
a role in mitotlc control. 

E n t r y  into mitosis is controlled hy the M 
p h a s e - p ~ ~ n o t ~ n g  factor (MPF), a colnplex 
of the Cclc2 proten kinase and cyclin B. 
P r o ~ e r  reeulation of MPF ensures that mi- " 

tosis occurs only after earlier phases of the 
cell cycle have heen completed si~ccessf~~lly. 
T h ~ s  strict control of MPF is largely post- 
translational, involving the phosphoryl- 
ation of Cdc2 at three key residues. After 
Cclc2 associates 1 ~ 1 t h  cyclln, the cyclln-de- 
pendent kinase (CDK)-activating klnase 
(CAK) phospllorylates Cdc2 on Thr"". 
This phosphorylat~oll lvoi~ld generate active 
MPF, hut two add~tlonal phosphorylations 
011 Thr" and Tyr" of Cdc2 suppress MPF 
activity dur~ng  interphase. A t  the G2-M 
transit~on, the Cdc25 protein dephospho- 
rylates Thr" and Tyr", thereby allowillg 
MPF to phosphorylate ~ t s  mitotic substrates 
( 1 ) .  ~, 

Various genetic and biochem~cal stud- 
les have indicated that Wee1 IS the klnase 
that phosphorylates Cdc2 on Tyr15. Wee1 
was orieinallv ~iientified In the flssion 
yeast ~ci;i:osiiicharorn?ces pomhe as a criti- 
cal n e g a t i ~ ~ e  regulator of mltosis ( 2 ) .  S i ~ h -  
seili~ently, a second S. pornbe homolog 

(Mikl )  and Wee1 homologs from at least 
six other organislns have heen found (3 ,  
4) .  In human and Xenopz~s, Wee1 1s a 
soluble enzyme that phosphorylates Cdc2 
on Tyrl', but not on  T11r14 (4-6) .  A 
Thr14-s~ecific k~nase  act~vi tv has been de- 
tected in the membrane fraction of Xeno- 
pus egg extracts, but the lnolecular iden- 
tity of the enzyme has not been estab- 
lished (7). 

Pre~.ioi~slv ure ~solated a Xenobus Wee1 
hornolog. We used degenerate polylnerase 
chain reactLon (PCR) primers (based on the 
seililence similarity hetween S .  pombe 
Weel ,  S .  pombe Mikl,  and human Weel )  
to anlplify a segment of ~ t s  colnplelnentary 
DNA (cDNA) (4) .  With a different com- 
bination of primers, we have amplified a 
segment of another Xenopus oocyte cDNA 
that appears to encode a &sti$ct melnher of 
the Wee1 family. After clonlllg the corre- 
sponding fi~ll-length cDNA t&ld character- 
izing its gene product (Fig. l A ) ,  we desig- 
nated this tlrotein Mvtl for the membrane- 
associated, tyrosine- and threonine-specific, 
Cdc2 inhihitorv kinase. 

Conceptual translation of the gene en- 
codin: Mvtl revealed that it is most sim- 

%, , 

D$j lson of Boogy  21 6-76, Howard Hughes Medical In. ' Iar to kinaxe" in Wee1 f a l n l l ~  (Fig. 
sttute. Caforna n s t t ~ ~ t e  of Technoloav. Pasadena. CA 1B). The  kmase iiolnain of Mvtl has a ", 
91 125. USA slln~lar degree of sequence siln~larity with 
'To whorn correspondence should be addressed all members of this family, rallglng from 
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