
to CD3 (217). T h e  T cell marker may 'e 
<lo\vn-regulated atter ~ L I S I L J ~  n.ith DCs, or the 
L X . ;  may s~mply require contact with T cells 
to h~~ppor t  v~riil replic,itio~i. 

Efti~rts can na\v he directed to ~ le t e r rn~ne  
\vhether DCs n.1thin the luallv lvm13lioid , L 

organs of the phar\-11s. collectively termeil 
W;iIile~.er's rill?, co~~sistell t ly reprerent a 
major site fur HIV-1 replication early in 
il~seaie. I~ l fa~ l t s  \vhil sa.allo\v v i r ~ ~ s  fr1.onl 
motliers i l ~ ~ r ~ n g  birth or breast feeiiinq alio 
may he infected illitiallv 111 tlleie tissues. 
Other  estralymplli>~d sitei in n.h~cli  DCs 
anil T celli may Interact ani1 promote 
HII.-l  repl~cation inil~lcie ~ntlameii  genital 
surtaces anii the afterent l v m ~ l l a t ~ c s  that , A 

o r ~ g i ~ l a t e  from ~ ~ 1 s t  i'ene,itli the ml~cosa. 
S i m ~ a n  i m m ~ ~ n a ~ l e f ~ c i e ~ ~ c ~  virus DNA has 
been iietecte~i in 13res~1m~t1ve DCs inst he- 
neath the  ~ ~ t e r ~ n e  mucosa <>f mirnkeys that 
a-ere acutely ~ n h c t e d  n-lth the v ~ r ~ l s  intra- 
vaginally (24).  Fllrtller attention to tissues 
that contain interact~ng DCs anL{ T cells 
ma\- provide insigllt i n t ~ l  crlt icd sites for 
HI\'-1 replication in situ. 
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Equilibrium-Point Csntrsl Hypothesis 
Examined by Measured Arm Stiffness 

During MultijoinB Movement 
Hiroaki Gsmi and Mitsus Kawato 

For the last 20 years, it has been hypothesized that well-coordinated, multijoint move- 
ments are executed without complex computation by the brain, with the use of springlike 
muscle properties and peripheral neural feedback loops. However; it has been technically 
and conceptually difficult to examine this "equilibrium-point control'' hypothesis directly 
in physiological or behavioral experiments. A high-performance manipulandum was de- 
veloped and used here to measure human arm stiffness, the magnitude of which during 
multijoint movement is important for this hypothesis. Here, the equilibrium-point trajectory 
was estimated from the measured stiffness, the actual trajectory, and the generated 
torque. Its velocity profile differed from that of the actual trajectory. These results argue 
against the hypothesis that the brain sends as a motor command only an equilibrium-point 
trajectory similar to the actual trajectory. 

H u m a n s  can extenil their arms tLnx-aril a 
r.1slla1 target eft;lrtle\ily. Hii\\-ever, recent 
ituJles in rllbotici (1 )  anii comlx~t;itional 
neuroscience ( 2 )  have re\-ealeil that be- 
C : I L I ~ ~  i)f ~ l L l ~ i l i ~ ~ e : ~ r  i ~ ~ t e r ~ ~ c t i o ~ i  fL~rces b -  
tlveen the arm's many \iegrees of freeidom, 
con~plex c~l11ipl1tati011s are reijnlreil to yen- 
crate the motor commanils necessary to rc- 
a l i x  a \leilreii tr,~iectorv faitllf~ully. Al- 
though this statement is generlilly true re- 
garilin? the ~vllule coml3utatiLlnal m;ichin- 
ery incluiln-g the hrliin, the ip i~la l  conl, 
refles 1o~>~3s, ;i~lii 11i~clei. .  a \viiiely accepteil 
premise is that the h a i n  ,~\-oiilr s l ~ c h  corn- 
ples ci)myutatio~ls hecause it can rely on 
the  henetic~,il elahtic propertie> 1nhere11t 111 

muscles and peripheral rrfles 100~3.;. Sumer -  
0~1s theories anil models 11ar.r bern i1er.t.l- 
oped alc~ng these lines (3-61% and some c,ln 
be h~~mmarizeil a5 the I;lllo\vinn control 
schrme: T h e  llrain sellils a11 "eq~1ilil3riunl- 
point tr,ijectory," n-hie11 is similar tn the 
des1reii t~-ajecti)r\-. to the periphery as 
mot~ l r  comma~lil .  Tlle e i l l ~ ~ l i l ~ r i u m - y o ~ ~ l t  
trajecti)ry is a time series of eil~tilil)rium 
points, e a c l ~  of n-hie11 \ \ - o ~ ~ l d  he realized 
I3eca~ise o t  1112 111ee11:111icallr- stable elastic 
propertie5 of the ~nllscles ;ind reflexes ~f the 
~lloti>r colll~llanii at su111e i ~ l s t a ~ l t  \\.ere 
maint,iineil indefinitely. Eecai15e the limli 

Y. Gonil. UTT Basc qesearci- ~ a b s ,  ~ i f c ~ m a t o n  Sc el-ce 
2esearci- L.ab Waka~rya  3-1 \:lcr~icsatc. A~S.IJI Ka,ia- 
gal!da-pref. ,apai-, E- I - - I~  I gel-1185 l?ea.bl I ~ i t t  jp 
1.4. Ka:.,ato. ATF Y.~riiaii ln:orrnat~cr- Prccess~,ig 2e- 
searc.1 Labs, h ~ k a r ~ d a  2-2 Se'lta-c'io S ~ I ~ ~ < L ' - ~ . I I - . .  
K,.ctc-p~e: , ,man E-n-a  Itav,arcCli~; air co p 

n-ill real i~e  a trajectory that ii iimil,ir to the 
equilibrium-po~lt  tr<i!ectory illlid L ~ C : I L I S ~  it 
1s 1<11o\v11 (7) that arm m o v e m e ~ ~ t s  are Ivell 
,ippros~mateil 137. s n p 1 e  " ) m e t n c  c ~ ~ r \ ' e s ,  it 
follo\vs that the equilil3r1~1m-po11lt trajecto- 
ry- ihould be simple too. Thehe sinlple equi- 
l~brilrm-point traiectoriei can be plan~leii 
\vitll~lut conlplex con lp~~ta t ion .  

Fen. researcheri iioubt that the sprlng- 
A b 

like propertiei of the neurom~~icnlar  system 
are of ililporta~lce in ~ i l a i ~ l t a l ~ l l ~ l g  stci131e 
pi>stllre (8). Tlle crucial ilueition. ho\vever, 
1s ho\v far t111s syste~ll 13y itielt iutfices tc, 
ge~~er , i t e  m ~ l \ ~ e m e n t .  W e  in\rest~p.ted 
\vhetl~er the  e i l ~ ~ i l i l ~ r i ~ ~ r n - p o ~ ~ l t  trajectory 
recollstrl~cteii fro111 h l~mans  a.,ii similar to 
their ,ictuallv rc.al~zed tra~ect~lries.  one o t  
the lnajor assumptionr ot  the equil~brium- 
point cantrol l ~ y ~ ~ i i t l ~ e s ~ s  (9). 

Severlil iimuliitio~l studies c~ l l~~ luc te i i  to 
inr7rstisate this illlestio~l (4-6, 117) re\.ealeil 
the c r i t~c~ i l  ~ m ~ ~ u r t a n c e  of the marnitnile of 
arm stiftness dll~.ing movement. That  ls, if 
the arm stifhess i1ur111g ~ i i c ~ \ ~ e n ~ e n t  is l a r ~ e  
[on average, 67.9 S mlrad IC)r the s l~oul~ler  
,inil 7S .O S nl/rail for the  elbii\v in (411, tllen 
the e c l ~ ~ i l ~ h r l ~ ~ ~ ~ ~ - p o i l ~ t  tralectory is sinlilar to 
t11e actuCrl OIIC, anil comylcx colllputatiolls 
are t l ~ l ~ i  not necesiary. O n  the uther l~ani l ,  if 
the ;ism qt~ffneis is s111:111 [19.5 S ~n/raii for 
the shoulder anil 15 I i  m/raid for the elhon- 
111 ( 1  i:)], the t\\.o tralectnrles ;ire very d~fizr- 
tint anii C O I ~ ~ I ~ U ~ ~ I ~ I O I ~  is ~ l e c e s r ~ r v  for calcu- 
lating this conlplicateii eclu1lil3r1~111l-pc~i11t 
traiectorv. T h l ~ i ,  it 1s critical to measure ,irm 



Unfortunately, this is much more diffi- 
cult than conducting measurements during 
posture maintenance (1 1 ) or during single- 
joint movement (12, 13), and data from 
these other conditions cannot be used. The 
stiffness measurement invokes aonlication 

L L 

of external forces to the arm by a manipu- 
landurn and measurement of the resulting " 
trajectory perturbations. If the perturbation 
is too large or the manipulandum is too 
heavy, test participants cannot complete 
natural point-to-point movements. O n  the 
other hand, if the perturbation is too small, 
a reliable estimation cannot be accom- 
plished. To  circumvent these problems, we 
developed the parallel link drive air-magnet 
floating manipulandum (PFM) (Fig. 1). It is 
fast and light enough to minimize move- 
ment interference but strong enough to 
transmit large forces and rigid enough to 
~ r o d u c e  reliable estimates. 

Another difficulty in such measurements 
concerns the nonlinear dynamics of the 
arm. If inertla1 parameters, which change in 
time during movement, are directly estimat- 
ed in joint or Cartesian coordinates (14), 
many independent inertial parameters must 
be estimated at different postures, which 
mav lead to an unreliable estimation. We 
developed a new estimation method that 
rewires onlv three Darameters of the arm 
dynamics for the entire movement duration 
by assuming that the human arm can be 
modeled as a two-link rigid body (15). The 
applied external forces were decomposed 
into arm dynamics and muscle-generated 
force, the latter of which consists of viscos- 
ity and elastic force. The estimated coeffi- 
cient of the nosition relatine to the elastic - 
force is the required stiffness (15). 

Three test participants (two males and one 
female, 26 to 34 years old, right-handed) par- 
ticipated in this study. Each person sat in 
front of the PFM while strapped securely to 
the chair back (Fig. 1). Small force perturba- 
tions lasting for a brief period (about 0.2 s) 
pushed the person's hand and then pulled it 
back (6 to 8 mm) in eight directions at nine 
times before, during, and after movements. 
These 72 (8 x 9) different perturbations were 
applied within each set in random order. 
Eight data sets were recorded for each person, 
excluding failed trials (Fig. I ) .  Test partici- 
pants were instructed to follow the target 
movement with high accuracy (<3  cm), but 
the target was deliberately extinguished for 
0.4 s after the nerturbation was initiated. Test 
participants could not tell the direction, and 
sometimes even the time, of the perturbation. 
Thus, it was very unlikely that they voluntar- 
ily changed their motor commands in re- 
sDonse to different nerturbations. The sauares 
of the correlation coeffic~ents between the 
reconstructed applied external torques and 
the real ones were between 0.85 and 0.98 for 
27 (9 times x 3 people) estimations, which 

indicates the high reliability of the method. 
The upper row of Fig. 2 shows the stiff- 

ness ellinses calculated from these data dur- 
ing multijoint movement. The  ellipses rep- 
resent the direction and magnitude of elas- 
tic, resisting forces to unit-length position 
perturbations in all directions. The long 
axis of each elliose reoresents maximum 
force, indicating the greatest stiffness. Con- 
versely, the short axis represents minimurn 
force, indicating the least stiffness. Because " 
0.3 s of data were used to estimate stiffness 
after the perturbation was initiated, both 
the muscle's intrinsic elastic property and 
its short-latency reflexes contributed to the 
estimated stiffness. The  numbers attached 
to these ellipses indicate the nine times of 
estimation, each separated by 0.2 s before 
the movement (1 and 2) ,  at the movernent 
start (3) ,  during (4  to 7),  and then after (8 
and 9)  the movement. A t  the first pertur- 
b a t ~ o n  time, the stiffness ellipses were thin 
with their long axis oriented toward the 
shoulder, which is a common feature of 
stiffness ellipses ' during posture mainte- 
nance (1 1 ). The ellipses started to enlarge 
around movement start (2 to 4).  The areas 
of the ellipses (1 1) during the movement (4  
to 7) were on average 7.2 times larger than 
those during relaxed, corresponding pos- 
tures. This increase most likely reflects the 
muscle tension required to execute the 

movement. Along with the size change, the 
shape of the ellipses during movement (4  to 
7) became slightlv thicker than those wh~le  " ,  
posture was maintained [the ratio of long 
and short axes of movement (2.7 2 0.6) 
was significantly different from those of pos- 
ture (5.1 2 2.3)]. 

The lower row in Fig. 2 shows the tempo- 
ral changes of shoulder and elbow joint stiff- 
ness and two-joint stiffness (R,,, calculating 
elbow toraue from shoulder rotation) durine - 
movement, with their 90% confidence inter- 
vals. The shoulder stiffness increased around 
movement start, sliehtlv decreased in the mid- , " ,  
dle of the movement, then increased again 
around movement end. This is similar to data 
from elbow single joint movements (1 3). The 
timing of the stiffness decrease rn~ght corre- 
soond to the switch from shoulder extensor 
activation to shoulder flexor activation for 
decelerat~ng the shoulder extension move- 
ment. The ratio between the stiffness comno- 
nents (shoulder, elbow, and double joints) 
changed dynamically during movement. This 
change was not observed while posture was 
maintained (1 1),  which indicates that the 
activation pattern of the muscles was greatly 
changed during movement. In contrast to sin- 
gle joint cyclic movements (12), the joint 
stiffness values during movement were always 
larger than those during corresponding pos- 
tures. All stiffness components decreased after 

Fig. 1. The parallel Ink drive alr-magnet floating 
manipulandum (PFM) and the experimental setup 
for measurng human arm stiffness. The two thin 
links are driven by two wide links, and the wlde 
links are directly driven by two powerful electric 

[rn 1 ,S%*-zd ~ 1 
k Target motors placed under the table. The handle of the 

manipulandum (each person's hand posltion) is I 

I supported by an air-magnet floatlng mechanism 
to prevent the person's arm from leaning and to 
avoid friction. Because of this special mechanism 

\, 
and the parallel link architecture, no bending force 
is imposed on the links, and the Inks can be very '\,, 

light and thin but still rigid enough withn the hori- \ 
zontal plane. The handle and the supporiing beam 
can be rotated freely at the top of the links within 
the horizontal plane. The pariicipant's hand posi- 
tion (handle center) was measured by the joint 
position sensors of the PFM, and the force exeri- 
ed by the PFM on the hand was measured by a 
force sensor placed between the handle and the 
PFM links. The PFM was controlled by a digital 
signal processor (0.5 ms per cycle) to reduce the dynamical effects of the PFM on each person's hand. 
The effective mass and viscosity were 0.65 kg and 4.40 N/(m/s), respectively. The x axis indicates the 
rightward direction, and they axis indicates the frontal direction away from the body. The origin is the 
shoulder position. The right forearm was placed In a molded plastic cuff tightly coupled wlth the handle 
(the same movements of the handle, the cuff. and the arm were confirmed in advance by an optical 
position sensor) and supporied in the veriica direction by the beam. The hand was able to move freely in 
any direction within the hor~zontal plane at shoulder level. Each pariicipant moved his or her hand from the 
start positon displayed as a crossed circle 0n.a cathode ray tube (CRT) (top), whch corresponds to 
posltion S = -0.2 m, 0.45 m on the hand plane. to the end positon (crossed crce), which corresponds 
to position E = 0.2 m, 0.45 m on the hand plane. The current hand positlon was displayed by a cursor 
with afled circle on the CRT. The movement duration of 1 s was determined by beeping sounds, and the 
movement magnitude was 0.4 m. To reduce the trajectory variance, a reference hand trajectory, which 
itself consisted of each person's averaged trajectory from pre-trials, was also displayed by a moving 
target (open circle) on the CRT. Only those trajectories close to the reference trajectory (<3 cm at each 
time step) were recorded for data analyss. 
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movement. The elbow joint stiffness (range, 3 
to 14 N m/rad) during single joint movement 
explored by different perturbation patterns 
(random and step in several amplitudes) (1 2, 
13) did not differ considerably from our results 
here (range, 5 to 21 N mlrad). Slightly greater 
stiffness in multijoint movement might be 
ascribed to forces of interaction between the 
shoulder and the elbow. 

The equilibrium-point trajectories for the 

three participants here were calculated from 
actual trajectories, generated muscle torques, 
and the estimated joint stiffness (Fig. 3) 
(1 6). Figure 3 shows the x axis (main move- 
ment component) position as a function of 
movement time and the tangential velocity 
profiles. The dash-dot curves indicate the 
actual trajectory, and the solid curves show 
the equilibrium-point trajectory. The mean 
and standard deviation of the maximum dif- 

7 
(8) Time (8) (8) 

Fig. 2. Stiffness ellipses (top) and joint stiffness values of shoulder (R,,, black), elbow (Re, red), and 
two-joints (R,,, green, and Re,, blue) (bottom) for test participants a, b (female), and c. At the top, the start 
and end arm configurations are shown by stick figures in the (x, y) coordinates defined in Fig. 1. The center 
of each stiiness ellipse is located at the hand position for the corresponding arm configuration during the 
movement. The ellipses colored magenta denote the stiffness during movement (4 through 7). First, joint 
stiiness values were calculated as described (75); then, to draw the ellipses, we calculated the hand 
stiffness by a coodinate transformation. Time 0 at the bottom denotes the first beeping sound (bl). The 
participants were instructed to start from position S (see Fig. 1) at the third beep (b3), to stop in position 
Eat the fourth beep (b4), and to hold their hands there until the fifth beep (b5). The thick horizontal line 
denotes the movement duration. The perturbation force used for measuring the third ellipse began 0.1 s 
before b3 (movement start), and that for the eighth ellipse began 0.1 s before b4 (movement end). Each 
error bar denotes the 90% confidence interval of each estimate. 

Fig. 3. The x axis (main move- a b 
ment component) postion of the 
equilibrium-point trajectory as a , , , 
function of movement time with 
the error bars calculated from 
90% confidence interval (solid 
curveS at the top), and the tan- - - - 
gential velocity profiles of the 
equilibrium-point trajectories (sol- 
id curves at the bottom) for test - f participants a, b, and c. The 9 0.5 
dash-dot curves indicate the ac- 

! \ tual trajectory in each figure. Ac- I ', 

cording to the equilibrium-point t o o  1 2  3 0  1 2  3 0  1 2  3 

control hypothesis(3,4), theequi- + lime (s) ~~ (s) lime (s) 

librium point ( q d  represented in 
joint-angle coordinates is calculated as follows: 

q,, = R-'(7in + Dq) + q (3) 
Other notations are the same as in (15). This equation is derived from the linear approximation of in Eq. 
1 around the actual trajectory just as in Eq. 2 such as = R(qw - q) - Dq. Note that rin = 0 holds while 
q = qq, q = 0 from the definition of the equilibrium point. In Eq. 3, R and D were already estimated, and 
q and q are simply the unperturbed, control trajectory and its velocity, respectively. can be calculated 
from the difference of the left side of Eq. 1 and the measured T,,. Consequently, the equilibrium-point 
trajectory can be calculated from experimental data. It was computed every 0.05 s from R and D, which 
were interpolated between estimated values at every 0.2 s by a third-order spline. The equilibrium hand 
position in Cartesian coordinates was derived, by a coordinate transformation, from that in joint coordinates. 

ference in the equilibrium position calculat- 
ed from 90% confidence intervals of the 
estimated stiffness and the viscosity are 
0.0050 m and 0.0063 m for nine positions 
and three participants, which indicates the 
high reliability of the calculation. The equi- 
librium position first led the actual position 
to generate the accelerating torque, then fell 
behind the actual position to generate the 
decelerating torque. All of the velocity pro- 
files of the equilibrium-point trajectory had 
multiple peaks, which are very different from 
the actual velocity profiles. The equilibrium- 
point velocity, in particular, increased rapid- 
ly and peaked just after the initiation of the 
movement. These results imply that the 
brain needs to acquire some internal models 
of the controlled objects (1 7). 
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Here q is the state vector consisting of shoulder and 
elbow joint angles (q = [0 ,,,,, ,. 0,,,]?, q and 4 
are t s  velocity and acceleration, respect~vely. I de- 
notes the position-dependent inertia matrix (2 X 2), 
and H denotes Coriolis and centripetal forces. The 
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of the arm, including the cuff and the supporting 
beam. The right slde is the torque imposed on thls 
composite object and 1s the sum of muscle-generat- 
ed torque (T,,) and the torque applied by the PFM 
(T,,,). T,, depends nonlinearly on muscle length (a 
functlon of q) and velocity (a functlon of q) as well as 
on the descending motor commands (u). T,,, can be 
measured by the force sensor attached to the handle 
of the PFM. By lhnearizlng Eq. 1 around the unper- 
turbed, control trajectory, the following variational 
equatlon can be derived: 

- DSq - RSq + ST,,, (2) 
where 6q. 6q, and Sq are positional, velocity, and 
acceleratlon perturbations, respectlvely, caused by 
imposed force perturbation ST,,, by the PFM. In the 
analysis, they were, respectively, measured as the 
difference between the perturbed trajectory and 
the control trajectory (the average of perturbed tra- 
jectorles) and ~ t s  first and second derivatives. Off- 
sets In all quantities relative to the control trajectory 
at the start of a perturbatlon were eliminated. The 
force perturbatlon was derlved as the difference 
between the perturbed and the control external 
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ness matrices, respectlvely. If we apply a least- 
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clent (viscosity), and posltion coefficient (stiffness) 
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must be estimated. Because the left sides of both 
Eqs. 1 and 2 can be linearized wlth respect to the 
physlcal parameters of the links, only three inde- 
pendent parameters are sufficient to specify them. 
Those are uniquely determined from the physlcal 
character~stics of the Ilnks. These three parameters 
were preestimated with the use of all the data sets 
measured for each person, then viscosity and stiff- 
ness were estimated at each perturbatlon time (78). 
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of single joint movement, it was demonstrated that 
wlth thls new verslon a slmple trajectory can control 
relatively fast movement (6). However, we found that 
even with thls new verslon, a simple stralght equlllb- 
rium-point trajectory cannot control multijolnt move- 
ments (70) [N. Schwelghofer, thesls. University of 
Southern California (1995)l. Thls 1s reasonable be- 
cause the v~scos~tyforce 1s always one order of mag- 
nltude smaller than the elastlc force in our experl- 
ments. The thlrd posslble crltlclsm is that for some 
reason our measured stiffness values are different 
from those used under the equilibrium-point control 
hypothesis. For example, stlffness value estlmatlons 
depend on the perturbations used. In our exploratory 

experiments, we found that the measured stlffness 
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Role of the Nuclear Transport Factor p10 
in Nuclear Import 

Ulf Nehrbass and Gunter Blobel* 

The nuclear import factor p10 was cloned from Saccharomyces cerevisiae and found to 
be essential. The protein p10 can bind directly to several peptide repeat-containing 
nucleoporins. It also binds to the guanosine triphosphatase (GTPase) Ran in its guanosine 
diphosphate (GDP)-bound form and to karyopherin p. Assembly of the karyopherin het- 
erodimer on immobilized nucleoporin yielded cooperative binding of p10 and Ran-GDP. 
Addition of GTP to this pentameric complex led to dissociation of karyopherin a, pre- 
sumably via in situ formation of Ran-GTP from Ran-GDP. Thus, plO appears to coordinate 
the Ran-dependent association and dissociation reactions underlying nuclear import. 

Protein import across the nuclear pore com- 
plex (NPC) is mediated by at least four 
soluble factors. These cvtosolic factors re- 
store nuclear import in cklls depleted of cy- 
tosol bv digitonin ~ermeabilization. Two of 
these fact& fork a heterodimer termed 
karyopherin (1-9). Karyopherin a binds to 
nuclear localization sequence (NLS)-con- 
taining proteins (2, 10-1 2) ,  and karyopherin 
p mediates docking to peptide repeats of 
nucleoporins (1 , 10, 13). The GTPase Ran 
(14, 15) and an additional protein referred 
to as p10 (1 0 ,  16, 17) are required for sub- 
sequent translocation of the docked NLS 
protein into the nucleoplasm (1 ,  10, 14, 16) 
along with karyopherin a. Karyopherin P 
remains bound to the NPC (8, 10). The role 
of p10 in the translocation reaction is not 
clear. It can bind to the nucleouorin ~ 6 2  
(1 7) and appears to form a complex with 
Ran in the cytosol (16), although a direct 
interaction has not yet been demonstrated. 

Saccharomyces cerevisiae contains a con- 
served set of import factors (18). In solu- 
tion-binding assays (19), the karyopherin 
a p  heterodimer (Kap60a and Kap95P) as- 
sociates with either NLS protein or nucleo- 
porin FXFG (phenylalanine-x-phenylala- 
nine-glycine) repeats in a cooperative fash- 
ion. Moreover, Ran-GTP dissociates the 
heterodimeric a p  complex by binding to 
karyopherin P, thus releasing the karyo- 
pherins from the nucleoporin docking site. 

Ran-GDP binds to karyopherin P with 
much lower affinity and does not induce 
dissociation (20). As docking and release are 
principal functions of soluble factors, nucle- 
ar translocation has been proposed to result 
from repeated docking and release reactions 
along an array of docking sites on the NPC 
fibers (13). Because Ran-GTP is the major 
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Fig. 1. Blot overlay binding of gold-conjugated plO 
to a subset of nucleoporins. Proteins of yeast nu- 
clear envelopes (26, 28) were separated by SDS- 
PAGE and transferred to nitrocellulose. The protein 
pattern is shown by Amido black staining (lane 5). 
Strips were probed with p l  0-gold conjugate (27) in 
the absence (lane 2) or presence (lane 3) of a 200- 
fold excess of nonconjugated p l  0, or were probed 

Laboratory of Cell B~ology. Howard Hughes Medical In- with a BSA-gold conjugate (lane 4). Another strip 
stitute. Rockefeller University New York, NY 10021. (lane 1) was probed with monoclonal antibodies 14 
USA. and 192 (29), which recognize the peptide repeat 
'TO whom corres~ondence should be addressed, motifs of various nucleoporins, and with an aftinity- 
E-mail: blobel@rock;/ax.rockefeller.edu purified antibody against Nup36 (31) 
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