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ABSTRACT The mechanisms by which cells rapidly po-
larize in the direction of external signals are not understood.
Helper T cells, when contacted by an antigen-presenting cell,
polarize their cytoskeletons toward the antigen-presenting cell
within minutes. Here we show that, in T cells, the mammalian
Ras-related GTPase CDC42 (the homologue of yeast CDC42,
a protein involved in budding polarity) can regulate the
polarization of both actin and microtubules toward antigen-
presenting cells but is not involved in other T-cell signaling
processes such as those which culminate in interleukin 2
production. Although T-cell polarization appears dispensable
for signaling leading to interleukin 2 production, polarization
may direct lymphokine secretion towards the correct antigen-
presenting cell in a crowded cellular environment. Inhibitor
experiments suggest that phosphatidylinositol 3-kinase is
required for cytoskeletal polarization but that calcineurin
activity, known to be important for other aspects of signaling,
is not. Apparent conservation of CDC42 function between
yeast and T cells suggests that this GTPase is a general
regulator of cytoskeletal polarity in many cell types.

How cells polarize their contents in response to a gradient of
external signal is not understood. In yeast, the CDC42 gene is
required for establishing an axis of polarity during vegetative
division by budding (1, 2). CDC42 encodes a Ras-related
GTPase which assembles at the site of bud formation, toward
which the cytoskeleton polarizes (2, 3). Yeast cells mutant for
CDC42 cannot form a bud because they cannot restrict cell
surface growth to the bud site (1). Underlying this targeting
defect, the actin cytoskeleton is not polarized. A human
CDC42 protein, 81% identical to the yeast CDC42, is known
(4, 5). The experiments presented in this paper investigate the
role of human CDC42 GTPase in the cytoskeletal polarization
of T cells toward antigen-presenting cells.

Polarization of helper T cells toward antigen-presenting
cells, as mediated by the interaction of the T-cell antigen
receptor with antigen bound to proteins encoded by the major
histocompatibility complex, is an example of cell polarity that
is rapidly induced in the direction of an external signal (6-8).
Interaction between helper T cells and antigen-presenting cells
is part of the fundamental regulation of the immune response.
Upon contact between an antigen-presenting cell and a helper
T cell, a tight interface forms between the two cells, and the
T cell polarizes its cytoskeleton toward the antigen-presenting
cell (6-8). Much is known about the signaling which occurs in
the T cell in response to antigen presentation (9); however,
how this signaling controls polarization of the cytoskeleton is
not known.

METHODS AND MATERIALS
Cell Lines, Growth Medium, and Inhibitor Treatments.

Murine 2B4 T-cell hybridomas and CH27 B-cell lymphomas
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were grown in standard medium [RPMI 1640/10% fetal
bovine serum (HyClone)/50 ,um 2-mercaptoethanol supple-
mented with penicillin, streptomycin, and glutamine; ref. 10].
Where inhibitors were used, T cells were pretreated for 20 min
prior to mixing, and the inhibitor was present during incuba-
tion with antigen-presenting cells. As a control for nonspecific
effects on viability, the antigen-presenting cells were pre-
treated with wortmannin; when this pretreatment was per-
formed, T-cell polarization still occurred.

Constructs and Transfections.A two-step polymerase chain
reaction was used to generate two point mutations in human
CDC42 (11). Mutagenic primers were G12V (Gly12-_'Val
mutation), 5'-ACCAACAGCCACATCGCCCA-3', and
D57Y (Asp57--Tyr mutation), 5'-TCTTGGACTTTTT-
TATACTGCAGGG-3'. Flanking primers were 5'-CGG-
GATCCCCGGTGGAGAAGCTG-3' (on the 5' flank) and
5'-CGGAATTCGGCTCTGGAGAGATG-3' (on the 3'
flank). Mutant and wild-type products were ligated into
pcDNA3 (Invitrogen) via the BamHI/EcoRI sites underlined.
Sequence analysis confirmed the predicted mutations.
To generate stable transfectants, 10 ,ug of each construct

and vector control were linearized with Pvu I and purified.
Fragment and 10 ,ug of carrierDNAwere added to 1 x 107 2B4
cells in Hanks' balanced salt solution (12). Mixtures were
electroporated (13) and aliquoted into 96-well culture dishes to
ensure independent origins of clones isolated. After 24 hr,
G418 (1 mg/ml; GIBCO/BRL) was added to select for
transfectant clones. Ten days later, -15 G418-resistant wells
per plate were observed, suggesting that clones were derived
from single cells. No G418-resistant clones were observed with
carrier DNA alone. Twelve G418-resistant clones were saved
for each allele in each of two separate transfections.

Stimulations, Immunofluorescence, and Scoring Methods.
Conjugation/stimulation and immunofluorescence were per-
formed essentially as described (7, 8). Twenty minutes after
mixing of the T cells with antigen-presenting cells, samples were
fixed (3.7% formaldehyde, 40 min, room temperature). The cells
were washed (phosphate-buffered saline plus 0.1% bovine serum
albumin, pH 6.5) and permeabilized (10 min, 0.1 mM Triton
X-100). Microtubules were labeled with rat anti-tubulin mono-
clonal antibody (YOL1/34; Accurate Antibodies, Westbury, NY)
followed by fluorescein-conjugated goat anti-rat IgG (Jackson
ImmunoResearch). CH27 antigen-presenting cells were surface-
labeled with fluorescein-conjugated goat anti-mouse IgG (Jack-
son ImmunoResearch). F-actin was labeled with 33 nM rhoda-
mine-phalloidin (Molecular Probes) (14).
Measurement of Interleukin 2 (IL-2) Production. Stimula-

tions and measurement of IL-2 production by transfectant
clones were performed by standard methods (10, 15).

RESULTS
T-cell polarization can be studied with a T-cell hybridoma
(2B4) and a B-cell lymphoma (CH27) presenting an appro-

Abbreviations: IL-2, interleukin 2; PI, phosphatidylinositol.
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FIG. 1. Microtubule-organizing-center position in wild-type and mutant T cells coupled to antigen-presenting cells. (A and B) Untransfected
T cells with microtubule-organizing centers polarized. (C and D) CDC42Gl2V-transfected 2B4 T cells exhibiting a defect in microtubule-organizing-
center polarization. A and C show indirect immunofluorescence of microtubules with antigen-presenting cells evident from cell surface labeling.
B and D show differential interference contrast images of the same cells as inA and C. All panels are oriented with the T cell to the left. (Bar
= 15 jLm.)

priate antigen (6-8). Within 20 min of combining these two
cell types, 90% of those T cells that have bound to antigen-
presenting cells polarize their microtubule-organizing centers
to be adjacent to the antigen-presenting cell (Fig. 1 A and B)
and exhibit a concentration of polymerized actin beneath the
plasma membrane at the site of contact (see Fig. 3 B and C).
To investigate the role of CDC42 in the polarized response

of T cells, we examined the polarization properties of T cells
transfected with two alleles of CDC42 predicted to interfere
with the functioning of the endogeneous CDC42. CDC42GJ2V
is predicted to produce a CDC42 protein defective for GTP
hydrolysis and, therefore, locked in the GTP-bound confor-
mation (16, 17). CDC42D57Y is predicted to produce a CDC42
protein locked in a conformation mimicking the GDP-bound
form; the same mutation in RAS produces a potent dominant-
negative effect by sequestering its GDP-GTP exchange factor
(18). Both alleles and wild-type CDC42 (expressed from the

A

constitutive cytomegalovirus promoter) were stably trans-
fected into the murine 2B4 T-cell hybridoma. All three con-
structs and vector control yielded similar numbers of stable
transfectant clones with indistinguishable growth rates (L.S.
and D.Y., unpublished data). Thus, the expression of mutant
CDC42 alleles, in this context, did not interfere with cell
growth or division. Transfected CDC42 alleles were expressed
at levels 2- to 5-fold above endogenous CDC42, as estimated
by Western blot analysis, with some variation among clones
(L.S., unpublished data).
Mutant and controlT cells were mixed with antigen-presenting

cells, and, after a 20-min incubation, the positions of the micro-
tubule-organizing centers within the T cells were scored. All
vector-alone and wild-type CDC42 clones oriented their micro-
tubule-organizing centers toward antigen-presenting cells with
efficiencies similar to untransfected T cells (Fig. 1 A and B; Fig.
2B). In contrast, all CDC42GJ2Vand CDC42D57Yclones examined
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FIG. 2. Disruption of microtubule-organizing-center polarization in T cells expressing mutant alleles of CDC42. (A) Scoring the position of the
microtubule-organizing center. The position was scored by dividing the T cell into four sections of equal width and assigning a 1, 2, 3, or 4 based
on the location of the microtubule-organizing center relative to the antigen-presenting cell. In wild-type 2B4 cells, the microtubule-organizing center
is predominantly in region 1 directly adjacent to the antigen-presenting cell-a polarized response. Only 2B4 cells that were coupled to a single
CH27 cell were scored. (B) Summary of microtubule-organizing-center positions in wild-type (WT) and CDC42-mutant clones. Each lane
corresponds to an independent clone. For each clone, two independent stimulations (=100 couples scored for each stimulation) were averaged.
For untransfected 2B4 cells, 1036 couples were scored.
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FIG. 3. Effects of mutant CDC42 alleles on actin organization. (A) Examples of actin localization in unstimulated 2B4 T cells. This resting
distribution was not altered in cells expressing either mutant allele of CDC42. (Upper) Focal plane illustrating the network of membrane-associated
actin. (Lower) Focal plane illustrating the aggregate of cytoplasmic actin. (B) Examples of filamentous actin at the interface between the T cell
and the antigen-presenting cell. (D) Lack of actin reorganization in CDC42D57y-expressing cells upon encountering an antigen-presenting cell
(CDC42Gl2V-expressing cells are identical in appearance). (C and D) Antigen-presenting cells identified by cell surface labeling.

were defective in polarizing their microtubule-organizing centers
toward antigen-presenting cells. The CDC42GC2Vclones exhibited
randomly positioned microtubule-organizing centers when cou-
pled to antigen-presenting cells (Fig. 1 C and D; Fig. 2A and B).
The CDC42D57Yclones exhibited a similar, but slightly less severe,
defect (Fig. 2B).

Actin polarization was also disrupted in the CDC42 mutant
cell transfectants. In unstimulated T cells, mutant CDC42 had
no effect upon the actin distribution, which appeared as a
cortical meshwork and a cytoplasmic concentration in the
vicinity of the microtubule-organizing center (Fig. 3A). How-
ever, the actin distribution in stimulated cells was affected by
the CDC42 mutant alleles. In 90% of wild-type T cells coupled
to antigen-presenting cells, polymerized actin accumulated at
the interface with the antigen-presenting cell (Fig. 3 B and C).
Expression of either mutant allele greatly reduced the number
of T cells exhibiting polarized actin (Table 1); most showed no
polarized actin assembly (Fig. 3 D and E). The number of
mutant cells showing actin polarization (15-20%) is likely to be
an overestimate because actin polarization in the antigen-
presenting cell sometimes produced an interfering fluores-
cence signal; when unclear, T cells were scored as polarized.
To test the effects of preventing polarization upon signaling

within the T cell, IL-2 production by T-cell transfectants was

Table 1. Effects of CDC42 alleles and signaling inhibitors on actin
polarization in 2B4 cells

Transformation or % of cell couples
treatment Polarized Diffuse

CDC42 allele
None 86 14
Vector 94 6
CDC42GJ2V 15 85
CDC42Ds57 21 79

Cell treatment
Dimethyl sulfoxide 92 8
Wortmannin (100 nM) 0 100
FK506 (100 nM) 91 9
Rapamycin (100 nM) 93 7

Coupled T cells were scored as to whether an accumulation of actin
was visible at the interface with the antigen-presenting cell. Several
clones of each mutant allele were scored and data were averaged.

measured (D.Y., unpublished data). All stable clones (except
one CDC42G12v and one CDC42D57Y clone; not included in
data presented) produced IL-2 at levels comparable to control
cells in response to antigen-presenting cells. None of the clones
produced detectable IL-2 in the absence of antigen presenta-
tion. Thus, signaling leading to transcription of the IL-2 gene
occurred in the apparent absence of cytoskeletal polarization.
We therefore examined whether molecules known to be

required for signaling to the nucleus were required for polar-
ization. As presented in Fig. 4 and Table 1, inhibitors of
calcineurin (FK506; ref. 19) and of the S6 kinase pathway
(rapamycin; refs 20-22) had no effect on T-cell polarization.
Wortmannin, an inhibitor of phosphatidylinositol (PI) 3-ki-
nase (23), abolished cytoskeletal polarization. Thus, cal-
cineurin and the S6 kinase pathway are dispensable for cy-
toskeletal polarization, but PI 3-kinase appears to be required.

DISCUSSION
The data demonstrate that both constitutively active and
dominant negative alleles of CDC42 prevent cytoskeletal
polarization of T cells. These effects can be explained by the
hypothesis that, in wild-type T cells, CDC42 is converted to its
GTP-bound form specifically at the site of contact with the
antigen-presenting cell (Fig. SA)-a situation that is prevented
by expression of either mutant CDC42 allele (Fig. 5 B and C).
In wild-type T cells, CDC42 activation at the interface could
occur if a GDP-GTP exchange activity within the T cell were
concentrated in this region in response to a transmembrane
receptor such as the T-cell antigen receptor. Spatially re-
stricted, active GTP-bound CDC42 would then promote cy-
toskeletal assembly at the interface via the recruitment of
microtubule-capture and actin-nucleation sites.
The effects of the different CDC42 mutant alleles can be

explained as follows: CDC42G12v (predicted to be constitu-
tively GTP-bound; ref. 16; Fig. SB) may provide a constitutive
signal that masks the activation of endogenous CDC42, re-
sulting in a polarization defect. CDC42D57Y most likely se-
questers its guanine nucleotide exchange factor so that it
cannot activate endogenous CDC42 in response to cell-cell
signaling (ref. 18; Fig. SC). CDC42D7S-expressing cells may
show a less severe defect than the CDC42Gl2V-expressing cells
because sequestration of the exchange factor is not complete,
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FIG. 4. Effects of inhibitors of signaling on cytoskeletal polarization. (A) Effects of wortmannin (WM), FK506, and rapamycin (RAP) on
microtubule-organizing-center position. DMSO, dimethyl sulfoxide (solvent for delivery of inhibitors). (B) Microtubule-organizing-center position
in wortmannin-treated T cells coupled to antigen-presenting cells. (Left) Microtubules. Surface labeling of the antigen-presenting cell. (Right)
Differential interference contrast image of the same cells. (C) Actin distribution in wortmannin-treated T cells coupled to antigen-presenting cells.
(Left) Filamentous actin. (Right) Surface labeling of the antigen-presenting cell. Panels in B and C are oriented with the T cells to the left.

allowing some endogenous CDC42 to be activated at the
interface with the antigen-presenting cell.
During the course of these experiments, an important

consideration has been whether the effects of the dominant
alleles of CDC42 reflect the normal function of CDC42 or are
due to interference with some other pathway, such as those
governed by other GTPases such as Ras, Rho, or Rac. Several
lines of evidence, enumerated below, strongly argue that the
effects of the mutant alleles are specific and reflect the normal
role of CDC42. (i) Expression of the alleles of CDC42 had no
effect on growth rate, viability, or coupling efficiency between
T cells and antigen-presenting cells; therefore, expression of
the mutant alleles of CDC42 did not interfere with basic T-cell
function. (ii) Signaling, such as that which culminates in IL-2
production and which involves Ras GTPase, appeared normal
in the CDC42 mutant cells. (iii) The mutant alleles of CDC42
were overexpressed to a modest extent (2- to 5-fold). Consid-
ering the affinity of proteins for their normal targets, rather
than heterologous targets, we think it unlikely that modest
overexpression inappropriately affects other pathways. (iv)
The observation that two alleles, which interfere by different
mechanisms, specifically prevent the same process argues
strongly that CDC42 is normally involved in this process. The
possibility that two mechanistically different alleles inappro-
priately affect the same heterologous pathway is remote. (v)

A Wild type B CDC42G12V

The effects of mutant alleles of CDC42 are qualitatively
distinct from those reported for similar alleles of the related
GTPases Rac and Rho (24,25). (vi) Finally, expression of these
mutant alleles of mammalian CDC42 in yeast produced the
predicted phenotypes for related alleles of yeast CDC42, but
not the phenotypes of RHO mutants of yeast (L.S., unpub-
lished data). Although the possibility that the effects seen for
expression of dominant alleles of CDC42 are nonspecific
cannot be eliminated with certainty, the sum of the evidence
presented strongly supports the conclusion that CDC42 is
normally involved in regulating the orientation of axes of
polarity in T cells.
How does signaling control the polarization of the cytoskel-

eton? The observation that CDC42 mutant cells defective for
polarization are able to produce IL-2 suggests that CDC42 and
cytoskeletal polarization may be controlled by a specialized
pathway of signaling. Evidently, this pathway does not include
calcineurin, which modulates signaling resulting in activation
of the IL-2 gene (19), or the S6 kinase pathway, which
modulates responses of the T cell to IL-2 (20-22). PI 3-kinase,
however, is required for polarization of the cytoskeleton. PI
3-kinase is one of several lipid kinases identified, which are
potentially involved in signal transduction, but whose exact
role is unclear. PI 3-kinase is composed of two subunits: p85,
a regulatory subunit, and pllO, a catalytic subunit. The

C CDC42D57Y

FIG. 5. A hypothesis to explain how CDC42 governs the orientation of cell polarity. See text for discussion. (A) Wild-type T cells. (B)
CDC42Gl2v-expressing cells. (C) CDC42D-57y-expressing cells. +, GTP-bound CDC42; -, GDP-bound CDC42; nonshaded cell, T cell; shaded cell,
antigen-presenting cell; arrow, axis of polarity.
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requirement for PI 3-kinase is particularly interesting since
CDC42 has been reported to interact with p85 through a
domain with similarity to GTPase-activating proteins (26).
The observation that polarization of the T cell is dispensable

for signaling to the nucleus and activation of transcription of
the IL-2 gene raises the issue of the role of cytoskeletal
polarization in communication between the T cell and antigen-
presenting cell. Although it is possible that the behavior of this
T-cell hybridoma does not reflect the behavior of T cells in
vivo, it is worth considering the possibility that polarization of
the T cell, instead of being involved in receiving a signal, is
required for sending signals in the correct direction; i.e.
polarization may restrict the delivery of secreted lymphokines
to the appropriate antigen-presenting cell, but not nearby cells
(8). Ensuring that communication occurs only between the T cell
and the appropriate antigen-presenting cell is likely to be impor-
tant for maintaining the specificity of the immune response.
Our experiments support the conclusion that CDC42 is

involved in polarizing the cytoskeletons of the T cells in the
direction of an external signal, the antigen-presenting cell.
Previous work has shown that the related GTPases Rho and
Rac govern the structure of polymerized actin (stress fibers or
ruffles; refs. 24 and 25), but not the overall orientation of the
actin cytoskeleton. In contrast, expression of mutant CDC42
prevented redistribution of actin from a cortical meshwork to
a tight band at the T cell/antigen-presenting cell interface. Our
observations also show that CDC42 affects the orientation of
the microtubule cytoskeleton. To date, the related GTPases
Rho, Rac, and yeast CDC42 have been reported to affect only
actin organization. Functional conservation of CDC42 be-
tween yeast and mammals, as well as the expression of CDC42
in all tissues examined to date (4, 5), suggests that CDC42 may
govern a wide variety of polarized cellular behaviors such as
axonal outgrowth (27), polarization of epithelial cells, and cell
migrations.

We thank 0. Kelly for assistance with the CDC42 constructs; Chant
lab members for encouragement; H.-P. Moore, S. Schreiber, and S.
Bunnell for advice; L. Cantley for advice and wortmannin; R. Cerione
for the CDC42 cDNA; V. Jung for advice on dominant negative
GTPase mutations; and R. Losick, C. Shamu, and W. Gilbert for
helpful comments on the manuscript. Work in J.C.'s laboratory is
supported by awards from the National Institutes of Health and from
the Searle Scholars Program/The Chicago Community Trust. L.J.B.
acknowledges support from the American Cancer Society and the
Cancer Research Institute/Florence and Edgar Leslie Charitable Trust.

1. Adams, A. E. M., Johnson, D. I., Longnecker, R. M., Sloat, B. F.
& Pringle, J. R. (1990) J. Cell Biol. 111, 131-142.

2. Johnson, D. I. & Pringle, J. R. (1990) J. Cell Biol. 111, 143-152.
3. Ziman, M., Preuss, D., Mulholland, J., O'Brien, J. M., Botstein,

D. & Johnson, D. I. (1993) Mol. Biol. Cell. 4, 1307-1316.
4. Shinjo, K, Koland, J. G., Hart, M. J., Narasimhan, V., Johnson,

D. I., Evans, T. & Cerione, R. A. (1990) Proc. Natl. Acad. Sci.
USA 87, 9853-9857.

5. Munemitsu, S., Innis, M. A., Clark, R., McCormick, F., Ullrich,
A. & Polakis, P. (1990) Mol. Cell. Biol. 10, 5977-5982.

6. Geiger, B., Rosen, D. & Berke, G. J. (1982) J. Cell Biol. 95,
137-143.

7. Kupfer, A., Swain, S. L., Janeway, C. A. & Singer, S. J. (1986)
Proc. Natl. Acad. Sci. USA 83, 6080-6083.

8. Kupfer, A., Monks, C. R. F. & Kupfer, A. (1994)J. Exp. Med. 179,
1507-1515.

9. Crabtree, G. R. & Clipstone, N. A. (1994) Annu. Rev. Biochem.
63, 1045-1083.

10. Hedrick, S. M., Matis, L. S., Hecht, T. T., Samelson, L. E.,
Longo, D. L., Heber-Katz, E. & Schwartz, R. H. (1982) Cell 30,
141-152.

11. Vallette, F., Mege, E., Reiss, A. & Adesnik, S. (1989) Nucleic
Acids Res. 17, 723-733.

12. Michell, B. B. & Shiigi, S. M. (1980) Selected Methods in Cellular
Immunology (Freeman, New York).

13. Bierer, B. E., Matilla, P. S., Standaert, R. F., Herzenberg, L. A.,
Burakoff, S. J., Crabtree, G. & Schreiber, S. L. (1990) Proc. Natl.
Acad. Sci. USA 87, 9231-9235.

14. Pringle, J. R., Adams, A. E. M., Drubin, D. G. & Haarer, B. K.
(1991) in Guide to Yeast Genetics and Molecular Biology, eds.
Guthrie, C. and Fink, G. R. (Academic, San Diego), p. 590.

15. Watson, J. (1979) J. Exp. Med. 150, 1510-1519.
16. Barbacid, M. (1987) Annu. Rev. Biochem. 56, 779-827.
17. Ziman, M., O'Brien, J. M., Ouellette, L. A., Church, W. R. &

Johnson, D. I. (1991) Mol. Cell. Biol 11, 3537-3544.
18. Jung, V., Wei, W., Ballester, R., Camonis, J., Mi, S., Wigler, M.

& Broek, D. (1994) Mol. Cell. Biol. 14, 3707-3718.
19. Schreiber, S. L. (1992) Cell 70, 365-368.
20. Chung, J., Kuo, C. J., Crabtree, G. R. & Blenis, J. (1992) Cell 69,

1227-1236.
21. Kuo, C. J., Chung, J., Fiorentino, D. F., Flanagan, W. M., Blenis,

J. & Crabtree, G. R. (1992) Nature (London) 358, 70-73.
22. Brown, E. J., Albers, M. W., Shin, T. B., Ichikawa, K, Keith,

C. T., Lane, W. S. & Schreiber, S. L. (1994) Nature (London) 369,
756-758.

23. Yano, H., Nakanishi, S., Kimura, K., Hanai, N., Saitoh, Y., Fukui,
Y., Nonomura, Y. & Matsuda, Y. (1993) J. Biol. Chem. 268,
25846-25856.

24. Ridley, A. J. & Hall, A. (1992) Cell 70, 389-399.
25. Ridley, A. J., Peterson, H. F., Johnson, C. L., Diekmann, D. &

Hall, A. (1992) Cell 70, 401-410.
26. Zheng, Y., Bagrodia, S. & Cerione, R. A. (1994) J. Biol. Chem.

269, 18727-18730.
27. Luo, L., Liao, Y. J., Jan, L. Y. & Jan, Y. N. (1994) Genes Dev. 8,

1787-1802.

Cell Biology: Stowers et aL


