
dithlothreitol (DTT). 10 mM adenosine diphosphate 
(ADP), and 10% glycerol. Crystallization was initiated 
by the addition of microseeds, prepared from sub- 
strate crystals, after 14 to 20 hours. Plate-like crys- 
tals grew in about 10 days. The crystals were har- 
vested in solutions containing 20% (w/v) PEG 4000, 
0.3 M ammonium acetate, 25 mM Na-Hepes (pH 
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rence Berkeley National Laboratory. Data for the 
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line F1 at the Cornell High Energy Synchrotron 
Source (CHESS), which is supported by the National 
Science Foundation under award DMR-9311772, us- 
ing the Macromolecular Diffraction at CHESS (Mac- 
CHESS) facility, which is supported by award RR- 
01646 from the National Institutes of Health. Data 
reduction and processing were carried out with the 
HKL package (15). Because the low-resolution data 
for the rosuvastatin complex crystal was incomplete 
for the data collected at CHESS, the reduced data 
were merged with the reduced data collected at ALS 
during scaling. All crystals have the symmetry of 
space group P2, and contain four HMGR monomers 
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ly, their positions were modified by consulting u, 
weighted 2F,-F, maps (16) and simulated-annealing 
omit maps (17). The models were built using the 
program 0 (18) and refined with CNS (19). Bulk 
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noncrystallographic symmetry restraints were ap-
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bound to the four crystallographically independent 
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cules resemble the positions of the adenosine moi- 
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for the six structures. 
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Control of a Genetic Regulatory 
Network by a Selector Gene 

Kirsten A. Cuss,* Craig E. Nelson,* Angela Hudson, 

Mary Ellen Kraus, Sean B. Carrollt 


The formation of many complex structures is controlled by a special class of 
transcription factors encoded by selector genes. I t  is shown that SCALLOPED, 
the DNA binding component of the selector protein complex for the Drosophila 
wing field, binds to  and directly regulates the cis-regulatory elements of many 
individual target genes within the genetic regulatory network controlling wing 
development. Furthermore, combinations of binding sites for SCALLOPED and 
transcriptional effectors of signaling pathways are necessary and sufficient to  
specify wing-specific responses to  different signaling pathways. The obligate 
integration of selector and signaling protein inputs on cis-regulatory DNA may 
be a general mechanism by which selector proteins control extensive genetic 
regulatory networks during development. 

The concept of the morphogenetic field, a dis- 
crete set of cells in the embryo that gives rise to 
a particular structure, has held great importance 
in experimental embryology ( I ) .The discovery 
of genes whose products control the formation 
and identity of various fields, dubbed "selector 
genes" (2), has enabled the recognition and 
redefmition of fields as discrete territories of 
selector gene activity (3).Although the term has 
been used somewhat liberally, two kinds of 
selector genes have been of central interest to 
understanding the development of embryonic 
fields. These include the Hox genes, whose 
products differentiate the identity of homolo- 
gous fields, and field-specific selector genes 
such as eyeless (4). Distal-less (5 ) , and vesti-
gial-scalloped (vg-sd) (&a), whose products 
have the unique property of directing the for- 
mation of entire complex structures. The mech- 
anisms by which field-specific selector proteins 
direct the development of these structures are 
not well understood. In principle, selector pro- 
teins could directly regulate the expression of 
only a few genes, thus exerting much of their 
effect indirectly, or they may regulate the tran- 
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scription of many genes distributed throughout 
genetic regulatory networks. 

In the Dvosophila wing imaginal disc. the 
VG-SD selector protein complex regulates 
wing formation and identity (7. 8) .  SD is a 
TEA-domain protein (9)that binds to DNA in 
a sequence-specific manner (7). whereas VG. 
a novel nuclear protein ( l o ) ,  functions as a 
trans-activator (11).  To determine whether 
direct regulation by SD is widely required for 
gene expression in the wing field. we ana- 
lyzed the regulation of several genes that 
represent different nodes in the wing genetic 
regulatory network and that control the de- 
velopment of different wing pattern elements 
(Fig. 1A). We focused in particular on genes 
for which cis-regulatory elements that control 
expression in the wing imaginal disc ha\e 
been isolated, including czrt (12). spait ( r c i l )  

(13) ,and vg ( 6 ) .  
We first tested whether sd gene function 

was required for the expression of various 
genes in the wing field. We generated mitotic 
clones of cells homozygous for a strong hypo- 
morphic allele of sd and assessed the expression 
of gene products or reporter genes within these 
clones (14).Reduction of sd function reduced 
or eliminated the expression of the CUT (Fig. I .  
B and F) and WINGLESS ( W G )  (Fig. 1. C and 
G) proteins and of reporter genes under the 
control of the sal 10.2-kb (Fig. I .  D and H)  and 
the vg quadrant (Fig. I .  E and I )  znhancers. 
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demonstrating a cell-autonomous requirement 
for selector gene function for the expression of 
these genes in the wing field. 

These results, however, do not distinguish 
between the direct and indirect regulation of 
target gene expression by VG-SD. To differen- 
tiate between these possibilities, we tested 
whether the DNA binding domain of SD could 
bind to specific sequences in cut, sal, and vg 
wing-specific cis-regulatory elements (15). Us- 

ing DNase I footprinting, we identified SD- 
binding sites in all of the elements assayed (Fig. 
2A) (16). Thus, SD may control the expression 
of these genes by binding to their cis-regulatory 
elements. 

To determine whether SD binding to these 
sites was necessary for the function of these 
cis-regulatory elements in vivo, we mutated 
specific SD-binding sites within each of the 
elements such that they reduced or abolished 
SD binding in gel mobility-shift assays (Fig. 2, 
B and C) (1 7). The mutation of tandem SD- 
binding sites in the cut and sal elements result- 
ed in complete loss of reporter gene expression 
in vivo (Fig. 2, G and H). Similarly, mutation of 
the four single SD-binding sites identified in the 
vg quadrant enhancer eliminated or dramatical- 
ly reduced reporter gene expression (Fig. 21). 
These results show that SD binds to and directly 
regulates the expression of four genes-cut, sal, 
vg, and DSRF (7)-in the wing genetic regu- 
latory network. This molecular analysis and the 
genetic requirement for SD function for the 
expression of other genes (18) suggest a wide- 
spread requirement for direct VG-SD regula- 
tion of genes expressed in the wing field. 

Each of the SD targets we analyzed is acti- 
vated in only a portion of the wing field, in 
patterns controlled by specific signaling path- 
ways. For instance, cut is a target of Notch 

signaling along the dorsoventral boundary (19- 
21), and the sal and vg quadrant enhancers are 
targets of Dpp signaling along the anteroposte- 
nor axis (22-26). Binding sites for the tran- 
scriptional effectors of the Notch- and Dpp- 

Fig. 1. SD function is required for wing-specific 
target gene expression. (A) A simplified portion 
of a genetic regulatory network in the wing 
disc, including those signaling pathways and 
target genes analyzed here (highlighted in yel- 
low). (B to  I) Gene expression in the wing pouch 
is dependent upon SD activity. Protein or re- 
porter gene expression in late third larval instar 
wing imaginal discs is shown (red in B to  E, 
magenta in F to  I). Mitotic clones homozygous 
for the hypomorphic sdS8 allele are marked by 
the absence of the Myc epitope tag (green in F 
to  I) and are circled, and cells are marked by the 
nuclear dye TOPRO (blue in F to  I). (B and F) 
CUT protein expression along the D-V bound- 
ary. (C and C) WC protein expression along the 
D-V boundary. (D and H) P-Calactosidase ex- 
pression driven in a broad domain straddling 
the A-P boundary by the sal 10.2-kb element 
(73), and (E and I) by the vgQ enhancer 
throughout the wing blade except along the 
D-V boundary (6). The expression of each can- 
didate target gene is eliminated or reduced by 
the reduction of SD function. 

signaling pathways, Suppressor of Hairless 
[SU(H)], and Mothers Against Dpp (MAD), 
and Medea (MED), respectively (24, 27, 28), 
have been shown to be necessary for the activ- 
ity of a number of wing-specific cis-regulatory 
elements (6,24,29) and occur in these elements 
(Fig. 2A). This observation, coupled with our 
data demonstrating a direct requirement for SD 
binding, suggests that gene expression in the 
wing field requires two discrete inputs on the 
cis-regulatory DNA: one from the selector pro- 
teins that define the field, and one from the 
signaling pathway that patterns the field. 

These findings also raised the possibility 
that the combination of selector and signal 
inputs may be sufficient to drive field-specif- 
ic, patterned gene expression. To test this, we 
built a number of synthetic regulatory ele- 
ments comprised of combinations of binding 
sites for SD with those for SU(H) or MAD/ 
MED (30). We compared the activity of these 
elements with those composed of tandem ar- 
rays of just selector- or signal effector-bind- 
ing sites, or combinations of different signal 
effector sites. Each of the binding sites used 

A 
cut ,u SS SIS S S/s 

Su 

sal 

cut cut mutant pal sal mutant ---- 
AAAA 

sal GGAATCCCACGMTGTCC 

GGAATGTT 
GGCATGGCA 

"gQ GGMTTCCC 

Fig. 2. SD protein binds to  and directly regulates the expression of multiple wing-specific 
cis-regulatory elements in vivo. (A) The topology of sites that bind SD (5; tandem sites denoted 
US), SU(H) (Su), and MAD (M) in the cut, sal, and vg cis-regulatory elements. (B) The sequences 
of SD-binding sites that have been shown to  be required for the activity of wing-specific 
cis-regulatory elements. Tandem sites have arrows over them. (C) Gel mobility-shift experiments 
with wild-type and mutated double-stranded oligonucleotide probes spanning tandem SD-binding 
sites in the cut 0.7-kb and sal328-base pair (bp) elements. Increasing amounts of SD TEA domain 
utilized for each probe were, from left to  right, 0, 0.1, 0.3, 1, 3, and 10 ngl25 FI. Labels: F, free 
probe; 1, complex with one SD TEA domain bound; 2, complex with two molecules bound. (D to  
I) P-Calactosidase expression driven by the (D) cut 0.7-kb, (E) sal328-bp, and (F) vgQ enhancers, 
respectively, in late third larval instar wing imaginal discs. (C) Expression driven by the cut 0.7-kb 
enhancer in which the tandem SD-binding sites have been altered. (H) The tandem SD sites in the 
sal328-bp element shown in (H) are required for wing expression. (I) Expression driven by the vgQ 
enhancer, in which four single SD-binding sites have been mutated, is significantly reduced or 
eliminated. 
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Fig. 4. Models for the A 
field-specific control 

Fig. 3. Combinatorial regulation of gene ex- 
pression in the wing field. Reporter gene ex- 
pression driven by synthetic regulatory ele- 
ments in Drosophila late third larval instar wing 
imaginal discs. Synthetic elements were com- 
posed of the following: (A) two MAD- and two 
MEDEA-binding sites, (B) four SD-binding sites, 
(C) four SU(H)-binding sites, (D) two SU(H)- 
binding sites and two SD-binding sites, (E) a 
MAD- and a MEDEA-binding site and two SD- 
binding sites, (F) a MAD- and MEDEA-binding 
site and two SU(H)-binding sites. MAD- and 
MEDEA-binding sites are represented by red 
circles, SU(H)-binding sites by blue triangles, 
and SD-binding sites by green squares. 

in these constructs was selected from se- 
quences found in native Drosophila cis-reg- 
ulatory elements that have been demonstrated 
to function in vivo (6. 7. 24). . ,  , , 

Elements containing only single classes of 
binding sites for the selector or signal effectors 
were unable to drive reporter gene expression in 
the wing (Fig. 3, A to C). In contrast, the 
synthetic elements in which binding sites for 
both selector and signal effector were combined 
drove field-specific expression restricted to the 
wing and haltere discs in patterns predicted by 
the specific signaling inputs to each element. 
That is, the [SD], [SU(H)], element drove 
wing-specific expression along the dorsoventral 
margin (Fig. 3D), consistent with Notch activa- 
tion along this boundary (19, 20, 31), and the 
[SD], [MAD/MED] element drove expression 
in a broad domain oriented with respect to the 
anteroposterior axis of the disc (Fig. 3E), con- 
sistent with Dpp-signaling activity along this 
boundary (32,33). These patterns of expression 
are similar to those of the native cut and vg 
quadrant cis-regulatory elements that also re- 
spond to Notch- and Dpp-signaling inputs, re- 
spectively. However, regulatory elements con- 

of transcription by se- 
lector proteins and 
signal effectors. Our 
results suggest that 
only when binding 
sites for both classes 
of transcription fac- 
tors are occupied is a 
functional activation 

Modifies Chromatin - Activates BTA - 
Activates BTA 

n 
complex assembled B 
and the basal tran- 
scriptional apparatus 
(BTA) enabled. (A) The Modifies Chromatin 
two transcription fac- 
tors could bind to  dif- 
ferent faces of the 
same coactivator (in 
blue, e.g., CBP), which 
could mediate chro- 
matin remodeling via 
histone acetyltrans- Modifies Chromatin 

ferase and could mediate interactions with the BTA. (B) Alternatively, transcriptional effectors of 
signaling pathways and selector proteins may recruit different coactivators (in blue) that perform 
these functions independently. 

taining a combination of SU(H) and MAD/ 
MED sites were not active in vivo (Fig. 3F), 
demonstrating that combinatorial input in the 
absence of selector input is not sufficient to 
drive gene expression. These results suggest 
that the VG-SD complex provides a qualitative- 
ly distinct function required to generate a wing- 
specific response to signaling pathways. 

There are several potential mechanisms 
whereby selector proteins and signaling ef- 
fectors might operate in a combinatorial 
manner to regulate transcription. One 
mechanism is through cooperative interac- 
tions that increase the occupancy of tran- 
scription factor-binding sites on the DNA. 
Such a scenario appears unlikely in this 
case, because it would require that each 
selector protein be able to interact directly 
with many different signaling pathway 
transcriptional effectors. Furthermore, co- 
operative filling of binding sites alone is 
insufficient to explain selector-signal syn- 
ergy, because SD alone binds cooperatively 
to DNA [Fig. 2C and (7)], and yet the 
presence of multiple SD-binding sites alone 
is insufficient to generate transcriptional 
activation. 

A second, more likely mechanism underly- 
ing selector-signal synergy is the formation of 
complexes between the two classes of tran- 
scription factors and required transcriptional co- 
activators. Coactivators facilitate transcription 
by relieving repression by chromatin and/or by 
mediating interactions with the basal transcrip- 
tional machinery (34). We suggest that gene 
activation by selector proteins and signaling 
pathways may require both of these activities, 
and these proteins may form complexes with 
coactivators on the cis-regulatory DNA (Fig. 4). 
These complexes could include coactivators 
such as the multifunctional protein CBP, which 

has been shown to interact directly with three 
signaling pathway transcriptional effectors, 
MAD, CI, and dTCF (35), and also appears to 
interact with SD (36). Alternatively, synergy 
between SD and signaling pathway transcrip- 
tional effectors could be mediated by different 
coactivators, with independent functions (Fig. 
4B). The obligate requirement for combined 
inputs from selector genes and signaling path- 
ways, seen here in the wing, may be a general 
mechanism whereby a universally deployed set 
of signals can elicit field, tissue, and cell type- 
specific genetic responses (37). 
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in lower case. In each of the signal and selector 
constructs the annealed 5' signal oligonucleotide pair 
(A) was ligated to the 3' selector oligonucleotide pair 
(6). In signal alone or selector alone constructs, the 5' 
and 3 '  pairs of the appropriate sites were ligated to 
one another. Wing disc-specific reporter expression 
was observed in 6 out of 8 lines for [SU(H)], [SD],; 3 

Vacarro for invaluable technical assistance; L. Olds 
for figure preparation; J. Carroll for manuscript prep- 
aration; M. Levine for helpful discussion; and A. Kopp, 
G. Panganiban, and T. Wittkopp for comments on the 
manuscript. J. Magee initiated the studies of SD site 
mutations in the vg Q enhancer, and J.-Y. Sgro and 
the Institute for Molecular Virology provided access 
to CCC. Supported by NIH postdoctoral fellowships 
to K.A.G. and M.E.K., and the Howard Hughes Medical 
Institute, of which S.B.C. is an Investigator. 

14 December 2000; accepted 20 March 2001 
Published online 12 April 2001; 
10.1126/science.1058312 

Include this information when citing this paper. 


Physical Properties Determining 

Self-Organization of Motors 


and Microtubules 

5' ~ T ~ ~ ~ G A T G C T T T C T ~ A A T C ~ A C & A A T C T C C -Thomas Surrey,* Fran~ois Nedelec,* Stanislas Leibler,? Eric Karsentiz 

ATTCCATCC 3' 
sal (126) mutant: 
5' TTAAACATCCTTTCTdAATCapnCtAATCagPaTGC. 
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cut (558) wild type: 
5' TTTCTCAAT&TAATTC&A&AAAT&TCCTCAC 3' 
cut (558) mutant: 
5' TTTGTCAATcTAATTCtActAATtTCCTCAC 3' 

vgQ 1 (87) wild type: 
5' CCGTTGACAACATTCCAAACTCC 3 '  
vgQ 1 (87) mutant: 
5' GCGTTGACAtgAgctCttACTCC 3 '  
vgQ 2 (359) wild type: 
5' ATACGGCATCCCATCCCCCGTCC 3' 
vgQ 2 (359) mutant: 
5' ATACCGCATctCATCagGCGTCC 3'  
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5' CTCCCAAActTATTTCCTCTCCAC 3' 
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In eukaryotic cells, microtubules and their associated motor proteins can be 
organized into various large-scale patterns. Using a simplified experimental 
system combined wi th  computer simulations, we examined how the concen- 
trations and kinetic parameters of the motors contribute t o  their collective 
behavior. We observed self-organization of generic steady-state structures such 
as asters, vortices, and a network of interconnected poles. We identified pa- 
rameter combinations that determine the generation of each of these struc- 
tures. In general, this approach may become useful for correlating the mor- 
phogenetic phenomena taking place in  a biological system wi th  the biophysical 
characteristics of its constituents. 

A central question in biology concerns the ori- 
gin of complex macroscopic structures. Two 
fundamentally different mechanisms can ac-
count for the generation of large-scale struc- 
tures from random mixtures of small molecules. 
One mechanism is self-assembly near thermo- 

Cell Biology and Biophysics Program, European Molecu- 
lar Biology Laboratory, 691 17 Heidelberg. Germany. 

*These authors contributed equally t o  this work. 
?Present address: Departments of Physics and Molec- 
ular Biology, Princeton University, Princeton, NJ 
08544, USA. 
:To whom correspondence should be addressed. E- 
mail: karsenti@embl-heideLberg.de 

dynamic equilibrium (1, 2). A very different 
mechanism is self-organization in energy-dissi- 
pating systems. Although they do not reach 
thermodynamic equilibrium, these systems can 
reach steady states; kinetic parameters can in- 
fluence or determine the fmal structures (3, 4). 
In eukaryotic cells, organization of the intracel- 
lular architecture is largely determined by the 
collective behavior of the ensemble of proteins 
that constitute the cytoskeleton (5, 6). A re- 
markable property of the cytoskeleton resides in 
the versatility of all patterns that can be pro- 
duced. Indeed, similar sets of components are 
found to be organized into very different assem- 
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