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The TFIID transcription initiation complex is composed of TBP and
multiple TAFs. Studies in unicellular systems indicate that TAF250 is
required for progression through G1yS of the cell cycle and repression
of apoptosis. Here we extend these in vivo studies by determining the
developmental requirements for TAF250 in a multicellular organism,
Drosophila. TAF250 mutants were isolated in a genetic screen that
also yielded TAF60 and TAF110 mutants, indicating that TAFs function
coordinately to regulate transcription. Null alleles of TAF250 are
recessive larval lethal. However, combinations of weak loss-of-func-
tion TAF250 alleles survive to adulthood and reveal requirements for
TAF250 during ovary, eye, ocelli, wing, bristle, and terminalia devel-
opment as well as overall growth of the fly. These phenotypes
suggest roles for TAF250 in regulating the cell cycle, cell differentia-
tion, cell proliferation, and cell survival. Finally, molecular analysis of
TAF250 mutants reveals that the observed phenotypes are caused by
mutations in a central region of TAF250 that is conserved among
metazoan organisms. This region is contained within the TAF250
histone acetyltransferase domain, but the mutations do not alter the
histone acetyltransferase activity of TAF250 in vitro, indicating that
some other aspect of TAF250 function is affected. Because this region
is not conserved in the yeast TAF250 homologue, TAF145, it may
define an activity for TAF250 that is unique to higher eukaryotes.

TFIID is a transcription initiation factor that nucleates the
assembly of RNA polymerase II and other initiation factors

(TFIIA, TFIIB, TFIIE, TFIIF, and TFIIH) at the core promoter of
protein-coding genes (1). The most abundant form of Drosophila
melanogaster TFIID is composed of TBP and eight TAFs: TAF250,
TAF150, TAF110, TAF80, TAF60, TAF40, TAF30a, and TAF30b
(2). Similar stable multimeric TFIID complexes exist in all eukary-
otic organisms investigated to date (3). In the yeast Saccharomyces
cerevisiae, almost all TAFs are essential for viability (4). In Dro-
sophila, TAF40, TAF60, and TAF110, the only TAFs that have been
examined, are recessive embryonic or larval lethal and cell lethal,
indicating the critical role that TAFs play in vivo (5, 6). However,
it remains to be determined whether all TAFs or only subsets of
TAFs are required for the transcription of TAF-dependent genes in
vivo, whether TAFs are required for developmental events that are
particular to multicellular organisms, and whether biochemical
activities attributed to TAFs in vitro are required in vivo.

TAF250 (also designated TAF230 in Drosophila, CCG1 in hu-
mans, and TAF145y135 in yeast), is required for progression
through the G1yS boundary of the cell cycle. Mammalian or yeast
cells carrying temperature-sensitive alleles of TAF250 arrest in G1
at the nonpermissive temperature (7, 8). Furthermore, following
growth arrest, mammalian cells undergo apoptosis (9). In addition
to serving as a scaffold on which other TAFs and TBP are
assembled, TAF250 possesses enzymatic, promoter recognition,
TBP regulatory, and coactivator activities. Transcriptional defects
observed in these cells at the nonpermissive temperature presum-
ably result from elimination of one or more TAF250 activities.

TAF250 contains two independent protein kinase domains and
a histone acetyltransferase (HAT) domain. The kinase domains can
autophosphorylate as well as transphosphorylate the largest subunit
of TFIIF, RAP74, in vitro (10). The HAT domain can acetylate
lysine residues in the N-terminal tails of histones H3 and H4 in vitro
(11). Because acetylation of histones induces changes in chromatin

structure, the HAT activity of TAF250 may provide a mechanism
for TFIID to access transcriptionally repressed chromatin. The
TAF250 bromodomains may contribute to this process because
bromodomains have been shown to bind the N terminus of histone
H4 and acetylated Lys residues (12, 13).

Analysis of gene expression patterns in yeast has shown that a
subset of genes display a transcriptional requirement for TAF250
(14). Included are genes required for cell cycle progression such as
G1 phase cyclin genes as well as growth-related genes such as those
encoding ribosomal proteins (15). Mutational analysis of several
yeast genes has mapped the requirement for TAF250 to the region
surrounding the TATA box.

The N-terminal region of TAF250 binds tightly to TBP and
inhibits the ability of TBP to bind the TATA box and mediate basal
transcription (16). TFIIA and transcriptional activators compete
with TAF250 binding to TBP, suggesting that negative regulation of
TBP by TAF250 may be an important regulatory step during
transcription initiation (17, 18). Finally, a proposed coactivator role
for TAF250 is based on the observation that TAF250 can interact
with activator proteins such as adenovirus E1A (19). In summary,
TAF250 has been shown in vitro to be a multifunctional component
of TFIID, but the in vivo significance of many of these functions
remains to be determined.

We have identified mutations in Drosophila TAF250 in a genetic
screen that is sensitive to transcription levels. The availability of
loss-of-function mutations in TAF250 has allowed us to determine
how Drosophila development is affected by the absence of this
broadly acting transcriptional regulator and define a protein do-
main that is critical for its function in vivo.

Materials and Methods
Drosophila Stocks and Genetic Screen. The screen for dominant
modifiers of sev-Ras1V12 and the initial characterization of SR3–5
alleles have been described (6). EP(3)0421 and Df(3)BD5 were
obtained from the Bloomington Stock Center (Bloomington, IN)
(20). EP(3)0421 excision (EX) alleles were generated by mobilizing
the w1 P-element by crossing EP(3)0421yTM3 flies with flies
carrying a source of transposase. cell1 was provided by J. Kennison
(National Institutes of Health, Bethesda) (21).

Molecular Analysis of EP(3)0421. The site of P-element insertion in
EP(3)0421 and the nature of the lesions in EP(3)0421EX1 and the
SR3–5 alleles were determined as described (22). Western blots of
total ovary extracts were probed with a monoclonal TAF250
antibody (80H9) and a polyclonal TAF110 antibody (1309) pro-
vided by R. Tjian (University of California, Berkeley).

Examination of TAF250 Mutant Phenotypes. Scanning electron micros-
copy (SEM). Adult flies (3- to 4-day-old males) were prepared for
SEM by dehydration through an ethanol-in-water series (25, 50, 75,
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100, 100%) and then a 1,1,2-trichlorotrifluoroethane (Freon)-in-
ethanol series. Each step was for 12 h at room temperature. Flies
were mounted on aluminum stubs and imaged on a Hitachi
scanning electron microscope.

Eye sections. Sectioning of eyes was performed as described (23).
Ovary staining. Ovaries were dissected from 5-day-old flies and

stained with 49,6-diamidino-2-phenylindole as described (24).
Developmental time course. Crosses between flies of the appro-

priate genotype were maintained for 8 days before removal of the
parents. Every 24 h over a 5-day period, progeny were removed and
scored for Sb to differentiate heterozygous from transheterozygous
flies. The percentage of transheterozygous flies is defined as
the ratio of transheterozygous to total flies and was determined
for each day and over the 5-day period (Fig. 3N). For example, over
the 5-day period, 11% of the progeny from crosses between
TAF250XS-2232yTM3, Sb and TAF250EP421yTM3, Sb flies were tran-
sheterozygotes, but on the first day only, 1% were transheterozy-
gotes. Therefore, 9% (1y11%) of the expected value eclosed on the
first day and it was not until the third day that 100% was achieved,
indicating a 2-day delay in development. At least 1,400 flies were
scored for each genotype.

HAT Assay. A recombinant protein encompassing amino acids
612–1,140 (middle region, M) of Drosophila TAF250 was produced
in bacteria by using the pET expression system and purified
according to the manufacturer’s protocols (Novagen). Mutations
identical to those identified in the SR3–5 alleles were generated by
mutagenesis of the pET-250-M expression plasmid using a site-
directed mutagenesis kit (Stratagene).

HAT activity gel assays were performed as described (25).
Equivalent amounts of protein were loaded in corresponding lanes
of Fig. 5 A and B. Fig. 3C lane 7 contains less yeast HAT1 to
equalize the signal with the TAF250 protein lanes. Yeast HAT1
protein was provided by P. Wade (National Institutes of Health,
Bethesda).

Results
Signals Mediated by Ras1 Are Sensitive to Mutations in Components
of the Basic Transcription Machinery. Changes in the transcription
profile of a cell occur in response to signals mediated by the Ras
GTPase (25, 26). Much work has focused on the gene-specific
enhancer-binding proteins that are direct targets of the Ras signal,
but components of the transcriptional machinery that interact with
enhancer-binding proteins presumably play equally important roles
in regulating transcription. Consistent with this proposal, mutations
in subunits of TFIIA and TFIID interfere with the ability of Ras1
to specify cell fate decisions during Drosophila eye development
(6, 27).

Mutations in TAF60 and TAF110 were isolated in a genetic
screen as suppressors of the rough eye phenotype caused by
misexpression of a constitutively active form of Ras1 (Ras1V12)
under transcriptional control of the sev enhancer and promoter
elements (sev-Ras1V12). Details of the screen are described by
Karim et al. (6). In brief, sev-Ras1V12 transgenic flies have a rough
eye phenotype that varies in severity in response to changes in Ras1
signaling strength. A screen was performed to identify dominant
modifiers of this dose-sensitive phenotype. Genetic interaction
studies were then used to categorize the isolated modifiers into two
general groups: Class I, genes that function directly in the Ras1
signaling pathway, and Class II, genes that function to transcrip-
tionally regulate the sev-Ras1V12 transgene or downstream gene
targets of the pathway. Class I groups have subsequently been
shown to include protein kinases that function in a general Ras1
signaling cassette and the only Class II groups characterized thus
far, SR3–4B and SR3–3, correspond to TAF60 and TAF110. Thus,
it appears likely that additional Class II groups (SR3–2, SR3–4A,
SR3–5, SR3–7, and SR3–8) will encode transcriptional regulators.
This study focuses on SR3–5.

The SR3–5 Locus Encodes Drosophila TAF250. The ability of SR3–5
alleles to suppress the sev-Ras1V12 rough eye was mapped to
meiotic position (3–47 6 5). Chromosomal deletions Df(3R)Scr
and Df(3R)BD5 failed to complement the recessive lethality of
all of the SR3–5 alleles and suppressed the sev-Ras1V12 rough eye,
placing the gene within the polytene interval 84A1; 84B1–2 (Fig.
1; data not shown). This region includes the TAF250 gene that
maps to 84A2–3.

Searches of the Berkeley Drosophila Genome Project (BDGP)
database identified a mutant line, EP(3)0421, in which a P-element
is inserted within exon 1 of TAF250, 55 bp downstream of the
translation start site (Fig. 2A) (20, 28). To determine if TAF250
expression is affected in EP(3)0421 flies, ovary extracts were
prepared from wild-type and EP(3)0421 heterozygous and homozy-
gous flies and probed with a TAF250 antibody (Fig. 2B and
Materials and Methods). Relative to TAF110, TAF250 protein
expression is drastically reduced in EP(3)0421 homozygous flies.

EP(3)0421 is homozygous viable and complements the lethality
of SR3–5S-136 and SR3–5S-625, but it only partially complements
SR3–5XS-2232 (Fig. 1). Approximately 11% of the progeny from
crosses between SR3–5XS-2232yTM3 and EP(3)0421yTM3 flies are
transheterozygotes (i.e., SR3–5XS-2232yEP(3)0421) which is less than
the expected 33% if the transheterozygotes were completely viable
(Figs. 1 and 3N).

To determine whether the phenotypes of EP(3)0421-containing
flies are caused by insertion of the P-element in the TAF250 gene
and to create stronger TAF250 alleles, the EP(3)0421 P-element
was excised by introducing a source of transposase. Viable lines in
which the P-element was precisely excised no longer display bristle
and sterility phenotypes observed in the parental line, indicating
that the P-element was the cause of these phenotypes (data not
shown). One of the lethal excision lines, EP(3)0421EX1, was ana-
lyzed in detail. Sequencing of the TAF250 gene from EP(3)0421EX1

reveals that the parental P-element was internally deleted, leaving
behind 52 bp of P-element sequence (Fig. 2A). The small insertion

Fig. 1. TAF250 complementation analysis. Each of the TAF250 alleles was
crossed to the other alleles to determine whether they complement (C) or fail to
complement (FC) the recessive lethality. SR3–5 alleles were identified as suppres-
sors of activated Ras1 (6), cell1 was identified as a lethal mutation in the Anten-
napedia complex (21), EP(3)0421 is a P-element insertion line (20), EP(3)0421EX1 is
a derivative of EP(3)0421 in which the P-element has been excised, and Df(3)BD5
contains a chromosomal deletion that removes the TAF250 gene. Transheterozy-
gous flies containing the EP(3)0421 allele display adult phenotypes: (a) female
sterility and reduced bristle number on both male and female heads; (b) semile-
thal (11% of transheterozygous flies survive to adulthood; see Fig. 3N); and (c)
female sterility.
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contains an in-frame stop codon within the first exon of TAF250,
and therefore may be a null allele. In fact, like Df(3R)BD5 which
deletes the TAF250 gene, EP(3)0421EX1 fails to complement the
lethality of all SR3–5 alleles (Fig. 1).

In conclusion, the lethality observed with SR3–5yEP(3)0421EX1

transheterozygotes and phenotypes observed with SR3–5y
EP(3)0421 transheterozygotes (see below) indicate that the SR3–5
locus corresponds to the TAF250 gene. Therefore, we have re-
named EP(3)0421 and SR3–5 mutants TAF250 (i.e., TAF250EP421,
TAF250EP421-EX1, TAF250S-136, TAF250S-625, and TAF250XS-2232).

cell lethal Is Allelic to TAF250. To identify additional TAF250 alleles,
complementation analysis was performed with molecularly unchar-
acterized mutants that map near TAF250. One mutant, cell lethal1
(cell1), failed to complement all of the TAF250 alleles, indicating
that, like TAF250EP421-EX1 and Df(3R)BD5, cell1 is a null allele of
TAF250 (Fig. 1) (21). cell was originally identified as a lethal
complementation group in the Antennapedia complex. The lethal
phase of cell and the SR3–5 alleles occurs during the first to second
larval instar, probably because of depletion of the maternal con-
tribution of TAF250 (ref. 29 and data not shown). In view of the
allelism with TAF250, we have renamed cell mutants TAF250 (i.e.,
cell1 is TAF2501).

TAF250 Is Required for a Variety of Developmental Events. Trans-
heterozygous combinations of lethal TAF250 alleles (TAF250S-136,
TAF250S-625, TAF250XS-2232, and TAF250EP421-EX1) and the viable
P-element allele TAF250EP421 exhibit developmental phenotypes.
The severity and nature of these defects depends on the allelic
combination (TAF250XS-2232yTAF250EP421 . TAF250S-136y
TAF250EP421 . TAF250S-625yTAF250EP421 . TAF250EP421y
TAF250EP421) (Figs. 1 and 3 and data not shown). All allelic
combinations display defects in oogenesis, ocelli development, and
developmental timing; in addition, TAF250XS-2232yTAF250EP421

flies display defects in eye, wing, bristle, and terminalia develop-
ment, indicating roles for TAF250 in multiple developmental
pathways.

TAF250 is required for eye and ocelli development. Mutations in
TAF250 disrupt development of photosensitive organelles, the eyes
and ocelli. Adult compound eyes are composed of hundreds of
ommatidia that are arranged in a perfect hexagonal array with
single mechanosensory bristles that project from alternate vertices
of ommatidia (Fig. 3A) (30). In TAF250XS-2232yTAF250EP421 flies,

ommatidia are irregularly shaped and are not aligned in straight
rows (Fig. 3B). In addition, the number of interommatidial bristles
is reduced, multiple bristles sometimes originate from a single site,
and bristles are randomly distributed.

The number of photoreceptor cells per ommatidium is altered in
TAF250 adult flies (Fig. 3C). Apical tangential sections through
wild-type eyes reveal a trapezoid pattern of photoreceptors, with six
large outer photoreceptors (R1–6) forming the perimeter of the
trapezoid and one small inner photoreceptor (R7) in the center of
the trapezoid (Fig. 3C) (29). In TAF250XS-2232yTAF250EP421 flies,
approximately 10% of the ommatidia are missing one outer pho-
toreceptor and 14% have one extra outer photoreceptor (n 5 270).

TAF250 mutations also disrupt development of ocelli. Three
ocelli are normally arranged in a triangle on the top of the head (Fig.
3D). Severe TAF250 mutants completely lack individual ocelli
whereas less severe mutants have ocelli that are reduced in size
(Fig. 3E).

TAF250 is required for bristle development and patterning.
Mutations in TAF250 alter bristle development on the thorax and
head. The adult cuticle of D. melanogaster has numerous precisely
positioned large bristles, macrochaete, and small bristles, micro-
chaete (31). On the thorax, ten rows of microchaete bristles are
positioned between pairs of macrochaete bristles (Fig. 3F). In
TAF250 mutants, several bristles in each row are shifted slightly,
disrupting the orderly pattern of bristle rows (Fig. 3G). Microchaete
size and shape do not appear to be affected and all aspects of
macrochaete morphology appear normal on the thorax. In contrast,
the number of bristles surrounding the ocelli is reduced, including
complete elimination of ocellar bristles (Fig. 3E).

TAF250 is required for terminalia development. Mutations in
TAF250 result in incomplete rotation of the terminal A9 body
segment in males. It has been hypothesized that during pupation,
the developing terminalia undergo a 360o rotation in a clockwise
direction to achieve the configuration of ejaculatory and tracheal
ducts and the posterior peripheral nerves observed in adult male
flies (Fig. 3H) (32). Incomplete rotation is observed in approxi-
mately 5% of TAF250XS-2232yTAF250EP421 males (n 5 90) (Fig. 3I).
Different degrees of incomplete rotation occur. The most extreme
phenotype is presented in Fig. 3I where the terminalia has rotated
only 30° and the last tergite and analplate protrude from the body.
It should be noted that this phenotype could be interpreted as a 30°
overrotation of the terminalia.

TAF250 is required for wing development. Mutations in TAF250
disrupt wing development. In TAF250 flies, the fourth longitudinal
vein (L4) bifurcates along the wing margin forming a delta (Fig.
3K). The shape and size of the wings appear normal as does the
morphology of the other veins. However, the wings are often held
out to the sides of the body, rather than crossed over the body (data
not shown).

TAF250 mutants are female sterile. Mutations in TAF250 cause
female sterility but do not appear to affect the fertility of males. In
the most severe case, TAF250XS-2232yTAF250EP421, the ovaries are
very small and the flies lay very few eggs that do not develop (data
not shown). In a less severe case, TAF250S-625yTAF250EP421,
the ovaries appear normal in size and the flies lay more eggs but
they do not develop. Examination of ovaries dissected from
TAF250S-625yTAF250EP421 flies reveals that approximately 5% of
egg chambers contain 8 cells (7 nurse cells and 1 oocyte) in contrast
to wild-type egg chambers that contain 16 cells (15 nurse cells and
1 oocyte) (n 5 250) (Fig. 3 L and M). Eight-cell egg chambers may
result from a reduction in the number of cell divisions, from four
to three, that a single cystoblast normally undergoes to generate a
16-cell egg chamber (33).

TAF250 is required for normal developmental timing. Mutations
in TAF250 cause a delay in development (Fig. 3N). This was
determined by examining how long transheterozygous TAF250
mutants take to develop from an egg to adult relative to their
heterozygous mutant siblings (see Materials and Methods). The

Fig. 2. Molecular characterization of TAF250EP421 and TAF250EP421-EX1. (A) The
arrow denotes the position of P-element insertion in TAF250EP421 and the arrow-
head denotes the position of sequence transition between TAF250 and P-
element sequence (in italics) in TAF250EP421-EX1. A stop codon (TAA), indicated by
an asterisk, is contained within the P-element sequence that remains in
TAF250EP421. (B)Extractspreparedfromovariesoffliesof the indicatedgenotypes
were probed with antibodies to TAF110 and TAF250. Triangles indicate increas-
ing amount of extract. Molecular size markers in kDa are indicated on the left.
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Fig. 3. Phenotypes of TAF250 mutant flies. (A, D, F, H, J, and L) Wild-type flies. (B, C, E, G, I, and K) TAF250XS-2232yTAF250EP421 flies; and (M) a TAF250S-625yTAF250EP421

fly. (A and B) SEM of adult eyes. The arrow in B indicates two bristles that develop at a single position. (C) A light micrograph of an apical tangential section showing
wild-type ommatidia (wt) containing seven photoreceptors and mutant ommatidia containing one extra (11) or one fewer (21) outer photoreceptor. (D and E) SEM
of heads indicating ocelli (oc), vertical bristles (vb), ocellar bristles (ob), and postvertical bristles (pvb). (F and G) SEM of thoraxes indicating five of the bristle rows. (H
and I) SEM of the terminal male body segment indicating the anus (a) and penis (p). (J and K) Light micrographs of wings focusing on the distal end of vein L4. (L and
M) Staining of egg chambers with 49,6-diamidino-2-phenylindole. Photographs were taken at several focal planes to image all of the nurse cell nuclei (which are
numbered.) The oocyte nucleus is too small to detect. (N) The graph displays the percent of transheterozygous flies that eclose over time relative to the total percent
of transheterozygous flies that eclose over the 5-day period (displayed in the table on the right).
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strongest affect is observed with TAF250XS-2232yTAF250EP421 flies
that are delayed approximately two days in development, but all
transheterozygous TAF250 combinations are delayed to some
extent. Delayed eclosion of mutant flies could reflect slowed
developmental processes or an inability to gather enough nutrients.

The SR3–5 Mutations Identify a Conserved Region of TAF250 That Is
Critical for Its Function. SR3–5 mutations should identify regions
of the TAF250 protein that are important for its function in vivo.
Therefore, the TAF250-coding region of the SR3–5 alleles was
sequenced (Fig. 4A). In each case, single amino acid changes
were observed that lie within a 55-amino acid central region of
TAF250 (Fig. 4B). The TAF250S-136 gene product has an Asp-
1041 3 Asn change, TAF250XS-2232 has a Val-1072 3 Asp
change, and TAF250S-625 has an Arg-10963 Pro change. These
substitutions alter residues that are conserved within metazoan
organisms but are not conserved in the homologous yeast
protein TAF145 and thus potentially identify a TAF250 function
that is specific to metazoan organisms.

The SR3–5 Mutations in TAF250 Do Not Affect Its HAT Activity in Vitro.
The point mutations in TAF250 fall within a region that has been
shown to interact with transcriptional regulatory proteins, such as
HIV TAT and retinoblastoma protein, and to possess HAT activity
(Fig. 4B) (11, 34, 35). It should be noted that the TAF250 HAT
domain does not contain sequence similarity to the acetyl-CoA
binding site defined for acetyltransferases including GCN5 (36). To
test whether HAT activity is altered by any of the TAF250

mutations, a recombinant polypeptide encompassing amino acids
612–1,140 (TAF250-M) of Drosophila TAF250 was produced in
bacteria, and site-directed mutagenesis was used to generate the
identified single amino acid changes within the context of this
polypeptide. Purified recombinant proteins were tested in vitro for
HAT activity by an activity gel assay (25).

This assay revealed that the TAF250-M region of TAF250 has
HAT activity, which narrows down the HAT domain to a smaller
region than that defined by Mizzen et al. (11). Interestingly, the
point mutations do not significantly affect this activity (Fig. 5C;
compare lane 2 to 3–6). This result indicates that the mutations do
not affect the catalytic activity of the TAF250 HAT, but it does not
exclude the possibility that they regulate substrate specificity or the
kinetics of the acetylation reaction.

Discussion
A Subset of TAFs Function Together to Regulate Transcription in Vivo.
TAFs were originally defined biochemically as components of a
complex, TFIID, that is required for activator-responsive transcrip-
tion in vitro (2). Subsequent in vitro studies have shown that
complexes containing only a subset of TAFs function similarly to
holo-TFIID (37), and specific biochemical functions have been
attributed to individual TAFs (3, 4). These findings raise the
question whether all TAFs are required for the transcription of
TAF-dependent genes in vivo. The isolation of mutations in TAF60,
TAF110, and TAF250 in the same genetic screen suggests that some
genes require the function of multiple TAFs. This is supported by
the finding that (i) TAF60 and TAF110 are required for the
transcription of twist and snail genes in the Drosophila embryo (38);
(ii) TAF60 and TAF250 mutants have similar adult phenotypes
(N.A. and D.A.W., unpublished data); and (iii) the transcription of
some genes in yeast depends on multiple TAFs (14).

Conversely, because all Drosophila TAFs were not isolated in the
sev-Ras1V12 screen, it suggests that not all TAFs are required for the
transcription of TAF-dependent genes or that the dose sensitivities
of TAFs are different. Unlike TAF60, TAF110, and TAF250, flies
carrying deletions of TAF30b, TAF80, or TAF150, or specific
mutations in TAF40 do not suppress the rough-eye phenotype of
sev-Ras1V12 flies or the synthetic lethality of sev-Ras1V12ySevS11 flies
(ref. 39, and data not shown). Taken together, these observations
raise the possibility that there are multiple TFIID complexes that
vary in the composition of TAFs and transcriptionally regulate
specific genes.

The Phenotypes of TAF250 Mutants Identify Potential Developmental
Pathways and Genes Regulated by TAF250. The identification of
allelic combinations of TAF250 mutants that survive to adulthood
has allowed us to examine the role of TAF250 during developmen-
tal events that occur after the early larval stages when homozygous
TAF250 null mutants die. The observed defects probably uncover

Fig. 4. Schematic representations of the identified mutations in TAF250. (A)
Sequence comparison of a central region of Drosophila, human, and Caenorhab-
ditis elegans with perfectly conserved amino acids highlighted (refs. 28 and 48;
these sequence data were produced by the Sequencing Group at the Sanger
Centre and can be obtained from ftp:yyftp.sanger.ac.ukypub). The C. elegans
sequence is a conceptual translation of the genomic sequence so amino acid
numbers are not available. The position and identities of amino acid changes in
TAF250 alleles are indicated above the sequence. (B) A comparison of the sites of
mutations in TAF250, indicated above, and functional domains indicated below
a line depicting the TAF250 protein. In addition to mutations identified in this
study, the position of the temperature-sensitive TAF250 mutation identified in
the hamster cell line ts13 is indicated (49). The N- and C-terminal kinase domains
(10), the HAT domain (11), two bromodomains (28), a high mobility group (HMG)
box (28), and binding domains for TBP (18), HIV TAT (34), RAP74 (10), retinoblas-
toma(35),andadenovirusEIA(19)are indicated.Additional regionsare indicated
that are minimally required to complement the phenotypes caused by growth of
ts13 cells at the nonpermissive temperature (50), display sequence similarity to
the yeast TAF145 HAT domain (11), show the highest degree of sequence simi-
larity to yeast TAF145 (51), and was used in the in vitro HAT assay.

Fig. 5. Activity gel assays of a recombinant TAF250 protein fragment. (A) A
Coomassie-stained gel. (B) An activity gel containing BSA. (C) An activity gel
containing histones. (A and B) Corresponding lanes contain equivalent amounts
of the same sample. Lanes: 1, protein markers (sizes in kDa indicated on the left);
2, recombinant yeast HAT1; 3, TAF250-M; 4, TAF250-M-C933Y; 5, TAF250-M-
D1041N; 6, TAF250-M-V1072D; 7, TAF250-M-R1096P. (C) Lanes: 1, markers; 2–6,
correspond to lanes 3–7 from A and B; 7, yeast HAT1.
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only a subset of TAF250 roles during development because, due to
the method of isolation, the TAF250 alleles may preferentially affect
the transcription of genes involved in Ras1 signaling pathways.

TAF250 mutants were isolated as modifiers of a Ras1-induced
phenotype and display phenotypes similar to those of flies mutant
for components of Ras1 signaling pathways. In Drosophila, the
epidermal growth factor receptor (EGFR) tyrosine kinase signals
through Ras1 to control cell proliferation, survival, and differen-
tiation. Similar to mutations in TAF250, mutations in EGFR or
downstream components of EGFR signaling pathways cause fe-
male sterility, rough eyes with associated bristle defects, altered
photoreceptor number, loss of ocelli and ocellar bristles, and extra
wing vein material (40, 41). In addition, misrotated terminalia are
observed in head involution defective (hid) mutant (42). hid encodes
a pro-apoptotic factor that is transcriptionally regulated by the
EGFRyRas1 pathway (43, 44). The correlation between TAF250
and EGFR pathway mutant phenotypes suggests that TAF250
transcriptionally regulates genes in the EGFR pathway (possibly
EGFR, which is a target for TAF250 in mammalian cells, or
downstream genes in the pathway like hid) (43, 45).

Alternatively, some of the TAF250 phenotypes may result from
altered transcription of ribosomal protein genes. Minute mutants
encode ribosomal proteins and have common phenotypes, includ-
ing delayed development, female sterility, and short and slender
bristles (46). Furthermore, some Minutes have rough eyes, missing
ocelli, or misrotated terminalia. TAF250 mutants display all of these
phenotypes, except for changes in bristle morphology, suggesting
that, as in yeast, TAF250 regulates ribosomal protein gene tran-
scription (15).

Finally, the oogenesis defect suggests a role for TAF250 in cell
cycle progression, as has been reported for yeast and mammalian
cells (7, 8). Mutations in cyclin E, which is necessary for the G1yS
transition, also cause the formation of eight-cell egg chambers,
suggesting that TAF250 may regulate transcription of cyclin E (24).

In summary, defects in photoreceptor number suggest a role for
TAF250 in cell fate determination, loss of ocelli and ocellar bristles
and misrotation of terminalia suggest a role for TAF250 in pro-

moting cell survival, the reduction in the number of cells per egg
chamber suggests a role for TAF250 in cell cycle regulation, and the
delay in development suggests a role for TAF250 in cell prolifer-
ation.

Mutations in TAF250 Define a Region Critical for TAF250 Function in
Vivo. Approximately 850,000 flies were scored in the sev-Ras1V12

screen and three alleles of TAF250 and six alleles of TAF110 were
isolated (6). All of the TAF110 alleles contain point mutations,
insertions, or deletions that lead to C-terminal truncations, whereas
all of the TAF250 alleles contain missense mutations that map to a
55-amino acid region of the 2,068 amino acid protein (E.M.S. and
D.A.W., unpublished data). These results indicate that, unlike
TAF110, which requires deletion of the C-terminal half of the
protein for functional inactivation, TAF250 is inactivated by single
amino acid changes in a small region of the protein. The challenge
now is to determine the in vivo activity of this region. Whereas this
region does not appear to affect HAT activity, it may regulate
substrate specificity in vivo. In addition to histones, TAF250 can
acetylate TFIIEb and TFIIF in vitro; the physiological substrates of
TAF250 have not been determined (47). Alternatively, this region
may be required for stability of the TFIID complex or for interac-
tions with other components of the transcription machinery, pos-
sibly factors such as HIV TAT or retinoblastoma which bind
TAF250 in vitro (34, 35).

We are indebted to Henry Chang, Felix Karim, Marc Therrien, and
Gerald Rubin for their assistance in isolating TAF250 mutants, and Tom
Neufeld and Jim Kennison for pointing out the EP(3)0421 and
cell alleles, respectively. We thank Jim Kennison, Robert Tjian, and the
Bloomington Stock Center for providing fly stocks or reagents; Lisa
Hartnell for assistance in sectioning eyes; Tanya Wolff, Bechara Kachar,
and Brian Lowe for aid with SEM; Mary Lilly for help in analyzing
ovaries; and Paul Wade for assistance with protein purification and HAT
assays. The manuscript was greatly improved by comments from Mary
Lilly and Paul Wade. N.A. was supported by a fellowship from the Japan
Society for the Promotion of Science. This work was supported by the
Intramural Program in the National Institute of Child Health and
Human Development.

1. Orphanides, G., Lagrange, T. & Reinberg, D. (1996) Genes Dev. 10, 2657–2683.
2. Dynlacht, B. D., Hoey, T. & Tjian, R. (1991) Cell 66, 563–576.
3. Burley, S. K. & Roeder, R. G. (1996) Annu. Rev. Biochem. 65, 769–799.
4. Hahn, S. (1998) Cell 95, 579–582.
5. Soldatov, A., Nabirochkina, E., Georgieva, S., Belenkaja, T. & Georgiev, P. (1999) Mol. Cell.

Biol. 19, 3769–3778.
6. Karim, F. D., Chang, H. C., Therrien, M., Wassarman, D. A., Laverty, T. & Rubin, G. M. (1996)

Genetics 143, 315–329.
7. Walker, S. S., Shen, W.-C., Reese, J. C., Apone, L. M. & Green, M. R. (1997) Cell 90, 607–614.
8. Talavera, A. & Basilico, C. (1977) J. Cell Physiol. 92, 425–436.
9. Sekiguchi, T., Nakashima, T., Hayashida, T., Kuraoka, A., Hashimoto, S., Tsuchida, N., Shibata,

Y., Hunter, T. & Nishimoto, T. (1995) Exp. Cell Res. 218, 490–498.
10. Dikstein, R., Ruppert, S. & Tjian, R. (1996) Cell 84, 781–790.
11. Mizzen, C. A., Yang, X.-J., Kokubo, T., Brownell, J. E., Bannister, A. J., Owen-Hughes, T.,

Workman, J., Wang, L., Berger, S. L., Kouzarides, T., et al. (1996) Cell 87, 1261–1270.
12. Dhalluin, C., Carlson, J. E., Zeng, L., He, C., Aggarwal, A. K. & Zhou, M.-M. (1999) Nature

(London) 399, 491–496.
13. Ornaghi, P., Ballario, P., Lena, A. M., Gonzalez, A. & Filetici, P. (1999) J. Mol. Biol. 287, 1–7.
14. Holstege, F. C. P., Jennings, E. G., Wyrick, J. J., Lee, T. I., Hengartner, C. J., Green, M. R.,

Golub, T. R., Lander, E. S. & Young, R. A. (1999) Cell 95, 717–728.
15. Shen, W.-C. & Green, M. R. (1997) Cell 90, 615–624.
16. Bai, Y., Perez, G. M., Beechem, J. M. & Weil, P. A. (1997) Mol. Cell. Biol. 17, 3081–3093.
17. Nishikawa, J.-I., Kokubo, T., Horikoshi, M., Roeder, R. G. & Nakatani, Y. (1997) Proc. Natl.

Acad. Sci. USA 94, 85–90.
18. Kokubo, T., Swanson, M. J., Nishikawa, J.-I., Hinnebusch, A. G. & Nakatani, Y. (1998) Mol. Cell.

Biol. 18, 1003–1012.
19. Geisberg, J. V., Chen, J.-L. & Ricciardi, R. P. (1995) Mol. Cell. Biol. 15, 6283–6290.
20. Rorth, P., Szabo, K., Bailey, A., Laverty, T., Rehm, J., Rubin, G. M., Weigmann, K., Milan, M.,

Benes, V., Ansorge, W., et al. (1998) Development (Cambridge, U.K.) 125, 1049–1057.
21. Lewis, R. A., Wakimoto, B. T., Denell, R. E. & Kaufman, T. C. (1980) Genetics 95, 383–397.
22. Schlag, E. M. & Wassarman, D. A. (1999) BioTechniques 27, 262–264.
23. Mullins, C., Hartnell, L. M., Wassarman, D. A. & Bonifacino, J. S. (1999) Mol. Gen. Genet. 262,

401–412.
24. Lilly, M. A. & Spradling, A. C. (1996) Genes Dev. 10, 2514–2526.
25. Brownell, J. E. & Allis, C. D. (1995) Proc. Natl. Acad. Sci. USA 92, 6364–6368.
26. Wassarman, D. A. & Therrien, M. (1997) Adv. Dev. Biol. 5, 1–41.

27. Zeidler, M. P., Yokomori, K., Tjian, R. & Mlodzik, M. (1996) Genes Dev. 10, 50–59.
28. Kokubo, T., Gong, D.-A., Yamashita, S., Horikoshi, M., Roeder, R. G. & Nakatani, Y. (1993)

Genes Dev. 7, 1033–1046.
29. Wakimoto, B. T. & Kaufman, T. C. (1981) Dev. Biol. 81, 51–64.
30. Wolff, T. & Ready, D. F. (1993) in Development of Drosophila melanogaster, eds. Bate, M. &

Martinez Arias, A. (Cold Spring Harbor Lab. Press, Plainview, NY), pp. 1277–1326.
31. Simpson, P., Woehl, R. & Usui, K. (1999) Development (Cambridge, U.K.) 126, 1349–1364.
32. Gleichauf, R. (1936) Z. Wiss. Zool. 148, 1–66.
33. Spradling A. C. (1993) in Development of Drosophila melanogaster, eds. Bate, M. & Martinez

Arias, A. (Cold Spring Harbor Lab. Press, Plainview, NY), pp. 1–70.
34. Weissman, J. D., Brown, J. A., Howcraft, T. K., Hwang, J., Chawla, A., Roche, P. A., Schiltz,

L., Nakatani, Y. & Singer, D. H. (1998) Proc. Natl. Acad. Sci. USA 95, 11601–11606.
35. Shao, Z., Siegert, J. L., Ruppert, S. & Robbins, P. D. (1997) Oncogene 15, 385–392.
36. Rojas, J. R., Trievel, R. C., Zhou, J., Mo, Y., Li, X., Berger, S. L., Allis, C. D. & Marmorstein,

R. (1999) Nature (London) 401, 93–98.
37. Sauer, F., Hansen, S. K. & Tjian, R. (1995) Science 270, 1783–1788.
38. Zhou, J., Zwicker, J., Szymanski, P., Levine, M. & Tjian, R. (1998) Proc. Natl. Acad. Sci. USA

95, 13483–13488.
39. Maixner, A., Hecker, T. P., Phan, Q. N. & Wassarman, D. A. (1998) Dev. Genet. 23, 347–361.
40. Dominguez, M., Wasserman, J. D. & Freeman, M. (1998) Curr. Biol. 8, 1039–1048.
41. Clifford, R. J. & Schupbach, T. (1989) Genetics 123, 771–787.
42. Abbott, M. K. & Lengyel, J. A. (1991) Genetics 129, 783–789.
43. Kuroda, P. & White, K. (1998) Cell 95, 319–329.
44. Bergmann, A., Agapite, J., McCall, K. & Steller, H. (1998) Cell 95, 331–341.
45. Vargas, G. A., Isas, J. M., Fantino, E., Gargus, J. J. & Haigler, H. T. (1998) J. Cell. Physiol. 176,

642–647.
46. Lambertsson, A. (1998) Adv. Genet. 38, 69–134.
47. Imhof, A., Yang, X.-J., Ogryzko, V. V., Nakatani, Y., Wolffe, A. P. & Ge, H. (1997) Curr. Biol.

7, 689–692.
48. Sekiguchi, T., Miyata, T. & Nishimoto, T. (1988) EMBO J. 7, 1683–1687.
49. Hayashida, T., Sekiguchi, T., Noguchi, E., Sunamoto, H., Ohba, T. & Nishimoto, T. (1994) Gene

141, 267–270.
50. Noguchi, E., Sekiguchi, T., Nohiro, Y., Hayashida, T., Hirose, E., Hayashi, N. & Nishimoto, T.

(1994) Somatic Cell Mol. Genet. 20, 505–513.
51. Poon, D., Bai, Y., Campbell, A. M., Bjorklund, S., Kim, Y. L., Zhou, S., Kornberg, R. D. & Weil,

P. A. (1995) Proc. Natl. Acad. Sci. USA 92, 8224–8228.

Wassarman et al. PNAS u February 1, 2000 u vol. 97 u no. 3 u 1159

G
EN

ET
IC

S


