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The RING domain protein Sina, together with Phyllopod and the F-box protein Ebi, forms a Ras-regulated
E3 ubiquitin ligase complex that activates photoreceptor cell differentiation in the eye of Drosophila melano-
gaster. The expression of Phyllopod is induced upon Ras activation, allowing the complex to degrade the
transcription repressor Tramtrack and removing its block of neuronal development in photoreceptor precur-
sors. We show that Phyllopod functions as an adaptor in the complex, physically linking Sina with Tramtrack
via separate binding domains. One 19-amino-acid domain in Phyllopod interacts with a region of Sina’s SBD
domain. Another domain in Phyllopod interacts with a C-terminal helix in the POZ domain of Tramtrack. This
interaction is specific to the Tramtrack POZ domain and not to other POZ domain proteins present in
photoreceptor precursors. Degradation of Tramtrack is dependent upon association of Sina with its cognate
binding site in Phyllopod. These results illustrate how Ras signaling can modulate an E3 ligase activity not by
the phosphorylation of substrate proteins but by regulating the expression of specific E3 adaptors.

Conditional degradation of signaling proteins by ubiquitin-
mediated proteolysis plays a central role in several signal trans-
duction pathways that control cell proliferation and differen-
tiation. Ubiquitination involves three transfer proteins that act
in series (20). The E1 ubiquitin-activating protein transfers
ubiquitin to an E2 ubiquitin-conjugating enzyme. The E3 ubiq-
uitin ligase facilitates transfer of ubiquitin from E2 to a sub-
strate protein. Once the substrate protein is polyubiquitinated,
it interacts with the proteasome and is degraded. E3 ligases are
primarily responsible for providing specificity to ubiquitin con-
jugation and, as such, play a key regulatory role in many cell
processes. Most known E3 ligases are multisubunit protein
complexes, of which one essential subunit is a protein bearing
a RING domain (25). Various RING domains have been
shown to associate with E2 conjugating enzymes in vitro, and
cocrystal structure determination of the ¢Cbl RING-UbcH7
complex indicates that the interaction is direct (26, 32, 46). It
appears that the RING domain facilitates direct transfer of
ubiquitin from E2s to substrate, although the precise mecha-
nism is not known.

E3 proteins containing RING domains are structurally di-
verse outside of their RING domains. This allows them to
make specific associations with particular substrate proteins or
other components of an E3 complex. For example, Rbx-1 as-
sociates in a complex with Skp-1, CUL-1, and various F-box
proteins (SCF) to ubiquitinate substrate proteins that are re-
cruited by the F-box protein subunit (13, 42). Rbx-1 also asso-
ciates with Von Hippel-Lindau protein, CUL-2, and elongins
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to form a VCB E3 complex that targets different substrate
proteins. Other RING domain proteins form complexes with
different combinations of proteins to provide diverse substrate
docking sites. The RING protein Siah-1 associates with SIP,
Skp-1, and the F-box protein Ebi to form a SCF-like complex
that ubiquitinates B-catenin (33). B-Catenin is recruited into
the complex by association with Ebi and the scaffold protein
APC, which also interacts with Siah-1 (31). Thus, specific cou-
pling of a RING domain protein with substrate is often medi-
ated by other components in the E3 complex.

Siah-1 is a member of a family of highly conserved RING
domain proteins (22). The majority of the primary structure
appears unique to the family, with the RING domain, followed
by an SBD domain composed of a cysteine-rich region and a
larger C-terminal region. The crystal structure of the Siah-1
SBD domain was determined, and it shows that the cysteine-
rich region forms a pair of zinc fingers and that the C-terminal
region self-dimerizes (37). Together, this domain forms a ter-
tiary structure not seen in other solved E3 structures. This may
account for how Siah-1 forms certain E3 complexes since the
SBD domain corresponds to the region in Siah-1 shown to
interact with APC and SIP (31, 33).

Many substrates for ubiquitination are components of signal
transduction pathways. A widespread mechanism by which
such substrates are recognized by E3 ligases is that they are
phosphorylated by protein kinases as a result of signaling path-
way activities (25). Substrate recognition is often mediated by
WD-40 and LRR containing F-box proteins, which bind to
phosphoproteins. The Siah-1 family of proteins are involved in
two well-characterized signaling pathways. In response to
DNA damage and p53 activation, expression of Siah-1 is in-
duced in cell culture (2, 38). This is linked with concomitant
degradation of B-catenin and arrest of the cell cycle in these
cells, in a SIP- and Ebi-dependent manner (7, 31, 33, 38). Thus,
Siah-1 mediates a B-catenin degradation pathway linking p53
activation to cell cycle control. A second signaling pathway
involving a Siah family member occurs in the developing eye of
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Drosophila melanogaster. The Drosophila homolog of Siah-1,
called Sina, has also been implicated to act as an E3 ligase (29,
40). Sina binds the Drosophila E2 enzyme UbcDland a sub-
strate for ubiquitination, the transcription repressor protein
Tramtrack (Ttk). Sina is required for downregulation of Ttk
protein in a subset of photoreceptor cells in the eye. Two other
factors are also required for this reaction: a novel nuclear
protein, Phyllopod (Phyl), and the F-box protein Ebi (15, 29,
40). If Sina, Phyl, or Ebi are missing or reduced in photore-
ceptors, then Ttk is not degraded in these cells, and it blocks
their differentiation into neurons. Ttk is downregulated via the
Ras signal transduction pathway, which is triggered by receptor
tyrosine kinase activation (29). Ras signaling induces the ex-
pression of Phyl in the photoreceptors R1, R6, and R7 (10, 14).
Thus, targeted proteolysis is a critical event in the Ras signal-
ing pathway and its regulation of cell fate in the fly eye.

Altogether, Sina, Phyl, and Ebi form a complex with Ttk in
cells (6, 40). However, the relationship of subunits within the
complex is unknown, and the identity of the subunit that re-
cruits Ttk into the complex is unclear. This latter point is
exemplified by finding that Ebi, Phyl, and Sina can individually
associate with Ttk in two-hybrid or coprecipitation assays (6,
29, 40). Several possible models might explain these results. In
one, Sina recruits Ttk into the complex while Phyl and Ebi
perform other activities that are necessary for Ttk proteolysis.
In another model, Phyl and Ebi function as scaffolds to opti-
mally position Ttk and Sina for ubiquitin transfer. In a third
model, Phyl or Ebi act as adaptors to recruit Ttk into a stable
complex with Sina. If Ebi functions in this manner, it might
specifically recognize Ttk in a phosphorylated state given the
WD-40 repeats present within Ebi. Here, we show that Phyl
functions as an adaptor protein in the complex, recruiting Ttk
to stably associate with Sina. Phyl contains two separate inter-
action domains that are individually responsible for binding
either Ttk or Sina. The Ttk-binding domain resides near the C
terminus, and it interacts specifically with a POZ domain in
Ttk. The Sina-binding domain is a 19-amino-acid peptide, and
it interacts with the SBD domain in Sina. By directed mutagen-
esis, we identify regions within the POZ and SBD domains that
likely direct Phyl association. Thus, Phyl represents a unique
class of E3 adaptor protein that couples ubiquitination sub-
strates to RING domain proteins.

MATERIALS AND METHODS

Drosophila genetics. The following mutant lines were used: UbcDI'%
UbcDI3%27, UbcD1%% (Bloomington Stock Center), UbcDI*73, UbcD14772 (9),
sina* (8), and sev-Phyl (14). To induce mutant clones, a FRT82B UbcDI*7?
chromosome was placed in trans over FRT82B P[w*]|90E. Heterozygotes were
heat shocked at late L1 stage to induce As-FLP expression and mitotic recom-
bination.

Histology and immunohistochemistry. Mosaic clones in adult eyes were iden-
tified by the absence of pigment. Adult eyes were fixed and sectioned as de-
scribed previously (45). Nonmosaic sections were stained with toluidine blue (8).
Pupal retinas were dissected, fixed, and stained for antibody localization as
described previously (43). Flies were synchronized at the white prepupal stage
and were aged a further 40 h at 21°C before dissection. Primary antibody was
mouse anti-Cut monoclonal antibody 2B10 (1:100; Developmental Studies Hy-
bridoma Bank University of Iowa). Secondary goat anti-mouse antibodies con-
jugated to biotin were reacted with avidin-horseradish peroxidase (Vector Labs).

Construction of expression vectors and protein production. pSina-GST and
PANTP-GST have been described previously, and glutathione S-transferase
(GST) fusion proteins were produced and purified as described previously (28).
Templates for in vitro protein synthesis were either pET-based plasmids or PCR
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products. Each of the Ttk, Phyl, and Sina deletions were made by PCR, as were
the full-length Lola proteins: a T7 promoter sequence (TAATACGACTCACT
ATAGGGAGACCAC), a translation consensus sequence (GCCACC), and an
initiation codon (ATG) were linked to coding sequences in the 5" oligonucleo-
tide; two anti-stop codons (TTATTA) were linked to the antiparallel sequences
as the 3’ oligonucleotide. To fuse Ttk(1-117) with Lola(118-122), the 3" oligo-
nucleotide linked the corresponding antiparallel Lola sequence with antiparallel
Ttk sequence, and the oligonucleotide was used to amplify from a Ttk plasmid
template. PCR products were precipitated with ethanol after purification with
phenol and chloroform. pET vectors for translation of full-length Phyl, Phyl-
hemagglutinin (HA), and Ttk have been described (29). To express full-length
Sina in vitro, the Sina coding sequence was inserted into pET3c with a Ndel site
at its initiation codon. A triple-HA epitope tag was placed within this Ndel site
to generate an amino-terminal tagged Sina. Ttk88 with a carboxy-terminal tri-
ple-HA tag had been generated previously for expression in S2 cells as a pMK33
recombinant (29). It was inserted into pET21a for in vitro translation of a
full-length Ttk88-HA fusion protein. It was also inserted into pBSKS, and an
internal deletion between Ndel and Nrul sites within the Ttk coding sequence
generated a fusion between the amino-terminal 218 codons of Ttk and the
triple-HA tag. Although the plasmid was unable to synthesize a Ttk(1-218)HA
fusion protein directly by T7 TNT in vitro transcription, it was used as a PCR
template to synthesize a fragment with T7 promoter linked to the coding se-
quence.

To express B-galactosidase in vitro, the T7 promoter sequence described above
was inserted into pWnBE (43) to replace the hsp70 promoter of that vector and
create pT7lacZ. A tandem triple repeat of Phyl coding the sequence from
residues 109 to 127 with EcoRI ends was generated by annealing six overlapping
and complementary oligonucleotides, followed by ligation to create concatemers.
These were digested with EcoRI, and a triple-repeat fragment was inserted into
the EcoRlI site of pT7lacZ, 16 codons upstream of the lacZ termination codon.
The final product, pT7lacZ-Phyl, has three tandem copies of Phyl(109-127) fused
in frame with the B-galactosidase sequence EPVSIGGIP. Each repeat is sepa-
rated by a Gly-Gly linker. Alanine substitution mutations were introduced pair-
wise into the residue 109 to 127 coding sequence of Phyl by site-directed mu-
tagenesis on single-stranded DNA templates as described previously (3). The
mutagenic oligonucleotides contained the necessary base substitutions, with all
other bases matching the wild-type Phyl sequence. Mutated plasmids were used
as PCR templates to synthesize DNA fragments with T7 promoters linked to the
altered coding sequence. For S2 cell transfections, mutagenized Phyl coding
sequences were inserted into pMK33 (metallothionein promoter).

For in vitro translation, template DNA was mixed with the (T7 RNA poly-
merase) TNT coupled reticulocyte lysate system (Promega) supplemented with
or without [**S]methionine. Proteins were synthesized according to manufactur-
er’s instructions.

Protein interaction assays. GST pull-down assays were performed as de-
scribed previously (29) with the following modifications. In 50 wl of Buffer A (50
mM HEPES [pH 7.4], 120 mM NaCl, 0.1%NP-40, 0.5 mg of BSA/ml, 0.2 mM
PMSF, 1 pg of leupeptin/ml, 1 pg of pepstatin A/ml, 1 mM benzamidine, 50 pg
of ethidium bromide/ml), 8 wl of translation mix and 1 g of purified GST fusion
protein were coincubated for 60 min at 25°C. The binding reaction was incubated
with glutathione-Sepharose beads for 60 min at 4°C. The beads were then washed
three times with 1 ml of cold Buffer A prior to sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) and autoradiography.

Immunoprecipitation assays were performed as described previously (29) with
modifications. Proteins were translated singly or by cotranslation in vitro and
labeled by [>°S]methionine incorporation as necessary. A total of 8 ul of trans-
lation mix with the desired combination of proteins was mixed with 5 ul of Buffer
A, followed by incubation at 25°C for 30 min. The binding reaction was pre-
cleared by the addition of a 33-pl suspension (10% [vol/vol]) of Pansorbin
(Calbiochem) in HIPA Buffer (50 mM HEPES [pH 7.4], 120 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.5 mg of bovine serum albumin/
ml, 0.2 mM phenylmethylsulfonyl fluoride, 1 wg of leupeptin/ml, 1 pg of pep-
statin A/ml, 1 mM benzamidine, 50 pg of ethidium bromide/ml) and further
incubation for 30 min at 4°C. The precleared supernatant (43 pl) was mixed with
0.2 pg of anti-HA (Roche) and incubated at 4°C for 30 min. Immune complexes
were allowed to bind to 3 pl of Pansorbin for 30 min at 4°C and washed with
three 1-ml washes (50 mM HEPES [pH 7.4], 120 mM NaCl, 1% NP-40) before
denaturation and SDS-PAGE.

SDS-PAGE was done according to standard protocols when we resolved
proteins of >25 kDa. To resolve smaller proteins, they were electrophoresed in
15 to 18% polyacrylamide gels containing SDS and 4 M urea.

Glycerol gradient centrifugation. Equal volumes of 15, 20, 25, and 30% glyc-
erol in Buffer A were overlaid in ultracentrifuge tubes and left overnight to form
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a density gradient. Proteins were labeled separately with [**S]methionine by in
vitro translation and combined together for 60 min at 25°C to allow association.
Reactions were diluted with 1.5 volumes of Buffer A and incubated a further 60
min at 25°C, and 100 pl was loaded onto each gradient. The tubes and a separate
tube containing protein molecular weight standards were centrifuged in a Beck-
man SW60 rotor at 50,000 rpm for 3.5 h at 4°C. Fractions of 100 pl were then
collected and analyzed by SDS-PAGE.

Pulse-chase measurement of Ttk-HA in S2 cells. Drosophila S2 cells were
grown in M3 medium containing 10% fetal bovine serum. We transfected 20-mm
dishes of cells with 1.5 pg of each pMK33 expression vector by using Lipofectin
(Invitrogen) as described previously (29). All transfections included vectors that
expressed Ttk-HA and Sina (29). To induce expression from the metallothionein
promoter of the pMK33 vectors, 0.7 mM CuSO, was added to the medium for
18 h. Cells were washed in M3M (methionine-free M3 medium supplemented
with 10% dialyzed fetal bovine serum and 0.7 mM CuSO,) and incubated for
3.5 hin 0.3 ml of M3M containing 35 pCi of [**S]methionine. The radioactive
medium was replaced with M3M supplemented with 10% fetal bovine serum and
3 mg of methionine/ml. Cells were harvested at various times and lysed as
described previously (29), and extracts were incubated with 1 pg of anti-HA for
30 min at 4°C. Immune complexes were precipitated with Pansorbin and washed
three times with radioimmunoprecipitation assay buffer before denaturation and
SDS-PAGE.

RESULTS

Phyl has been proposed to promote the E3 ligase activity of
Sina in photoreceptor cells of the developing Drosophila eye.
Therefore, we would predict that Phyl interacts with other
components of the ubiquitin pathway. Sina physically interacts
with the ubiquitin-conjugating E2 enzyme, UbcD1 (40). Sina
also interacts genetically with UbcD1. When the activity of the
sina gene in R7 precursor cells was reduced with a hypomor-
phic mutant allele, sina*, ca. 30% of R7 precursors failed to
differentiate into R7 photoreceptors (Fig. 1A). When the dos-
age of the UbcDI gene was reduced by half, ca. 50% of sina*
R7 precursors failed to develop into R7 photoreceptors (Fig.
1B). A similar enhancement of the sina* mutant phenotype was
observed with three other loss-of-function UbcDI alleles:
UbcD1'*%%, UbcDI?°%7, and UbcD15°3, Previously, it was found
that reduced UbcDI1 gene dosage suppressed a gain-of-func-
tion sina mutant phenotype (36). Together, the data suggest
that UbcD1 activates Sina in regulating R7 development.

To investigate a possible interaction between Phyl and
UbcD1, we redirected cone cells to an R7 cell fate by ectopi-
cally expressing Phyl in cone cells, causing their transformation
into R7 cells (Fig. 1C and D). If UbcD1 and Phyl function
together, then reducing the dosage of the UbcDI gene might
suppress the ability of Phyl to transform cone cells into R7
cells. Indeed, we found this to be the case (Fig. 1E). A second
prediction of this model is that UbcD1 is required in the same
cells as Phyl (R1, R6, and R7) for their proper development.
We examined adult eyes from a weak UbcDI mutant and
observed that R1, R6, and R7 cells were occasionally missing
(Fig. 1F). To determine whether UbcD1 was required cell
autonomously in R1, R6, and R7, we analyzed UbcD147 null
mutant clones in genetically mosaic flies. Homozygous mutant
UbcDI*7 tissue contained recognizable ommatidia with sev-
eral defective features that had also been observed for another
UbcD1 allele (36). The number of mutant cells in clones was
abnormally small, and some mosaic ommatidia contained one
or two fewer photoreceptors than their normal eight-cell con-
tingent (Fig. 1G and H). However, we were able to confidently
identify the missing cell in many cases (Fig. 1H). No evidence
of non-cell-autonomous effects by UbcD1 on photoreceptor

MoL. CELL. BIOL.

formation was detected. Rather, the results were consistent
with a cell-autonomous role for UbcDI1. UbcDI phenotypes
were not restricted to R1, R6, and R7 but extended across the
entire R1-to-R7 spectrum of cell types. Although this finding
suggests that UbcD1 has Phyl-independent activities, it is also
consistent with UbcD1 acting with Phyl in determining R1, R6,
and R7 cell types.

Earlier interaction studies in our lab and others detected
independent physical association between Ttk and either Sina
or Phyl (29, 40). The apparent binding affinities of Phyl and
Sina for Ttk were quite different (29). Here, we analyze these
differences in detail. A GST-Sina fusion protein associated
with only 1% of the Ttk protein present in a binding reaction
(Fig. 2A). In contrast, it associated with 40% of Phyl protein
present in a similar binding reaction, suggesting that it had
much higher affinity for Phyl than Ttk. When we examined the
affinity of HA-tagged Ttk (Ttk-HA) for Sina versus Phyl,
Ttk-HA was associated with <1% of Sina protein and ca. 10%
of Phyl protein in a binding reaction (Fig. 2B and D). It was not
likely that this difference in binding activities was due to less
Sina being able to bind protein. Approximately 10% of the
same preparation of Sina interacted with HA-tagged Phyl
(Phyl-HA) in a similar binding reaction (Fig. 2B). These data
suggest that the different effectiveness in Sina and Phyl binding
with Ttk is due to a 10-fold difference in their binding affinities
for Ttk. Thus, even though a Sina-Ttk interaction was specific
enough that we and others could detect it in vitro (29, 40), it is
significantly weaker than the Phyl-Ttk interaction.

It was previously observed that Sina self-associates in vitro
(24, 29, 40). This result was confirmed by the analysis of Sina
association with HA-tagged Sina (Sina-HA) immune com-
plexes (Fig. 2C). The ratio of Sina-HA to Sina that immuno-
precipitated was ca. 2:1, suggesting that a small number of
subunits was present in these complexes. Indeed, the crystal
structure of the Sina homolog Siah-1 indicates that it is a
dimeric protein (37). We also found that Phyl associated with
anti-Phyl-HA immune complexes (Fig. 2B), indicating that
Phyl forms homomeric complexes in vitro.

Evidence of a difference between Sina and Phyl affinity for
Ttk binding led us to examine whether Phyl facilitates interac-
tion of Sina with Ttk. Various combinations of HA-tagged Ttk,
Phyl, and Sina were coincubated, and anti-HA immune com-
plexes were isolated and analyzed for associated proteins (Fig.
2E). In the presence of all three proteins, anti-Ttk-HA com-
plexes contained equimolar quantities of Sina and Phyl. How-
ever, in the absence of Phyl, barely detectable levels of Sina
bound Ttk-HA. This result was confirmed through the analysis
of Ttk association with GST-Sina complexes (data not shown).
Thus, association of Sina with Ttk is enhanced by Phyl. In
contrast, Phyl can efficiently associate with Ttk in the absence
of Sina (Fig. 2E).

If Ttk, Sina, and Phyl form a stable multiprotein complex,
they should have a common size, which is characteristic of the
complex. To test this possibility, combinations of Sina, Phyl,
and Ttk were sedimented through glycerol gradients, and the
resulting fractions were assayed for each protein (Fig. 3).
When Sina and Phyl were mixed and sedimented, each protein
peaked in gradient fraction 7, corresponding to a Svedberg
coefficient of 5.5S. When Sina and Ttk were mixed and sedi-
mented, Sina peaked in gradient fraction 7, whereas Ttk
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FIG. 1. Phyl and Sina interact with UbcD1 in Drosophila eye development. All panels have the anterior side to the left. The Drosophila
compound eye is comprised of 800 light-sensing cell-clusters called ommatidia. Each ommatidium contains eight photoreceptor cells (R1 to R8)
and four nonneuronal cone cells, which assemble by a process of recruitment. First, R8 is determined, and then subsequent photoreceptors are
added in pairs: R2 and RS, R3 and R4, and R1 and R6. The final photoreceptor to differentiate is R7 followed by the cone cells. (A) sina* mutant
adult eye. The plane of section only shows the R1 to R7 cells, which are arranged in a trapezoid pattern within each ommatidium. The R7 cell
projects to the center of the ommatidium. The sina* allele causes the transformation of 29% of R7 cells into cone cells (n = 956). Two ommatidia
with missing R7 cells are highlighted with arrows. (B) sina* UbcDI*7?/+ eye. Reducing the dosage of UbcD1I by half increases the transformation
to 47% of R7 cells into cone cells (n = 667). (C) Wild-type 40-h pupal retina stained with anti-Cut. Cut is only present in nuclei of the four cone
cells within each ommatidium. A field of 25 ommatidia are seen in this panel. (D) When Phyl is misexpressed in cone cells with a sev-Phyl transgene,
many cone cells are transformed into photoreceptors (10, 14), as exhibited by the fewer Cut-positive cells in these pupal retinas. On average, there
are 2.9 cone cells per ommatidium (n = 96). Note the ommatidia with two cone cells highlighted. (E) sev-Phyl UbcDI*”?/+ pupal retina. On
average, the number of cone cells per cluster increased to 3.4 (n = 97). No two-cone clusters were observed. (F) UbcD14"7? mutant adult eye. This
hypomorphic mutation results in occasional missing R1, R6, and R7 cells. Missing R6 cells were most frequently observed (asterisks). (G) Dorsal
clones of mutant UbcD147? cells in adult eye. Mutant cells are marked by the absence of the white gene product that pigments the eye. Pigmentation
is visualized as yellow granules in pigment cells and black granules at the base of the rhabdomeres in photoreceptor cells. Mutant clones were very
small with only one or two cells in each clone. Mosaic ommatidia had missing photoreceptors (red asterisks) or mutant photoreceptors with
abnormal light-sensing rhabdomeres (purple asterisks). There were also mutant cells that appeared normal. (H) Quantitation of UbcD1%7? mutant
clonal analysis. The frequencies of mosaic ommatidia with missing or abnormal photoreceptors are shown. Numbers on x axis refer to the affected
R cell: 1 to 7. Photoreceptor R8 was not examined.
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FIG. 2. Phyl promotes Sina association with Ttk. (A) GST-Sina
associates strongly with Phyl and weakly with Ttk. Approximately
equimolar quantities of radioactively labeled Phyl and Ttk were used in
a GST pull-down binding assay with 1 g of purified GST-Sina or GST
protein. (B) Sina associates strongly with HA-tagged Phyl and weakly
with HA-tagged Ttk in vitro. Anti-HA immune complexes were puri-
fied from reactions containing unlabeled HA-tagged Phyl or Ttk and
equimolar quantities of >*S-labeled Sina or Phyl, as indicated. (C) Sina
self-associates in vitro. Sina and tagged Sina-HA proteins were trans-
lated in vitro as indicated and immunoprecipitated with anti-HA be-
fore separation by SDS-PAGE. (D) Labeled Phyl associates with
Ttk-HA immune complexes in vitro. (E) Association of Sina with
HA-tagged Ttk is specifically enhanced by Phyl. Binding assays con-
taining unlabeled Ttk-HA were supplemented with the indicated pro-
teins labeled with [**S]methionine from translation reactions. GLASS
is a Drosophila zinc finger protein that is unrelated to either Phyl or
Sina (35). Bound proteins were purified by anti-HA immunoprecipi-
tation and subjected to SDS-PAGE.

peaked in fraction 21, corresponding to a Svedberg coefficient
of 42S. No Sina cosedimenting with Ttk complexes was de-
tected. However, when Phyl was mixed with Sina and Ttk, all
three proteins peaked in fractions 21 to 23. Moreover, the
sedimentation profile of each protein closely matched the
other protein profiles, indicating that the three proteins are
present in a common multiprotein complex. This complex was
stable at 4°C over the 3.5 h required for centrifugation. Inter-
estingly, in the gradient containing all three proteins, the Sina
and Phyl peaks corresponding to the 5.5S complex were greatly
reduced or not present (Fig. 3A). Since roughly equivalent
quantities of Sina, Phyl, and Ttk were loaded onto the gradient
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FIG. 3. Glycerol gradient sedimentation analysis of Sina, Phyl, and
Ttk. *>S-labeled proteins were incubated in binding reactions and sub-
sequently sedimented as described in Materials and Methods. Thirty-
five fractions were taken from each gradient and subjected to SDS-
PAGE, followed by autoradiography. Protein levels in each fraction
were quantitated by laser scanning densitometry and are graphed in
arbitrary density units. In a parallel gradient, molecular weight stan-
dards were sedimented, and portions of each fraction were analyzed by
SDS-PAGE. Svedberg coefficients were determined by comparison of
the labeled protein peak in a gradient to the sedimentation profile of
protein standards. Svedberg coefficients corresponding to gradient
peaks are indicated at the top of the figure. (A) Binding reaction
containing Sina, Phyl, and Ttk. (B) Binding reaction containing Phyl
and Ttk. (C) Binding reaction containing Sina and Ttk. (D) Binding
reaction containing Sina and Phyl. (E) SDS-PAGE analysis of labeled
Sina, Phyl, and Ttk proteins loaded onto gradients.

(Fig. 3E), it is possible that the three proteins efficiently asso-
ciated with one another. If this occurred, it can be inferred that
they bind to each other with high affinity.

The 5.5S value of Phyl-Sina corresponds to a molecular size
of ca. 150 to 160 kDa if a globular shape is assumed. The
molecular sizes of the Phyl and Sina polypeptides are 45 and 34
kDa, respectively. This would imply that the Sina-Phyl complex
is possibly composed of a dimer of Sina and dimer of Phyl, a
conclusion consistent with the ability of Sina and Phyl to self-
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associate. However, since there is no information regarding the
shapes of these molecules and since there may be conforma-
tional change following their association, the stoichiometry
cannot be determined from this experiment. The 42S value of
Ttk corresponds to a molecular mass of ca. 1,400 kDa even
though the Ttk polypeptide is 88 kDa. This suggests that Ttk
multimerizes into large complexes. Consistent with this idea,
other proteins with POZ domains adopt homomultimeric com-
plexes (4), and the crystal structure of the POZ domain indi-
cates that this domain mediates oligomerization (1, 30). Since
Phyl and Sina associate with the Ttk complex without reducing
its apparent size, it indicates that Sina and Phyl bind to Ttk
without altering its ability to multimerize. The shift of the Ttk
peak in the presence of Phyl and Sina suggests that the mul-
timeric complex is composed of several subunits of Phyl and
Sina though the precise stoichiometry cannot be determined.

Phyl facilitates association of Sina with Ttk, suggesting that
it acts as an adaptor protein. If so, then Phyl would have
separate domains for interacting with Sina and Ttk. To phys-
ically map the Phyl domain that interacts with Ttk, we gener-
ated deletion mutants of Phyl protein and performed a series
of binding experiments with HA-tagged Ttk (Fig. 4). Associa-
tion of Phyl with anti-Ttk-HA immune complexes was abol-
ished by deleting 261 amino acids from the N terminus or by
deleting 90 amino acids from the C terminus of Phyl. A frag-
ment of Phyl corresponding to residues 241 to 320 was suffi-
cient to associate with Ttk-HA. No recognizable motifs are
evident in this region.

We had previously mapped the Sina-binding domain in Phyl
to a region near the N terminus (29). To further map the
Sina-binding domain, we generated deletion mutants of Phyl
protein and tested these for their ability to specifically associ-

ate with GST-Sina in pull-down assays (Fig. 5A and B). Asso-
ciation of Phyl with GST-Sina was abolished by deleting 119
amino acids from the N terminus but not by deleting 109 amino
acids. Deletion of 278 amino acids from the C terminus pre-
vented association with GST-Sina, whereas the deletion of 273
amino acids from the C terminus had little effect. This deletion
analysis suggested that Phyl residues 109 to 127 are critical for
Sina interaction in vitro. To test this idea, we created alanine
substitutions of pairwise amino acids within 109 to 127 and
assayed their effect on Phyl protein binding to GST-Sina (Fig.
5C). Phyl association with GST-Sina was reduced twofold
when Q109/E110 or R121/P122 were mutated, and association
was reduced fourfold when M119/V120 were mutated. In con-
trast, pairwise mutation of residues 111 to 116 and residues 123
to 126 had no detectable effect on Phyl binding to GST-Sina
(Fig. 5C and data not shown). Although these data indicate
that a region from residues 109 to 127 is necessary for Sina
association, is it sufficient? We swapped the C-terminal 16
amino acids of B-galactosidase with three tandem repeats of
the Phyl(109-127) sequence. If the sequence from residues 109
to 127 is sufficient for Sina binding, it should enable the chi-
meric protein to associate with GST-Sina in a pull-down assay.
Indeed, virtually 100% of the chimeric protein specifically as-
sociated with GST-Sina, whereas native (3-galactosidase dis-
played no detectable association (Fig. SD). Thus, a 19-amino-
acid sequence from Phyl has high affinity for binding to Sina.
Moreover, this motif is physically distinct from the Ttk-binding
domain in Phyl. The two interaction domains are some 114
residues apart on the Phyl polypeptide, a finding consistent
with the notion that Phyl acts as a high-affinity linker between
Sina and Ttk.

To physically map the Sina domain that interacts with Phyl,
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we generated deletion mutants of Sina protein and performed effect on binding to Phyl. Thus, the N-terminal 122 amino acids
a series of binding experiments with HA-tagged Phyl (Fig. 6). of Ttk are sufficient for Phyl association. This domain corre-
Association of Sina with anti-Phyl-HA immune complexes was sponds precisely with the POZ domain of Ttk.

abolished by deleting 191 amino acids from the N terminus or The POZ domain is an evolutionarily conserved protein-
by the simple removal of 5 amino acids from the C terminus of protein interaction domain present in 39 distinct genes in the
Sina. A fragment of Sina corresponding to residues 181 to 314 Drosophila sequence database. It is estimated that 5 to 10% of
was sufficient to associate with Phyl-HA, although it associated human zinc finger proteins contain these domains (11). The
more weakly than a 167- to 314-residue fragment. The region crystal structure of the PLZF POZ domain is dimeric (1, 30).

from residues 181 to 314 is part of the highly conserved SBD Since the residues that stabilize dimerization and the core of
domain except that it does not contain the two zinc fingers the PLZF POZ monomer are strongly conserved in all POZ
(37). proteins, including Ttk, it is likely that the Ttk POZ domain

Previous mapping of Ttk had identified the N-terminal 286 has a homologous tertiary fold. This raised the question of
amino acids as sufficient to interact with Phyl (29). We further whether Phyl is able to associate with POZ domains of other
refined the Ttk domain that interacts with Phyl by testing Drosophila proteins. A sequence comparison between Ttk and
deletion mutants of Ttk protein for association with HA- other Drosophila POZ proteins indicated that the POZ domain
tagged Phyl (Fig. 7A and B). Deletion of 10 amino acids from of Lola is most similar to Ttk POZ (62% identical). The lola
the N terminus of Ttk was sufficient to abolish binding to Phyl. gene encodes two major protein products (Lola-L and Lola-S)
Deletion of all but 122 amino acids from the C terminus had no that contain a common N-terminal POZ domain but differ in
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and immunoprecipitated with anti-HA before SDS-PAGE.

their C termini (19). Indeed, it has been observed that the
longer isoform Lola-L, plays a role in photoreceptor determi-
nation (L. Zheng and R. W. Carthew, unpublished data). We
tested whether Phyl can associate with Lola by coincubating
HA-tagged Phyl with Lola-L or Lola-S. Anti-HA immune com-
plexes were isolated and analyzed for associated proteins (Fig.
7C). No association between Lola and Phyl-HA was detected.
We also failed to detect association between GST-Sina and
Lola or another Drosophila POZ protein, Fru, in pull-down
assays (data not shown). These results are consistent with find-
ing no effect of phyl or sina mutants on Lola protein abundance
in photoreceptors (Zheng et al., unpublished). Thus, Phyl and
Sina do not associate with all proteins bearing POZ domains,
but rather there is specificity to POZ recognition.

Our deletion analysis provided clues as to what features of
the Ttk POZ domain are required for Phyl interaction. Dele-
tion of either residues 1 to 10 or residues 118 to 122 abolished
Phyl association in vitro (Fig. 7B). Interestingly, these two
regions are predicted to pack together in antiparallel fashion
along an exposed lip, based on the PLZF crystallographic
model (1, 30). Moreover, residues 1 to 10 and residues 118 to
122 correspond to two of the six contiguous sequences that are
divergent between Lola and Ttk. If this surface of the Ttk POZ
domain is required for Phyl association, then substituting Ttk
with Lola sequences in this region would inhibit Phyl associa-
tion. We substituted Ttk residues 118 to 122 (EVNDD) with
the homologous residues from Lola (DNRTG) and tested the
substitution mutant for binding to Phyl-HA immune com-
plexes (Fig. 7D). No binding was detected, indicating that
residues 118 to 122 are critical for Phyl association.

Our analysis of binding interactions in vitro suggests that
one critical function of Phyl is to provide a high-affinity phys-
ical link between Sina and Ttk. In Phyl’s absence, Sina interacts
weakly with Ttk. We speculate that the reason for forming a
stable complex between Sina and Ttk is to allow the complex to
ubiquitinate Ttk and thereby lead to its degradation. If so, then
crippling the ability of Phyl to link Sina with Ttk would cripple

the ability of Sina to degrade Ttk. To address this, we used a
previously characterized S2 cell transfection assay to measure
Ttk protein stability dependent upon Sina (29). HA-tagged Ttk
was cotransfected with Sina and Phyl into Drosophila S2 cells,
and Ttk-HA protein turnover was measured by pulse-chase
labeling (Fig. 8). The half-life of Ttk-HA was determined to be
25 min under these conditions. In the absence of Phyl, the
half-life of Ttk-HA increased to 8 h (Fig. 8) (29). We had
identified alanine substitution mutations in the Sina-binding
domain of Phyl that inhibited Sina association with Phyl in
vitro (Fig. 5). In particular, the M119/V120 mutant had the
most severe effect on Sina binding. We cotransfected this Phyl
mutant with Ttk-HA and Sina into S2 cells and observed a slow
turnover of Ttk-HA (Fig. 8B). In contrast, transfection of the
R115/P116 mutant resulted in rapid turnover of Ttk-HA com-
parable to that of wild-type Phyl. The R115/P116 mutant did
not inhibit Sina association with Phyl in vitro (Fig. 5). One
possible explanation for this result is that the different Phyl
mutant proteins accumulate to different levels in S2 nuclei. We
could not examine this possibility since Phyl antibodies are not
available. However, we think this possibility is unlikely since
the mutated residues do not reside in any known nuclear lo-
calization or destabilization motifs. Instead, this precise corre-
lation between Sina-binding activity in vitro and Ttk-HA de-
grading activity in vivo suggests that Phyl association with Sina
is critical for Ttk degradation.

DISCUSSION

In the present study, we have demonstrated that Phyl acts to
stimulate Sina association with Ttk by 10- to 20-fold, thereby
allowing Sina to ubiquitinate and promote destruction of Ttk.
Moreover, Phyl binds to Ttk and Sina with comparable affin-
ities. The most likely interpretation is that Phyl functions as an
adaptor protein to physically link Sina and Ttk together in a
high-affinity multiprotein complex. Two alternative hypotheses
are that Phyl stabilizes a form of Sina compatible with Ttk
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33S-labeled Ttk or Ttk-Lola chimeric protein was incubated with unlabeled Phyl-HA as indicated, and anti-HA complexes were immunoprecipi-

tated and analyzed by SDS-PAGE.

binding or that, conversely, Phyl stabilizes a form of Ttk com-
patible with Sina binding. However, these two hypotheses do
not require that Phyl have bivalent binding activities, associat-
ing with Sina and Ttk via separate binding domains. Since Phyl
contains such domains, the most likely reason is to provide
direct physical linkage.

In the absence of Phyl, Sina exhibits weak but specific asso-
ciation with Ttk (29, 40). Our data would suggest that Sina’s
affinity for Ttk is not sufficient for it to form a stable complex
and promote Ttk ubiquitination. The bridging activity of Phyl
would augment Sina’s association with Ttk, allowing stable
interaction to occur. Another possibility is that the weak asso-
ciation between Sina and Ttk reflects participation of a mam-
malian Phyl homolog present in the reticulocyte extract used to
synthesize recombinant Ttk. However, we performed deletion

analysis of Sina and Ttk to map the regions required for their
interaction (data not shown) and found that Ttk sequences
between residues 71 and 197 were sufficient to allow Sina
association. This region is overlapping but clearly distinct from
the Phyl-binding domain, which corresponds to sequences
from residues 1 to 122. Likewise, we found that Sina sequences
between residues 66 and 87 (the RING finger) were absolutely
required for interaction with Ttk, whereas these sequences are
dispensable for Phyl association. Thus, the Sina-Ttk interac-
tion domains are distinct from those for Phyl, arguing that a
Phyl-like activity is not responsible for the weak Sina-Ttk as-
sociation. One unexpected aspect of our mapping Sina and Ttk
was that directional deletions sometimes failed to define the
interaction domain boundaries (data not shown). For example,
progressive deletion from the C terminus of Sina caused pro-
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FIG. 8. Ttk protein degradation is dependent on Sina associating
with Phyl in S2 cells. (A) Sequence of the Sina-binding region of Phyl
from residues 109 to 127. Note that the alanine substitutions changing
Arg-115 and Pro-116 had little effect on Sina binding to Phyl in vitro,
whereas the alanine substitutions changing Met-119 and Val-120 in-
hibited Sina binding to Phyl (see Fig. 5). (B) Pulse-chase analysis of
Ttk-HA protein stability in the presence of wild-type and mutant Phyl.
After cotransfection of Ttk-HA, Sina, and the indicated Phyl expres-
sion vectors, S2 cells were metabolically labeled with [**S]methionine.
This was followed by incubation for various times as indicated, in
medium with excess unlabeled methionine. Ttk-HA protein was im-
munoprecipitated from cell extracts by using anti-HA 12CAS and
visualized by autoradiography after SDS-PAGE. The doublet bands
observed correspond to Ttk-HA proteins, with the upper band of the
doublet representing full-length Ttk-HA (29). It was previously shown
that only this larger Ttk-HA product was susceptible to Phyl-induced
ubiquitination and degradation (29).

gressive reduction in Ttk-binding activity without any precipi-
tous drop-off in activity. This might suggest that some of the
binding energy is obtained through nonspecific surface inter-
actions rather than discrete folded surfaces on each protein.
The weak Sina-Ttk interaction we observed in vitro is probably
not sufficient to allow Sina to target Ttk degradation in vivo.
Ttk degradation in S2 culture cells requires the presence of
Phyl (Fig. 8), and Ttk downregulation in the Drosophila eye
requires the phyl gene (29, 40).

Phyl interacts with two highly conserved domains in Sina and
Ttk that have been structurally characterized in related pro-
teins. Phyl specifically associates with the POZ domain in Ttk
and not with the POZ domain in Lola. The POZ domain is a
multifunctional protein-protein interaction domain. It allows
proteins to self-associate into dimers and higher-order oligo-
meric structures (5, 11). POZ domains recruit transcription
corepressor molecules such as N-CoR and Sin3A, which in
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turn draw histone deacetylases to locally remodel chromatin
(12, 21). This feature confers transcription repressor activity to
proteins that contain POZ domains. The POZ domain may
also affect chromatin structure by oligomerizing and binding
multiple DNA sites, leading to DNA bending (16, 27).

Where might Phyl bind to the Ttk POZ domain with such
specificity? The crystal structure of the PLZF POZ domain has
been determined, and mapping studies suggest that essential
structural features are conserved between POZ proteins (1, 30,
34). There is an extensive dimer interface, a charged pocket
that mediates transcription repression by recruiting N-CoR/
Sin3A, a broad hydrophobic surface opposite the pocket, and
a neighboring acidic patch. Most of the hydrophobic surface is
predicted to be conserved between Ttk and Lola if their se-
quences are mapped to the PLZF crystal structure. However,
a short a-helix at the C terminus of the POZ domain (residues
118 to 122) that is essential for Phyl association is predicted to
act as a lip dividing the hydrophobic and acidic faces. More-
over, the amino acid sequence of this helix is highly variable
among POZ proteins, including Ttk and Lola. Substitution of
this helix from Ttk with the corresponding Lola helix rendered
the domain unable to interact with Phyl (Fig. 7). Thus, the lip
of the Ttk POZ domain is a critical specificity feature of Phyl
interaction.

Phyl interacts with part of the SBD domain of Sina. This
conserved domain interacts with a wide variety of proteins,
including ones that are degraded in response to Sina or its
mammalian Siah homologs (17, 18, 23, 24, 39, 41, 44). The
SBD from Siah-1 also interacts with mammalian cofactors
APC and SIP to form an SCF-like complex, which includes
Skp-1 and Ebi (31, 33). Recent determination of the Siah-1
crystal structure hints at two possible protein recognition sur-
faces in the SBD: a deep cleft adjacent to the first zinc finger
and a shallow groove centered at the dimer interface (37).
Although it is not known whether these structural features are
also present in Sina, two lines of evidence argue that this is
likely the case. First, the residues that stabilize dimerization
and the core of the Siah-1 monomer are completely conserved
in Sina, indicating that the Sina SBD domain has a homolo-
gous tertiary fold. Second, the primary sequence of the Sina
SBD is 95% identical (98.5% similar) to the Siah-1 SBD.

Can we speculate as to where Phyl might bind Sina? Only 19
amino acids of Phyl interact with Sina, making it probable that
the Phyl peptide fits within a folded surface. It is unlikely to be
in the cleft region of SBD since the first zinc finger within the
Sina SBD is not required for Phyl association, and it folds to
create one wall of the cleft in Siah-1. In contrast, the shallow
groove is contained within the Phyl-binding domain defined by
deletion analysis. Moreover, removing five residues from the C
terminus completely abolished Phyl association. These resi-
dues map to part of a B-strand that constitutes both sides of the
groove in the Siah-1 SBD. Point mutagenesis of the SBD
combined with cocrystal structure determination should re-
solve this issue. Comparison of the Sina-binding domain in
Phyl to sequences in other Sina or Siah binding proteins did
not uncover shared sequence motifs that might mediate their
binding activities. This would suggest that the SBD domain, to
which they all bind, does not have a single means to interact
with its numerous partners.

The Sina/Siah family shares a common function in promot-
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ing ubiquitination of certain target proteins, leading to their
degradation (24, 29, 40). To perform this function, the RING
domain in Sina/Siah recruits E2 conjugating enzymes such as
UbcD1 that transfer ubiquitin to substrates (24, 32, 33). The
SBD domain in Sina/Siah recruits the ubiquitin substrates. For
some substrates, such as DCC and the transcription corepres-
sor N-CoR, Sina or Siah appear to directly bind the substrate
proteins that are ubiquitinated (23, 24, 44). For the substrate
protein B-catenin, it is recruited to an SCF-like E3 complex
composed of Siah, SIP, Skp-1, and Ebi (33). In this complex,
SIP and Skp-1 act as a molecular bridge to link Siah with Ebi,
which is the subunit to which B-catenin directly binds. We find
that Ttk is recruited by the adaptor protein Phyl into a complex
containing Sina. It is likely that this complex also contains Ebi
based on genetic and biochemical evidence. Mutations in the
ebi gene perturb R7 differentiation, and Ebi participates in
Phyl-dependent downregulation of Ttk in eye disks and when
expressed in S2 cell culture (6, 15). Moreover, Ebi protein
associates with Sina and Phyl complexes in cells (6). However,
the role of Ebi in this complex is unclear. It is not an obligatory
adaptor linking Sina, Phyl, and Ttk, as we have shown cur-
rently. However, it might stabilize complexes once formed, or
stabilize complex components thereby promoting complex for-
mation. Future experiments should explore how Ebi, and pos-
sibly Skp-1 and SIP, are linked to the Sina-Phyl dependent
pathway of Ttk degradation.
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