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ABSTRACT
The Drosophila Fat facets protein is a deubiquitinating enzyme required for patterning the developing

compound eye. Ubiquitin, a 76-amino-acid polypeptide, serves as a tag to direct proteins to the proteasome,
a protein degradation complex. Deubiquitinating enzymes are a large group of proteins that cleave
ubiquitin-protein bonds. Fat facets belongs to a class of deubiquitinating enzymes called Ubps that share
a conserved catalytic domain. Fat facets is unique among them in its large size and also because Fat facets
is thought to deubiquitinate a specific substrate thereby preventing its proteolysis. Here we asked which
portions of the Fat facets protein are essential for its function. P-element constructs that express partial
Fat facets proteins were tested for function. In addition, the DNA sequences of 12 mutant fat facets alleles
were determined. Finally, regions of amino acid sequence similarity in 18 Drosophila Ubps revealed by
the Genome Project were identified. The results indicate functions for specific conserved amino acids in
the catalytic region of Fat facets and also indicate that regions of the protein both N- and C-terminal to
the catalytic region are required for Fat facets function.

DEUBIQUITINATING enzymes (DUBs) are a large have structurally distinct catalytic domains (Wilkinson
and Hochstrasser 1998). Ubps are the larger class ofgroup of proteins that cleave ubiquitin-protein
DUBs; yeast have only 1 Uch but 16 Ubps (Wilkinsonbonds and whose physiological roles and mechanisms
and Hochstrasser 1998) and the Drosophila Genomeof function are poorly understood. Ubiquitin (Ub) is a
Project has identified 4 Uchs and 19 Ubps (Rubin et al.76-amino-acid polypeptide that can be linked covalently
2000). Ubps are distinguished by their two conservedto other proteins via an isopeptide bond between an
catalytic domains: the Cys domain, centered around theinternal lysine on the substrate protein and the terminal
catalytic cysteine residue and the His domain, contain-glycine residue (G76) of Ub (Pickart 1998). Ub chains
ing two catalytically important histidine residues (Bakerform through isopeptide linkages most often between
et al. 1992; Papa and Hochstrasser 1993; Huang et al.an internal lysine residue (K48) of the first Ub and G76
1995; Wilkinson and Hochstrasser 1998).of an incoming Ub monomer (Pickart 1998). Monou-

One likely function for DUBs is to generate Ub mono-biquitination can serve as a signal for endocytosis of a
mers from precursor proteins; Ub is synthesized in themembrane protein (Hicke 1999; Strous and Govers
cell as peptide-linked Ub polymers or Ub-protein fu-1999) or it can modulate protein activity (Chen et al.
sions (Pickart 1998). Other general roles in the Ub1996). In contrast, Ub chains mark proteins for degra-
pathway have been proposed for two yeast Ubps: Ubp4dation by the proteasome, a multi-subunit proteolytic
(Doa4) and Ubp14 are thought to cleave isopeptide-complex (Lupas and Baumeister 1998; Rechsteiner
linked Ub chains, either linked to remnants of degraded1998). Once thought to be a mechanism only for dispos-
proteins (Ubp4) or free (Ubp14), thus preventing theming of damaged proteins, it is now well established that
from clogging the proteasome (Papa and Hochstras-Ub-mediated proteolysis is widely used to modulate the
ser 1993; Amerik et al. 1997). An editing function haslevels of critical regulatory proteins (Koepp et al. 1999;
been proposed for one vertebrate DUB that may cleaveManiatis 1999).
specifically the terminal Ub from short isopeptide-There are two classes of DUBs (Wilkinson and Hoch-
linked chains, thereby deubiquitinating and preventingstrasser 1998): the Uch enzymes (ubiquitin C-terminal
the degradation of proteins with short Ub chains (Lamhydrolases) and the Ubp enzymes (ubiquitin processing
et al. 1997).proteases). The functional distinction between Uchs

The Drosophila fat facets (faf ) gene encodes a Ubpand Ubps is ambiguous but the two enzyme families
that is essential specificially for patterning the devel-
oping eye and also for viability of the early embryo
(Fischer-Vize et al. 1992). Flies with null mutations in
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Vize et al. (1992) and the P{w1, ro-faf1} transformants are des-dergo several rounds of nuclear cleavage after fertiliza-
cribed in Huang and Fischer-Vize (1996). P-element trans-tion but never cellularize (Fischer-Vize et al. 1992). In
formation was performed as described previously (Spradling

the eye, faf is required in a cell communication pathway 1986; Fischer-Vize et al. 1992). P{w1} insertions were intro-
that prevents particular precursor cells from misdeter- duced into a faf FO8/faf BX4 background using standard crosses.

Plasmid constructions: Standard procedures (Sambrook etmination as neurons; in faf mutant eyes, each facet has
al. 1989) were used for all subcloning manipulations. Enzymesmore than the normal complement of eight photore-
used for plasmid construction were obtained from New En-ceptors (Fischer-Vize et al. 1992).
gland Biolabs (Beverly, MA), Promega Biotech (Madison, WI),

Faf is unique among Ubps in that it has been shown and Boehringer Mannheim (Indianapolis). All of the deletion
genetically to antagonize the Ub-mediated proteolysis constructs derive from a plasmid called pBA-Myc1-cDNA,

which is a derivative of Bluescript (Stratagene, La Jolla, CA)pathway (Huang et al. 1995; Wu et al. 1999). Thus it
with its SmaI site changed to AscI (pBAscI) and that has anhas been proposed that Faf deubiquitinates a particular
z8.5-kb AscI fragment (described in Huang et al. 1995) con-substrate or set of substrates thereby preventing their
taining a faf cDNA with a Myc epitope tag between amino

degradation. Genetic experiments have identified a sin- acids 53 and 54 cloned into the AscI site. For each of the fafD
gle gene, called liquid facets, that is likely to encode the constructs, the DNA sequence at the deletion breakpoint was

determined to check that the reading frame was restored.critical substrate for Faf in the eye (Cadavid et al. 2000).
Subsequently, an AscI fragment containing each deletion con-However, Faf may also have other substrates in the Dro-
struct (in pB-fafD) was ligated into the AscI site of the pROsophila eye (Li et al. 1997) and ovary.
transformation vector (Huang and Fischer-Vize 1996) and

At 2711 and 2778 amino acids, the two similar Faf a plasmid with the fragment in the correct orientation was
proteins, generated by altenative splicing of the final identified. fafD1: An z0.55-kb 59-end fragment of faf was iso-

lated from pBA-Myc1-cDNA restricted with HindIII, treatedexon, are the largest known Ubps (Fischer-Vize et al.
with mung bean nuclease, and then restricted with AscI. An1992; Wilkinson and Hochstrasser 1998). One hy-
z7.2-kb 39-end fragment of faf was isolated from pBA-Myc1-pothesis to explain the large size of Faf is that it has
cDNA restricted with ScaI and AscI. To generate pB-fafD1, the

several substrates and there may be distinct domains 59-end and 39-end fragments were ligated into pBAscI. fafD2:
along the length of the protein for recognizing each. pBA-Myc1-cDNA was restricted with EcoNI and StuI, deleting
Yet, the results of genetic and biochemical experiments an z0.5-kb fragment, and then treated with Klenow. To gener-

ate pB-fafD2, the larger fragment was isolated and religated.suggest that the catalytic region of Faf alone may be
fafD3: An z3.1-kb 59-end fragment of faf was isolated fromlargely sufficient for its function (Taya et al. 1998, 1999;
pBA-Myc1-cDNA restricted with AscI and DraI. An z3.8-kb 39-Wu et al. 1999). end fragment of faf was isolated from pBA-Myc1-cDNA re-

Faf has mouse and human homologs, called Fam and stricted with AhdI, treated with T4 DNA polymerase, and then
DFFRX/Y, respectively (Jones et al. 1996; Wood et al. restricted with AscI. To generate pB-fafD3, the 59-end and 39-

end fragments were ligated into pBAscI. fafD4: pBA-Myc1-1997) and Fam can substitute for Faf in Drosophila
cDNA was restricted with SnaBI and HpaI, deleting an z1.6-(Chen et al. 2000). The predicted amino acid sequences
kb fragment. To generate pB-fafD4, the larger fragment wasof these genes are highly conserved along most of their isolated and religated. fafD5: pBA-Myc1-cDNA was restricted

lengths, which precludes their comparison as a means with SphI and NcoI, deleting an z1.5-kb fragment, and then
of finding potential functional domains. treated with T4 DNA polymerase. To generate pB-fafD5, the

larger fragment was religated. fafD6: An z2.3-kb fragment ofAs a first step toward gaining insight into how the
faf was isolated from pB-fafD5 restricted with HpaI and AscIstructure of Faf relates to its function, we generated six
and ligated into pBAscI restricted with AscI and EcoRV. Andifferent deletion mutants of the faf gene and tested
z2.3-kb 39-end fragment of faf was isolated from the resulting

each for function in the developing eyes of P-element- plasmid restricted with HindIII and AscI. An z0.6-kb 59-end
transformed flies. In addition, the DNA sequences of faf fragment was isolated from pB-fafD5 restricted with AscI
12 faf alleles with point mutations were determined. and HindIII. To generate pB-fafD6, the 59-end and 39-end

fragments were ligated into pBAscI.Finally, we identified conserved regions among the
Western blot analysis: Protein extracts were prepared fromamino acid sequences of the Ubps in the Drosophila

adult transformants as follows. Twenty adult flies of each geno-genome. There are two main conclusions from this type were heat-shocked at 378 for 1 hr, allowed to recover at
work. First, distinct amino acid residues within the cata- 258 for 1 hr, and then frozen in a dry ice/ethanol bath. The
lytic region of Faf, other than the catalytic residues flies were thawed, homogenized in 200 ml of 23 Laemmli

buffer, boiled for 5 min, and then spun in a microfuge at 48themselves, have been defined as essential for Faf func-
for 5 min. The supernatants were boiled for another 5 min,tion. Second, we found unexpectedly that for its essen-
size-separated by SDS-PAGE on a 5% gel, and transferred totial function in the eye alone, as well as for its ovary nitrocellulose. SDS-PAGE, Western transfer, and hybridization

function, protein domains spanning nearly the entire of the blot were according to standard procedures (Sambrook
Faf protein, both N-terminal and C-terminal to the cata- et al. 1989). The primary antibody was mouse monoclonal

anti-Myc (Santa Cruz Biochemical) used at 1:200 dilution andlytic region, are required.
the secondary antibody was HRP-conjugated anti-mouse IgG
(Vector Laboratories, Burlingame, CA) used at 1:1000. Blots
were developed with ECL Renaissance reagents (Amersham,MATERIALS AND METHODS
Arlington Heights, IL) used according to the manufacturer’s
instructions.Drosophila genetics: All flies were grown on standard food

at 258. The alleles faf FO8 and faf BX4 are described in Fischer- Analysis of Drosophila eyes: Scanning electron micrographs
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and 1-mm plastic sections of adult Drosophila eyes were pre-
pared as described previously (Huang et al. 1995). The frac-
tion of wild-type facets was calculated by scoring 100–250 facets
per eye in one sectioned eye from at least three different flies
of each genotype.

DNA sequence analysis: Mutant faf alleles were amplified
by the polymerase chain reaction (PCR) using total genomic
DNA prepared from a single fly homozygous or hemizygous
[in trans to Df(3L)faf BP; Fischer-Vize et al. 1992] for each
mutant allele. Genomic DNA was prepared by adding the fly
to a microfuge tube containing 50 ml of buffer (10 mm Tris
pH 8.2, 1 mm EDTA, 25 mm NaCl) and 1 ml of proteinase K

Figure 1.—FafD proteins. The structures of the Faf protein(20 mg/ml). The fly was homogenized with a pipet tip and
derivatives expressed by the six different ro-fafD genes arethen incubated at 378 for 1 hr and then at 1008 for 2 min to
shown. Each Faf protein has a Myc-epitope tag inserted be-inactivate the proteinase K. A 4-ml aliquot of this homogenate
tween residues 53 and 54 and the catalytic domain is approxi-was used in a single PCR reaction. Fourteen primer pairs,
mately between residues 1670 and 2060 of the 2711 aminoeach of which generated a PCR product ranging in size from
acid wild-type Faf protein. The locations of the amino acid350 to 1000 bp, were used to amplify each faf allele in 14
residues deleted in each protein are shown and enumeratedpieces, each of which was sequenced directly by automated
at right. The relative ability of each construct to substitute forfluorimetric methods. The DNA sequences of each of the
the endogenous faf gene in the eye is also shown at right (seeseventeen faf gene exons, all intron splice consensus sequences,
Figure 3A).and all introns except 1, 3, 4, and 16 were determined. To

distinguish bona fide allele mutations from PCR-induced muta-
tions, PCR products with non-wild-type DNA sequences were
reamplified from genomic DNA a second time and their se- rough gene enhancer and a heat shock protein 70 pro-
quences were determined again. If the same mutation was moter. The pRO vector drives expression in a band of
found a second time, then it was considered to be amplified undifferentiated cells surrounding the facet preclustersfrom the endogenous gene and not a PCR-induced mutation.

early in eye development and also later in a subset ofIn all cases, when more than one mutation was found in a
four of the eight photoreceptor cells (Kimmel et al.single allele, only one reappeared in the second amplification.

Details concerning the primer sequences and the PCR reac- 1990; Heberlein et al. 1994; Dokucu et al. 1996). We
tion conditions will be furnished on request. have shown previously that due to their early expression

Drosophila Ubp amino acid sequence analysis: The Ubp in cells surrounding facet preclusters, transgenes inamino acid sequences were obtained by using Query GadFly
which the pRO vector drives expression of the wild-type(Flybase 1999) for proteins with UCH motifs. The amino acid
faf cDNA (P{ro-faf1}) complement completely the eyesequences obtained were then subjected to BLOCKS analysis

(www.blocks.fhcrc.org/blockmkr/make_blocks.html). defects in faf null mutants (Huang and Fischer-Vize
1996).

Complementation of the faf mutant eye phenotype
RESULTS by the ro-fafD transgenes: P-element transformant lines

were generated with each of the six ro-fafD constructs,Construction of six ro-fafD transgenes: We have shown
and to test each for function, each P element was intro-previously that single amino acid substitutions in the
duced into a faf 2 background. The particular faf 2 back-key Cys or His residues of the catalytic domain severely
ground used, faf BX4/faf FO8, lacks all or nearly all endoge-attenuated or abolished the function of Faf in the eye
nous faf activity; faf BX4 is a null mutation and faf FO8 is a(Huang et al. 1995). In addition, a fragment of Faf
strong mutant allele (Fischer-Vize et al. 1992). Thecontaining mainly the catalytic domain can cleave syn-
eyes of flies with two copies of each P-element constructthetic peptide-linked Ub-protein substrates in bacteria
in several independent transformant lines were ana-efficiently (Huang et al. 1995). To test whether domains
lyzed. Tangential sections of compound eyes revealingof Faf outside the catalytic region are also important
the anatomy of each facet (Figure 2) were scored for thefor Faf function in the eye, five different deleted forms
fraction of normally developed as opposed to aberrantlyof the faf cDNA were constructed (fafD1–fafD5), each
assembled facets (Figure 3A).of which encodes a Faf protein with a block of 163 to

Functional analysis of each ro-fafD construct in the514 amino acids removed (Figure 1). In addition, a
eye leads to three main observations. First, none of thesixth construct (fafD6) containing mainly the catalytic
six deletion constructs retains wild-type activity (Figuredomain was generated. Each of the deletion constructs
3A). Second, fafD2 retains only slightly more activitywas generated in the context of a faf cDNA that encodes
than ro-fafD6 (Figure 3A), suggesting that the 164 aminothe smaller of the two forms of Faf protein (2711 amino
acids deleted in ro-fafD2 (Figure 1) may be highly sig-acids) as this cDNA was shown previously to complement
nificant functionally. And finally, ro-fafD6, which ex-completely the function of the endogenous faf gene in
presses the smallest Faf protein derivative consistingthe eye (Huang et al. 1995).
mainly of the catalytic domain (Figure 1), retains onlyEach deleted cDNA construct was cloned into a P-ele-
slight ability to complement faf mutations (Figure 3A).ment transformation vector called pRO (Huang and

Fischer-Vize 1996) that activates transcription using a We wanted to determine whether a small difference
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Figure 3.—Complementation of the faf mutant phenotype
by ro-fafD transgenes. Histograms indicate the fraction of wild-
type facets in faf mutant (faf BX4/faf FO8) flies transformed with
ro-fafD transgenes. (A) The fraction of wild-type facets in faf
mutants and in faf mutants containing two copies of a P ele-
ment expressing ro-faf1 or each of the ro-fafD constructs (D1–
D6) is shown. The fraction of wild-type facets is shown for
each individual transformant line analyzed. Standard devia-
tions represent variability between flies within a single trans-
formant line. (B) The fraction of wild-type facets in flies asFigure 2.—Eyes of faf mutants expressing ro-fafD trans-
in A is shown. Flies contain one copy (1) or two copies (2)genes. Scanning electron micrographs (A, C, E, and G) and
of the particular P element shown at bottom.apical tangential sections (B, D, F, and H) of adult Drosophila

compound eyes are shown. (A and B) Wild type; the external
eye surface is regular and in each facet seven of the eight
photoreceptors (1–7) are visible. (C and D) faf BX4/faf FO8; the of ro-fafD genes to complement the faf mutant eye phe-
external eye surface is irregular and in the majority of facets notype were observed only for ro-fafD3 and ro-fafD4
there are more than the wild-type number of photoreceptors. lines; for these two constructs, two copies complement
At least some of the ectopic photoreceptor cells arise from

the faf mutant eye phenotype significantly more effec-the “mystery cells” that are associated with photoreceptor pre-
tively than one copy (Figure 3B).cursors early in eye development (Tomlinson and Ready

1987); in faf mutants, the mystery cells are often misspecified Relative levels of wild-type and FafD proteins in trans-
as photoreceptors (Fischer-Vize et al. 1992). (E and F) P{w1, formed flies: To determine whether or not the six FafD
ro-fafD1}, faf BX4/faf FO8; one copy of the P element complements proteins and wild-type Faf accumulate similarly when
the faf mutant eye phenotype well. Most of the facets appear

expressed as ro-faf transgenes, Faf protein in extractswild type. (G and H) P{w1, ro-fafD6}, faf BX4/faf FO8; one copy
from heat-shocked transformant flies were visualized onof the P element complements the faf mutant eye phenotype

weakly. Most of the facets are malformed. protein blots. The Faf proteins expressed by the trans-
genes are Myc-epitope tagged (Figure 1) so that by using
anti-Myc antibodies to visualize the Faf proteins only

in expression level (for example, twofold) could have Faf protein expressed by the transgenes was detected.
an effect on the ability of each ro-fafD construct to substi- We found that wild-type Faf and the FafD proteins accu-
tute for the endogenous faf gene in the eye. Thus, we mulated to similar levels except for FafD6 (Figure 4); in
analyzed the eyes of faf 2 flies bearing single copies of extracts from each of the two ro-fafD6 lines, significantly
each ro-fafD P element and compared their phenotypes more Faf protein was detected than in any of the other
with faf 2 flies containing two copies of the same P ele- extracts (Figure 4 and data not shown).

Thus we conclude that the differences in the abilityment (Figure 3B). Significant differences in the abilities
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groups. The first group contains only faf FO8, in which the
second catalytic His residue is changed to Tyr (Figure 5).
As faf FO8 is a strong allele, this confirms the results of
previous experiments that indicated the importance of
this His residue for Faf function (Huang et al. 1995).

The second group consists of three strong alleles,
faf B8, faf B7, and faf BX1, whose molecular lesions define
amino acids within the catalytic region that may be es-
sential for function. In faf B8, a single Glu residue be-
tween the Cys and His domains, conserved in Fam
(Wood et al. 1997), is changed to Lys. This result could
indicate a specific function for the Glu residue in cataly-
sis, as the Glu residue is within a motif conserved among
all Drosophila Ubps (BLOCK 3, consensus “D”, see be-Figure 4.—Faf protein accumulation in transformed flies.

Faf proteins expressed from ro-faf transgenes in protein ex- low). The faf BX1 allele contains a deletion of the amino
tracts from heat-shocked adult flies were visualized on protein acids MLFY, which are just C-terminal to the His domain
blots using antibodies to the Myc epitope. Wild-type (wt) Faf and conserved among yeast Ubps (Wilkinson andexpressed from ro-faf1 and the six deletion derivatives (FafD1–

Hochstrasser 1998), Drosophila Ubps (BLOCK 8, seeD6) expressed from ro-fafD1-6 are shown. No Myc-tagged Faf
below), and Fam (Wood et al. 1997). This result indi-protein is detected in protein extracts from w2 flies containing

no P-element construct. Each lane contains protein from one cates a requirement for these conserved residues for
fly equivalent. Arrows indicate Faf and FafD protein bands. Ubp function. Similarly, the mutation in faf B7 introduces

a stop codon just prior to the MLFY residues. The faf BX1

lesion is within the deletion in fafD5, thus confirming
of the ro-fafD constructs to complement the faf mutant the importance of this region for Faf function.
eye phenotype are not due primarily to an effect on Faf The third group consists solely of faf B4, a weak mutant
protein accumulation, but rather to differences in the allele in which a Phe residue near the beginning of Faf
activities of the Faf proteins. Although FafD6 protein protein is replaced by an insertion of six other amino
accumulates to much higher levels than wild-type Faf acids (Figure 5). The Phe residue is within the region
and all of the other FafD proteins, ro-fafD6 retains nearly deleted in fafD1, thus confirming a role for the region
no ability to complement faf mutations (Figure 3A). upstream of the catalytic domain in Faf function.
This observation demonstrates clearly that the catalytic The molecular lesions within mutations of the fourth
domain is insufficient in vivo, at least in the Drosophila group, consisting of three weak mutant alleles, faf B5,
eye, for Faf function. faf BX5, and faf BX3, show that Faf protein regions well C-

In addition, the particular sensitivity to copy number terminal to the His domain are also important for Faf
of the ro-fafD3 and ro-fafD4 constructs is unlikely to be function. The faf B5 and faf BX5 alleles have frameshift
due to lower FafD3 and FafD4 protein accumulation mutations near the C terminus of Faf; the mutation in
than the other FafDs or wild-type Faf. Instead, the partic- faf BX5 destroys only the terminal z250 amino acids. The
ular nature of the effect that the deletions have on faf BX3 allele has a 15-bp deletion in the middle of intron
the activity of Faf could render FafD3 and FafD4 more 11, which is normally only 60 bp in length. This intron
sensitive to twofold concentration differences than the may not be spliced at all, in which case a stop codon
other FafD proteins with low activity. would be encountered within the intron and a truncated

DNA sequences of faf alleles with point mutations: protein, similar to that produced by faf B5, would be
The DNA sequences of 14 point mutant faf alleles were generated. Alternatively, the mutation may render the
determined and the results are shown in Figure 5. All the splicing of intron 11 less efficient, in which case the
mutants have a similar maternal effect lethal phenotype: result would be that some wild-type Faf protein would
females homozygous for each mutant allele produce be present, but less of it.
embryos that never cellularize (Fischer-Vize et al. Comparison of Drosophila Ubp amino acid se-
1992). By contrast, the alleles fall into two groups on quences: All of the protein sequences classified as Ubps
the basis of their mutant eye phenotypes: five of them in the GadFly database in Flybase were submitted to
have extremely weak mutant eye phenotypes (.90% BLOCKS analysis (materials and methods). The re-
wild-type facets) when homozygous or in trans to strong sults indicated that Drosophila have at least 18, and
alleles and seven have strong mutant eye phenotypes probably 19, Ubps (Figure 6 legend). Eight blocks of
(,5% wild-type facets; Fischer-Vize et al. 1992; Figure sequence conservation within the catalytic region, in-
5). Mostly likely, cellularization of the embryo simply cluding the Cys domain (Block 1) and the His domain
requires a higher level of Faf activity than does eye (Block 6), were identified (Figure 6). The conserved
patterning. Blocks are similiar in position and sequence to those

Eight of the mutant faf alleles have revealing molecu- found for the yeast Ubps (Wilkinson and Hochstras-
ser 1998) but the motifs have diverged. In addition,lar lesions that allowed them to be sorted into four
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Faf is larger than any Ubp previously reported in any the faf mutant eye phenotype most likely reflects the
ability of Faf to locate and deubiquitinate one substrate.organism and is by far the largest Ubp in Drosophila;

it is more than twice as large as the next largest Ubp The results presented here indicate that domains along
virtually the entire primary structure of Faf are required(Figure 6). The size of Faf’s catalytic region, however,

is moderate. Thus, the bulk of Faf is unique sequence for this one function. Thus, the unusually large size
of Faf cannot be explained simply by the presence ofoutside the catalytic region.
multiple substrate-binding domains arranged in a linear
fashion along the protein sequence. The same Faf pro-

DISCUSSION
tein domains are required for the eye and ovary func-
tions of Faf; all of the mutants, whether they are weakFaf is a Ubp required for patterning the Drosophila

eye and for cellularization of the embryo. Faf is the or strong in the eye, have the same maternal effect lethal
phenotype (Fischer-Vize et al. 1992). Thus, if there islargest known Ubp and the only deubiquitinating en-

yzme thought to counteract the proteolysis machinery a different substrate in the ovary, domains of Faf both
N- and C-terminal to the catalytic region are also re-by deubiquitinating particular substrates and thereby

preventing their degradation. Six different deleted quired for its recognition and deubiquitination, and
these domains overlap those required in the eye.forms of the faf gene were expressed in Drosophila P-ele-

ment transformants and tested for their ability to substi- The results of previous biochemical experiments sug-
gest that only the catalytic domain of Faf may be re-tute for the endogenous faf gene in the eye. In addition,

the DNA sequences of 12 point mutant faf alleles were
determined. To aid analysis of these results, conserved
sequences in the 18 Drosophila Ubps were identified. Figure 5.—Molecular mutations in faf alleles. At top are

shown the 17 exons (black boxes) and introns (lines connect-Unexpectedly, we found that protein domains along
ing the boxes) of the faf gene. The start codon and two alter-the entire length of the Faf protein are required for
nate stop codons are indicated, as well as the locations offull activity of the protein.
the catalytic domains containing the key cysteine (Cys) and

In the eye, there is genetic evidence that Faf has one histidine (His) residues. The positions of the DNA lesions in
critical pathway, and the substrate in this pathway may 13 different faf mutant alleles are indicated beneath the exons.

The boldface allele names indicate strong mutants and thebe the Liquid facets protein (Cadavid et al. 2000). Thus,
others are weak mutant alleles. At bottom, the amino acids
within each exon are indicated by number. Five of the muta-
tions are due to single base changes that result in altered
codon identities: faf FO8 (CAC → TAC), faf B3 (CAG → TAG),
faf B6 (TGG → TGA), faf B7 (TGG → TGA), faf B8 (GAA → AAA).
One mutation involves two base changes: faf BX5 (GT → A just
downstream of G2452). Four mutations are small deletions:
faf FBB12 (66-bp deletion including the 39 splice acceptor site of
intron 4 and part of exon 5), faf BX1 (12-bp in-frame deletion),
faf BX3 (15-bp deletion in the middle of intron 11), faf BX15 [dele-
tion of 4 bp (GGGT)]. Two mutations are insertions: faf B4

[deletion of TTT codon and insertion of 18 bp: (AATCCCAA
CAATCTACTG)], faf B5 [deletion of AG and insertion of 15
bp (TAATTTTTTTTTTAA)]. The faf B6 allele sequence is sur-
prising; it has a stop codon in exon 3 but imparts a weak
mutant eye phenotype. The most likely explanation is that
there is an alternative splice within intron 2 and exon 3, such
that the part of exon 3 containing this lesion is not always
used. Two alleles, faf BX8 and faf BX10, have no lesions within any
exon or any of the introns sequenced (see materials and
methods). Most likely, their lesions lie within transcriptional
control sequences. The faf BX4 allele is an inversion (Fischer-
Vize et al. 1992). In the process of sequencing the mutations,
we found two errors in the sequence of exon 17, which, when
corrected, resulted in the larger form of Faf protein having
a slightly longer open reading frame in exon 17 than reported
previously (Fischer-Vize et al. 1992). These corrections agree
with the Genome Project sequence data and have been sent
to GenBank. Also, the numbers of the catalytic His residues
were reported in error previously (Huang et al. 1995) due to
a mistake in sequence numbering (Fischer-Vize et al. 1992).
The correct numbers (His1978 and His1986) are shown here. The
faf alleles shown in this figure are the only ones that remain of
the point mutations reported in Fischer-Vize et al. (1992), ex-
cept for faf BX13, which was not sequenced because it appears to
have a cytological rearrangement.
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Figure 6.—Regions of
similarity among the Dro-
sophila Ubps. The 18 Droso-
phila Ubps are represented
as black lines and the eight
blocks of similarity, all within
the catalytic region, are de-
picted as colored rectangles.
The Ubps are aligned by
Block 1, which contains the
catalytic Cys residue. A con-
sensus sequence for each
block is shown at the bottom
left. The amino acids in bold-
face are invariant and the ca-
talytic Cys and His residues
are underlined. The asterisks
indicate that no clear consen-
sus amino acids could be
identified. The asterisk in pa-
rentheses indicates that an
amino acid may or may not
be present at that position.
A probable nineteenth Ubp,
CG8334, contains Blocks
1–3, but none of the others,
perhaps due to a sequencing
error. One protein, CG8232,
listed as a Ubp in GadFly,
does not have any of the con-
served BLOCKS.

quired for its function. First, when expressed in bacteria, for the endogenous Faf protein more effectively than
any of the FafD proteins except for FafD1 (Wu et al.a fragment of Faf containing only the catalytic region

can deubiquitinate artificial substrates in the form of 1999). [In these experiments, Ubp2 and Ubp3 accumu-
late to levels similar to FafD6 and Faf1, respectivelypeptide-linked Ub-protein fusions (Huang et al. 1995),

suggesting that the catalytic domain has the intrinsic (Wu et al. 1999; Z. Wu and J. A. Fischer, unpublished
data).] However, neither Ubp2 nor Ubp3 shows obviousability to recognize Ub. Other experiments suggest that

the catalytic domain of Fam can also recognize a specific amino acid sequence similarity with Faf outside the cata-
lytic domain. One possible explanation for these resultssubstrate, even when that substrate is not ubiquitinated.

The catalytic domain of Fam specifically binds to partic- is that the catalytic domain of Faf, which is similar to
that of Ubp2 and Ubp3, is the essential part of theular domains of two proteins, AF-6 and b-catenin, in

vitro and also in cultured cells (Taya et al. 1998, 1999). protein. However, yeast Ubp4, which shares the con-
served catalytic domain, cannot substitute for faf (WuIn addition, when expressed in cultured cells, AF-6 can

be ubiquitinated and the catalytic domain of Fam can et al. 1999). There are several alternative explanations.
For example, structural similarities between Faf and thedeubiquitinate it (Taya et al. 1998). The in vivo signifi-

cance of the Fam/AF-6 and Fam/b-catenin interactions two yeast Ubps may have escaped detection. Alterna-
tively, Ubp2 and Ubp3 may recognize the substrate ofis not yet clear. Fam and AF-6 co-localize in some mouse

tissues (Kanai-Azuma et al. 2000), suggesting that their Faf in a different way than Faf does; the yeast Ubps
might have an enhanced ability, relative to Faf, to bindinteraction may be significant. However, genetic evi-

dence (Chen et al. 2000) suggests that neither the Dro- to Ub chains linked to some substrates. This idea seems
plausible especially for Ubp2 as it may be a more promis-sophila homolog of Af-6 (Canoe, Miyamoto et al. 1995)

or b-catenin (Armadillo, Wieschaus et al. 1984) is an cuous deubiquitinating enzyme than Faf. When overex-
pressed in yeast, Ubp2 inhibits proteolysis generally andimportant Faf substrate in the eye. Nevertheless, in in

vitro and cell culture assays, the catalytic domains of deubiquitinates a variety of substrates (Baker et al.
1992). In addition, a high level of Ubp2 expression inFaf/Fam alone can recognize Ub and specific substrates.

The results of genetic experiments also have sug- the Drosophila eye disrupts eye development, presum-
ably because it deubiquitinates proteins inappropriatelygested that the catalytic domain of Faf alone might be

sufficient for its function. When expressed in the fly eye (Wu et al. 1999).
We conclude that, in vivo, the large unique regionswith the same expression vector used here, either of

two different yeast Ubps, Ubp2 and Ubp3, can substitute of Faf are required for full protein activity. The large
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human homologue in Xp11.4 which escapes X-inactivation andsize of Faf appears to reflect a requirement for many
has related sequences on Yq11.2. Hum. Mol. Genet. 5: 1695–1701.

Faf protein domains in the recognition of one substrate, Kanai-Azuma, M., J. S. Mattick, K. Kaibuchi and S. A. Wood, 2000
Co-localization of Fam and Af-6, the mammalian homologs ofrather than a linear array of domains for recognition
Drosophila faf and canoe, in mouse eye development. Mech. Dev.of multiple substrates. We speculate that, in vivo, Faf
91: 383–386.

might locate its substrate by binding to several different Kimmel, B. E., U. Heberlein and G. M. Rubin, 1990 The homeodo-
main protein Rough is expressed in a subset of cells in the devel-proteins in a complex. Perhaps when Faf/Fam and the
oping Drosophila eye where it can specify photoreceptor cellsubstrate is overexpressed in cell culture assays or in
subtype. Genes Dev. 4: 712–727.

vitro, the need for Faf/Fam interactions with other pro- Koepp, D. M., J. W. Harper and S. J. Elledge, 1999 How the cyclin
became a cyclin: regulated proteolysis in the cell cycle. Cell 97:teins in the complex is overcome by the nonphysiologi-
431–434.cal increase in concentration of both proteins. Further

Lam, Y. A., W. Xu, G. N. Demartino and R. E. Cohen, 1997 Editing
experiments are required to test this idea. of ubiquitin conjugates by an isopeptidase in the 26S proteasome.
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