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Tubby-like proteins (TULPs) are.found in a broad range of multicellular organ- 
isms. In mammals, genetic mutation of tubby or other TULPs can result in one 
or more of three disease phenotypes: obesity (from which the name "tubby" 
is derived), retinal degeneration, and hearing loss. These disease phenotypes 
indicate a vital role for tubby proteins; however, no biochemical function has 
yet been ascribed to any member of this protein family. A structure-directed 
approach was employed to investigate the biological function of these proteins. 
The crystal structure of the core domain from mouse tubby was determined at 
a resolution of 1.9 angstroms. From primarily structural clues, experiments were 
devised, the results of which suggest that TULPs are a unique family of bipartite 
transcription factors. 

The tub gene was initially identified by posi- 
tional cloning of the genetic locus responsible 
for the autosomal recessive obesity syndrome 
in the tubby strain of obese mice (1, 2). Tubpip 
mice (3) also exhibit progressive sensorineural 
degeneration of the retina and cochlear hair 
cells, the primary sensory neurons involved in 
hearing (4). Similarly, mutation of the human 
TULPl gene is the genetic origin of retinitis 
pigmentosa type 14 (RP-14), which can pro- 
gressively lead to total blindness (5, 6). These 
sensory defects arise as the result of neuronal 
cell death by apoptosis (4, 7, 8). The tubby 
obesity syndrome may also arise from cell 
death in the appetite control center of the hy- 
pothalamus, where the tubby protein is highly 
expressed (5, Y), but this has not been demon- 
strated experimentally. 

Tubby is the founding member of a mul- 
tigene protein family. At least four tubby-like 
proteins (tubby and TULPs 1 through 3) are 
conserved among different species of mam- 
mals, and tubby-like proteins are also found 
in other multicellular organisms (Y), includ- 
ing plants (I). They have not, however, been 
identified in single-celled organisms. These 
proteins feature a characteristic -270-amino 
acid "tubby domain" at the COOH-terminus 
that does not exhibit homology to other 
known proteins. Most tubby proteins include 
NH,-terminal regions that, in general, are not 

closely related to one another. These NH,- 
terminal regions, however, are often similar 
in cross-species orthologs. They comprise 
about 180 to 280 amino acids in tubby and 
TULPs 1 through 3. 

Recent technological developments have 
opened a new possibility for the application 
of structural biology: to efficiently answer 
biological questions at an early stage of their 
investigation, where questions of protein 
function are more appropriately phrased as 
"What does it do?" rather than "How does it 
do it?" (10). The revolution in genomics has 
provided comprehensive lists of potential bi- 
ological actors in numerous systems and or- 
ganisms, and the technological revolution in 
crystallography, particularly in multiwave- 
length anomalous diffraction (MAD) analysis 
(11), has enabled a quantum leap in the ease 
and rapidity of structure solution. Our knowl- 
edge and understanding of biological struc- 
tures has expanded to the degree that visual- 
izing the three-dimensional structure of a new 
protein can often point the way to biological 
insights that would have been difficult to find 
by other types of analysis (12). We have 
applied such a "structure-based functional 
genomics" approach to tubby-like proteins. 
This approach enabled us to efficiently iden- 
tify the likely biochemical mechanism of this 
protein family. 

Crystal Structure of the Tubby 
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resolution crystal structure by MAD analysis 
of the selenomethionyl (SeMet) protein (14) 
(Tables 1, 2, and 3). The structure reveals a 
striking fold in which a central hydrophobic 
helix at the COOH-terminus wholly traverses 
the interior of a closed 12-stranded P barrel 
(Fig. 2). This arrangement is unique among 
known protein structures. 

The tubby P barrel adopts an alternating 
up-down nearest-neighbor topology, such 
that hydrogen bonding is in the antiparallel 
mode for all strands. We have numbered the 
strands of the barrel as 1 through 12 in se- 
quence order. Several excursions in the loops 
between these strands are observed. A three- 
stranded P sheet intervenes in the 9 and 10 
connection, and we have thus designated 
these strands as 9A, 9B, and 9C. Similarly, 
four helices, H4, H6A, H6B, and H8, are 
found in the corresponding loop regions be- 
tween strands of the main barrel. The barrel is 
slightly oblong, with Cm to C, widths across it 
varying between 18 and 22 A. From top to 
bottom, the barrel measures -18 A. The 
whole domain has maximum dimensions of 
40 A in the direction parallel to the central 
helix H12, and 51 A in the perpendicular 
plane. Helix HO at the NH2-terminus caps the 
top of the barrel, and the long hydrophobic 
helix H12 traverses the inside of the barrel 
from top to bottom. The possibility had pre- 
viously been suggested that the H12 sequence 
might constitute a transmembrane domain 
(9). 

Helix H12 forms integral contacts in al- 
most every part of the hydrophobic core. The 
crystallographic temperature factors within 
this region are, on average, the lowest in the 
structure (27.8 A2 for H12 compared to 41.6 
A2 for all other regions). It is highly unlikely 
that this helix could adopt other conforma- 
tions outside of the core. The mutation in the 
tubby mouse abolishes a splice donor site i,n 
the 3' exon, resulting in a deletion of the last 
44 amino acids, which are replaced with 20 
intron-encoded amino acids (1, 2). Thus, in 
the tubby mouse, the entire hydrophobic core 
of this domain will be disrupted, and it is 
therefore almost certain that no functional 
protein can be produced in these animals. 

The electrostatic surface of the protein, 
generated with the program GRASP (15), 
shows two conspicuous features (Fig. 3). 
First, a groove of highly positive charge runs 
about one-half of the way around the barrel. 
This groove is -50 A long, varies between 
-12 to 20 A in width, and is up to -9 A in 
depth. There are surface contributions from 
strands 5, 6, 7, 8, 9, and 10, and the groove is 
bordered at the top (near to the NH2-terminal 
end) by helix H8 and at the bottom by the 
large 7-8 loop and the three-stranded "extra" 
9ABC sheet. The second notable feature is a 
smaller, primarily convex, patch of negative 
charge found on the face opposite to the 
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center of the large groove. 
Mapping TULPl mutations (6, 16), iden- 

tified from RP-14 patients, onto the tubby 
structure reveals a striking pattern. All sur- 
face mutations [with one exception, de- 
scribed in (1 7)] cluster within a relatively 
small region of the large positively charged 
groove that wraps the barrel. Some of these 
disease-causing mutants, including + 
Pro240 and kg3"+ (human TULP 1 
numbering), convert positively charged side 
chains to neutral ones, suggesting an impor- 
tant biological function dependent on the 
maintenance of a positive surface. On the 
basis of the contiguous arrangement of these 
mutants, we postulated that this surface might 
form a protein or nucleic acid binding site. 

Nuclear Localization of Tubby Protein 
Although the tissue distributions of tubby and 
other TULPs have been investigated by 
Northern (RNA) blotting and in situ messen- 
ger RNA (mRNA) hybridization (5, 9), cell 
type and subcellular protein localization have 
not been reported. TO address these ques- 
tions, we generated antibodies against the 
purified tubby COOH-terminal domain pro- 
tein and used these, as well as antibodies 
raised against a peptide from the NH2-termi- 
nal region, for immunocytochemical staining 
and protein immunoblotting experiments 
(18). First, we tested, with both of these 
methods, for protein expression in several 
cell lines and tissues including kidney cells, 
mouse fibroblasts (L cells), hippocampal 
neurons, astrocytes, and the Neuro-2A cell 
line. As expected, tubby is expressed primar- 
ily in cells o'f neural origin and at low or 
undetectable levels in the nonneural cells that 
we tested. The polyclonal antibody raised 
against the tubby COOH-terminal domain 
and the NH,-terminal peptide antibody yield 

the immunostaining patterns were not ob- 
served in these experiments. 

Mouse tubby has four sequences that fit 
consensus patterns (19) for nuclear localiza- 
tion signals (NLS). These are: K39KKR, 
PS6RSRRAR, P123RKEKKG, and K302RKK 
(20). These potential NLS are mostly con- 
served throughout the mammalian tubby-like 
proteins, and some (corresponding to those at 

positions 39 and 302) are also conserved in 
Caenorhabditis elegans. No bipartite NLS 
are evident. Only one of the potential NLS is 
within the COOH-terminal domain. This re- 
gion (K302RKK) is found at the base of 
P-strand 3, and the K3,, side chain points into 
the core of the protein to make a structural 
salt bridge with D499 (20). Thus, we think it is 
unlikely that this corresponds to a functional 

a - - - - -  

ular weight. We presume that these are due to 
cross-reaction with other tubby-like proteins, 
which are highly related in sequence in the 
COOH-terminal domain. 

To determine the subcellular localization 
of tubby, we performed immunofluorescence 
microscopy experiments using primary cul- 
tures of hippocampal neurons, Neuro-2A 
cells, and astrocytes, all of which express the 
tubby protein at high levels. The pattern of 
immunofluorescent staining suggests that 
tubby is localized mainly within the nuclei of 
these cells. These results were confirmed by 
subcellular fractionation of nuclei followed 
by protein immunoblotting, which shows that 
most tubby protein is in the nuclear fraction 
(Fig. 4). We also performed localization stud- 
ies on cells synchronized at different points in 
the cell cycle (18), but noticeable changes in 
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Fig. 1. Sequence alignments (20) for mouse tubby; human TULPs 1, 2, and 3; and TULPs from C. 
elegans and the plant Arabidopsis [database accession codes are given in (36)]. The conserved 
COOH-terminal "tubby domain" region is boxed in red. Regions of high sequence identity (four or 
more) are shaded in yellow. Human TULPl point mutations (6, 76) are boxed in red, and the 
44-amino acid exon deletion from the tubby mouse (7, 2) is boxed in green. The observed 
secondary structure for this domain is shown in black with the P strands of the barrel colored 
according to  their predominant surface electrostatic potential (positive, blue; negative, red). The 
predicted secondary structure [PREDICT PROTEIN (37)] for the NH,-terminal region of mouse 
tubby is colored in cyan. Regions of predicted low complexity (38) for all six proteins are boxed in 
pink The relatively sparse secondary structure elements predicted for the NH,-terminal regions of 
tubby-like proteins, for the most part, are not well conserved among different family members. In 
combination with the abundance of low-complexity regions, which do not generally adopt stably 
folded structures, it is likely that these domains are largely unstructured. This is commonly 
observed in many transcriptional activation domains (24). The alternatively spliced exon 5 in the 
mouse tubby NH,-terminal segment is indicated by green arrows at the beginning and end of the 
exon. The green bars indicate potential NLS. 
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NLS. However, the conservation of the other 
three NLS in the NH2-terminal region, which 
appears to be mostly unstructured (Fig. l), 
argues for their functional relevance. 

The Tubby COOH-Terminal Domain 
Binds Double-Stranded DNA 
The predominantly nuclear localization of tub- 
by led us to ask whether the function of this 
protein might involve interaction with DNA. 
This possibility was also supported by the ob- 

servation that harmful mutants cluster within a 
positively charged putative molecular interac- 
tion site. Retrospectively, this positive groove is 
appropriately dimensioned for DNA interac- 
tion. We therefore tested the ability of the re- 
combinant COOH-terminal domain of tubby to 
bind DNA. We assayed for DNA binding by 
gel-shift experiments (Fig. 5), using 32P-labeled 
single- and double-stranded oligonucleotides of 
determined sequence (21). Remarkably, tubby 
binds avidly to double-stranded DNA but binds 

Fig. 2 (A) Ribbon dia- A 
gram of the COOH-ter- 
minal domain from tub- 
by (39). Helices are 
shown as cylinders, and 
the NH,- and COOH- 
termini are indicated. 
The structure adopts a 
12-stranded . P-barrel 
conformation, filled by 
a central hydrophobic 
a helix (H12) that 
traverses the entire 
length of the b a d  (B) 
A 90" rotation from (A) 
Looking down the main 
barrel from the NH,- 

very poorly to single-stranded DNA. This spec- 
ificity indicates that binding is not the result of 
nonspecific electrostatic interactions but rather 
is dependent on specific determinants charac- 
teristic of double-stranded DNA. Using a sim- 
ple gel-shift assay, we were not able to deter- 
mine the sequence specificity of DNA 
binding. However, the DNA binding behav- 
ior exhibited by tubby for noncognate dou- 
ble-stranded oligonucleotides is typical of 
that observed for sequence-specific DNA 

terminus. The helix I-b 
near the NH,-terminus C 
caps the top of the bar- 
rel (C) Mutations from 

~r 1 
RP-14 patients, colored 
in red and mapped from 
the homologous pro- 
tein TULP1, reveal a d e  
fined contiguous area. 
The surface of this re 
gion forms a large posi- 

I 
tive groove (see Fig 3), 
which we suggest as 
forming the probable 
DNA binding surface. 
(D) A 90" rotation from 

1 
(C). (E) Topology dia- - 
gram of the tubby 
COOH-terminal do- 

I 
main. The small red arrows indicate continuation of hydrogen bonding between used for refinement) have slightly different unit cell dimensions, accounting for 
p strands 1 and 12 to form a dosed barrel (F) Sample electron density from the part of the discrepancies between model and density shown here. Yellow and 
MAD experiment contoured at la. This region shows part of the P barrel with red stick models represent carbon and oxygen atoms, respectively. Red dots 
the final refined model The selenomethionine and native uystals (which were indicate water molecules. 

Table 1. Data statistics of the crystallographic analysis. A high-resolution MLPHARE (40) were used to find the five selenium sites in the SeMet crystal. 
native data set, four-wavelength MAD experiment on a SeMet crystal and a Numbers in parentheses refer to the highest resolution shell (3.1 1 to 3.00 A 
single data set on an iridium derivative were collected on beamline X4A of the for SeMet h l ,  AZ, h3, and A4 and K21rC&, and 1.97 to 1.90 A for the native 
NSLS with a Quantum 4R charge-coupled device detector. Data were inte- crystal). The residual data error R,, = Zll - (l)IEI, where I is observed 
grated and merged using the HKL software suite (33). Difference Fourier maps intensity and (I) is average intensity. Unique reflections for nonnative data 
that were made with phasing from the iridium derivative and calculated with consider Bijvoet mates to be inequivalent. 

Crystal 

Wave- 
length 

A 
(A) 

Resolution 
range (A) 

Reflections 

Unique Measured 

Data statistics 

Coverage (l)l(ul) 
(%I R,, 

Multi- 
plicity 

- -  

Num- 
ber 
of 

sites 

Native 0.95370 20.0-1.9 21,512 569,516 98.0 (93.3) 0.044 (0.143) 30.24 4.4 - 
SeMet X I  0.98710 20.0-3.0 10,242 106,410 99.3 (100.0) 0.046 (0.145) 38.92 4.2 5 
SeMet X2 0.97920 20.0-3.0 10,214 103,004 99.2 (100.0) 0.043 (0.125) 44.02 4.2 5 
SeMet X3 0.97880 20.0-3.0 10,110 96,875 98.9 (100.0) 0.046 (0.098) 34.83 4.2 5 
SeMet X4 0.9641 1 20.0-3.0 10,155 99,561 99.5 (100.0) 0.042 (0.087) 42.55 4.2 5 
K21rCI, 0.95369 20.0-3.0 10,469 144,242 97.2 (99.4) 0.076 (0.121) 23.70 5.4 2 
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binding proteins (22). Therefore, a strong NHz-Tenninal Regions of Tubby and 
possibility exists that tubby will also bind TULPl Potently Activate Transcription 
DNA in a sequence-specific manner. We next sought to investigate the function 

The tubby COOH-terminal domain does mediated by tubby-DNA binding. The NH2- 
not resemble other known DNA binding pro- terminal segments show considerable vari- 
teins. It does not fall into any of the charac- 
terized groups, such as the helix-turn-helix or 
b-zip classes. We think that the tubby family 
defines a new class of DNA binding proteins. 
The lack of similarity to other DNA binding 
proteins does not repudiate the idea that DNA 
binding is a primary function of the tubby 
COOH-terminal domain; many DNA binding 
proteins recognize DNA through unique non- 
classical structural motifs, including nuclear 
factor kappa B (NF-KB) (23) and many oth- 

ability among tubby-like proteins. These do- 
mains show scant secondary structure in se- 
quence-based predictions and contain low- 
complexity stretches of amino acid sequence. 
Segments of this character are unlikely to 
form autonomously folded protein domains. 
Although there is no definitive sequence re- 
lation, these segments are reminiscent of the 
transactivation domains of many transcrip- 
tion factors (24). Thus, we formulated the 
hypothesis that tubby may act as a transcrip- 

ers. A full understanding of the molecular tional activator. 
basis of tubby-DNA interaction will require Polymerase chain reaction (PCR) amplifi- 
experimental structural studies of protein- cation of the NH2-terminal region of tubby 
DNA complexes. (residues 1 through 242) from a mouse brain 

Table 2. Phasing statistics for the MAD experiment. MAD phases were calculated with the program 
SHARP (34), with the SeMet A1 data set used as the pseudo-native. For details of structure solution and 
refinement, see (14). A total of 5608 acentric pairs and 1283 centric reflections were used for the best 
phase calculations, yielding an overall figure of merit of 0.65 for acentrics and 0.46 for centrics. After 
solvent flattening and phase extension to 2.8 A with the program SOLOMON (35), the overall figure of 
merit was 0.88. Figure of merit = (PP(a)exp(ia)lPP(a)), where P(u) is the probability distribution for the 
phase u and i is the unit imaginary number. Phasing power = ZIF,(,,,'I(FpH(ob,) - FpH(,,,,))Z]l'Z, where 
FH(,,) is the calculated heavy-atom structure factor and F, (,,,) and F,,(,,,, are the observed and 
calculated derivative structure factors, respectively. R,,,, = (q~,,(~,,, - F,(~,,~ - IFH(,,lc~~)I(~I Fp,(ob,, 
- Fp(ob,,I), where Fp(ob,) is the observed protein structure factor. 

'cullis Phasing power 
Crystal Resolution 

range (A) Centric Acentric Centric Acentric 
is0 isolano is0 isolano 

SeMet A2 20.0-3.0 0.71 0.6010.66 0.71 1.2412.76 
SeMet A3 20.0-3.0 0.77 0.6410.45 0.97 1.4314.29 
SeMet A4 20.0-3.0 0.75 0.6510.48 1.27 2.0213.94 

Fig. 3. (A) Electrostatic 
surface of the tubby 
COOH-terminal domain 
generated with the pro- 
gram GRASP (75). The 
axis of H12, the central 
helix in the center of the 
p barrel, is vertical in all 
panels, with the NH,-ter- 
minal at the top. The sur- 
face potential is colored, 
representing electrostatic 
potentials from - 10kT 
(red) to  +10kT (blue), 
where k is the Boltzmann 
constant and T is the 
temperature. This analy- 
sis reveals a groove, -50 
A long, - 12 to  20 A wide, 
and up to  -9 A deep, that 
wraps around the center 
of the barrel. (B) Muta- 
tions from RP-14 pa- 
tients, mapped from the homologous protein TULP1, displayed on the surface of the tubby 
structure in yellow. These mutations cluster within and bordering the positively charged groove, 
which we suggest as forming the probable DNA binding surface. (C and D) Corresponding diagrams 
rotated 180" about the long axis of the central helix. A negatively charged surface is seen on this 
face of the molecule, but disease-causing mutations are not. 

complementary DNA (cDNA) library (25) 
revealed the presence of two different alter- 
natively spliced forms of the tubby NH,- 
terminal segment. One of these corresponds 
to the full-length NH2-terminal region, and 
the other corresponds to an alternative splice 
form in which exon 5 is deleted. These are the 
same two splice forms that were identified in 
an earlier study (1). 

To test whether these domains might act 
as transcriptional modulators, we constructed 
chimeric proteins in which the alternatively 
spliced forms of the tubby NH,-terminal seg- 
ment were fused to the DNA binding domain 
of GAL4 (26). We also made an analogous 
construct for the apparently unique splice 
form of the TULPl NH2-terminal region. We 
then tested the ability of these constructs, 
transfected into the Neuro-2A neuronal cell 
line, to activate transcription of a reporter 
gene situated downstream from a GAL4 
DNA binding site (18). Remarkably, the full- 
length form of the tubby NH,-terminal region 
potently activates transcription of the chlor- 
amphenicol acetyltransferase (CAT) reporter 
over 20 times the background level (Fig. 6), 
corresponding to -30% of the activation 
seen for a GAL4 fusion with the exception- 
ally strong VP16 viral activator (18, 26). In 
addition, the TULPl NH2-terminal region 
also induces transcription activation, though 
less potently. The alternatively spliced form 
of the tubby NH2-terminal segment lacking 
exon 5, however, shows much weaker activ- 
ity, which is not clearly distinguishable from 
the background amount. 

Alternative splicing. within the activation 
domain is a common mechanism of control in 

Table 3. Statistics for refinement of molecular 
model. Of the residues in the structure, 70.3% lie 
in the most favorable regions of the Ramachand- 
ran plot as defined in the program PROCHECK 
(41) and no nonglycine residues are in disallowed 
regions. R factor = 100 x PIIFob,l - IFcalclllZIFob~, 
where Fob, are the observed structure factors and 
F,,, are the calculated structure factors. The crys- 
tallographic R factor R,,, is based on 95% of the 
data used in refinement, and the free R factor R,, 
is based on 5% of the data withheld for the 
cross-validation test. 

Parameter Value 

Resolution range (A) 
Sigma cutoff (F) 
Number of working set reflections 

(IF1 ' 3.1 
Number of R,, set reflections 
Rqst (%I 
R'me (%I 
Number of atoms f~roteinlwater) 
Root-mean-square deviations 

from ideal geometry 
Bond lengths (A) 
Bond angles (degrees) 
Dihedral angles (degrees) 
Improper angles (degrees) 
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transcriptional modulators (27). Exon 5 of 
tubby contains sequence elements that are 
similar to those found in glutamine-rich tran- 
scriptional activators, such as cyclic adeno- 
sine 3',5'-monophosphate response element- 
binding protein, Spl, and Oct-2. In addition, 
this segment (as well as other sequences in 
the NH2-terminal region) displays an abun- 
dance of serine and threonine residues, which 
are also overrepresented in many activation 
domains (24). Although exon 5 accounts for 
only a small portion of the NH2-terminal 
region, its excision results in a drastic reduc- 
tion in the ability of the fusion protein to 
activate transcription. It therefore seems pos- 
sible that alternative splicing of these regions 
could provide an additional layer of regula- 
tion for transcriptional activation by tubby of 
its potential target genes. 

The ability of a protein segment to acti- 
vate transcription in the GAL4 fusion assay 
is by no means an absolute proof of its 
natural function. However, we think that 

the sum of circumstantial evidence in the 
case of tubby-like proteins is highly con- 
vincing. Several factors demonstrate their 
similarity to other families of transcription 
factors. First, tubby and other TULPs con- 
tain DNA binding domains that are always 
situated at a protein terminus (the COOH- 
terminus in this case). Second, disruption 

tein segment. The combination of these 
elements strongly suggests that tubby-like 
proteins constitute a unique family of tran- 
scriptional regulators. 

Conclusions 
The molecular architecture of tubby proteins 
is well suited for function in transcriptional 

of the positively charged surface on this 
domain results in disease phenotypes, indi- 

modulation. The long positively charged pu- 
tative DNA binding groove and the spatial 

cating the probable biological importance 
of DNA binding. Third, the localization of 

clustering of disease mutants suggest that 
tubby proteins might bind DNA sequences of 

tubby is primarily nuclear. Fourth, the 
NH2-terminal regions of tubby-like pro- 
teins contain low-complexity regions, in- 
cluding acidic and glutamine-rich regions, 
reminiscent of transcription activation do- 
mains. Fifth, these regions have the ability 
to potently stimulate RNA transcription. 

-20 base pairs in length. Accomplishing this, 
however, would require substantial bending 
of the DNA to "wrap" partway around the 
tubby barreL This leads us to speculate that 
the unique filled-barrel structure of the tubby 
DNA binding domain may be to impart rigid- 
ity for bending DNA. Many transcription fac- 
tors bend DNA as a required aspect of their 
function. It is possible that tubby proteins 
will ultimately fall into this class of "archi- 
tectural" transcription factors. 

And sixth, these regions are alternatively 
spliced in ways that radically alter their 
ability to activate transcription, while not 
affecting the overall character of the pro- 

Our dah implicate tubby-like proteins as 
bipartite transcription regulators that bind 
double-stranded DNA through COOH-termi- 
nal DNA binding domains and have tran- 
scription modulation segments at their NH2- 

A Synaptophysin Tubby 

A 

Fig. 4. Tubby protein is found primarily in the 
nucleus. (A) lmmunofluorescence staining of a 
primary culture of hippocampal neurons (18). 
Tubby staining is shown in red, and synapto- 
physin staining, which marks the cell body and 
synaptic processes, is shown in green. The tub- 
by antibody used in this experiment was raised 
against an NH,-terminal 19-amino acid pep- 
tide from tubby that does not show similarity 
to  other proteins in the sequence database. In 
protein immunoblotting, this antibody stains a 
single 55-kD band, which corresponds to  the 
correct molecular weight for tubby. The Lower 
panels show immunofluorescence staining in 
the presence of the immunogen peptide. No 
staining above background is observed, thus 
demonstrating the specificity of the antibody. 
(B) Protein irnmunoblotting of subcellular frac- 
tions from Neuro-ZA cells with the same antibody. 
nuclear fraction. 

Fig. 5. Tubby COOH-terminal domain binding 
to  DNA. The tubby COOH-terminal domain, as 
a fusion protein with GST, was incubated in the 
presence of 32P-labeled single-stranded (ss) and 
double-stranded (ds) oligonucleotides, and 
binding was assayed by gel mobility shift anal- 
ysis. The data shown are for the homomeric 
20-mers d(C,,), d(G,,), d(A,,), and d(T,,). 
Tubby demonstrates a marked preference for 
binding double-stranded DNA. The d(G,,) 

4 probe forms an anomalous secondary structure 0 +Tubby and migrates out of the gel. Similar DNA bind- 
ing behavior is observed for the isolated tubby 

u COOH-terminal domain. Other double-strand- 
t&umza ed oligonucleotides of varying sequence were 

also bound efficiently, and the preference for 
double-stranded DNA was maintained for all 

~d almost exclusively in the sequences tested. Experimental details are de- 
scribed in (21). 

Tubby protein is foun 
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Fig. 6. Transcription activation assay. Both splice forms of the NH2- 
terminal region of tubby and the unique NH2-terminal region of TULP1, 
as well as appropriate controls (78) were fused t o  the DNA binding 
domain of GAL4. These constructs were cotransfected into Neuro-2A 
cells with a reporter vector in which a GAL4 DNA binding site is situated 
upstream of a sequence encoding CAT. These were developed for mi- 
croscopy by an enzymatic staining method (78). The Neuro-2A panel 
shows staining of nontransfected cells; Mock was transfected with a 
GAL4 DNA binding domain without a fusion partner; Positive was 
transfected with a fusion protein that included the activation domain 
from the viral protein VP16; C-term included the COOH-terminal DNA 
binding domain from tubby; N-term 2 included the full-length form of 

the tubby NH2-terminal region; and TULP1 included the NH2-terminal 
region from TULPl. Activation can be seen by the presence of dark stain 
in the cell cytoplasm. Whereas GAL4 fusions including the full-length 
NH2-termini of tubby and TULPl clearly induce transcriptional activa- 
tion, a fusion containing the DNA binding COOH-terminal domain of 
tubby does not. To quantitate the degree of activation, we performed 
ELlSA assays t o  detect the production of CAT in these transfected cells 
(78). CAT expression is graphed in the left panel, as calibrated against a 
standard curve. Whereas the NH2-terminal segment from TULPl and the 
full-length NH -terminal region of tubby activate transcription, the 
alternatively spiced form of the tubby NH2-terminal segment lacking 
exon 5 shows little or no activation. 

termini. Their apparent function as transcrip- 
tion factors, coupled with the positions of 
disease mutants in the probable DNA binding 
groove, reveals the probable molecular basis 
of RP-14: DNA binding of mutant TULPl is 
likely to be compromised, and hence, down- 
stream genes required for photoreceptor sur- 
vival will not be appropriately controlled. 

In tubby mice, the amounts of mutant tub 
mRNA are much higher than that of wild- 
type mice (I, 2). This suggests the possibility 
of a feedback regulation mechanism in the 
production of tubby. Similar up-regulation of 
a transcription factor in another disease syn- 
drome has been seen as well (28). The alter- 
native splicing observed in the NH,-terminal 
activation region of tubby is also a common 
mechanism for the regulation of transcription 
factors (27). The form of the tubby protein 
lacking exon 5 will presumably bind to the 
same DNA sites as full-length tubby. How- 
ever, the shorter protein appears to be unable 
to activate transcription. This is reminiscent 
of similar transcriptional control systems in 
which a regulated balance is maintained be- 
tween silencers and activators with DNA 
binding specificity for the same site. A well- 
known example of such a system is the si- 
lencer NF-KB p50 homodimer and the acti- 
vator NF-KB p65 (23). Other control mecha- 
nisms are likely to exist; for example, it has 
recently been reported that tubby may be 
tyrosine-phosphorylated in response to insu- 
lin (29), but the biological importance of this 
observation is not yet clear. 

The key remaining question is, What are the 

genes that tubby and other TULPs activate? 
The disease phenotypes resulting fiom muta- 
tion of tubby proteins have been attributed to 
neuronal cell death. In the case of TULPl, 
retinitis pigmentosa arises as the result of the 
death of photoreceptor neurons, and in tubby 
mice, both photoreceptors and cochlear haif 
cells die (4, 5). These phenotypes were thought 
to have their onset at maturity (3, 4, 7); how- 
ever, one study suggests that RP-14 in humans 
may arise early in life (8), and abnormal vision 
and hearing responses in tubby mice can also be 
detected at an early age (30). In either case, 
severe phenotypic defects appear to arise as the 
result of neuronal apoptosis (31). Thus, it ap- 
pears that the loss of function of tubby-like 
proteins can result in a failure of the viability of 
neurons. The genes activated by tubby family 
members may therefore be of critical impor- 
tance for neuronal survival. The work presented 
here may provide the intellectual framework for 
the subsequent identification of these genes. 

The structure-based functional genomics 
approach described here demonstrates the 
power of applying structural methods to the 
study of proteins that do not have assigned 
biochemical functions, but are implicated 
through genetics or genomic screens in spe- 
cific biological processes. In general, struc- 
tures of such proteins will fall into two cate- 
gories: (i) structures that reveal similarity to 
proteins of known hnction and (ii) structures 
that are unrelated to known proteins. The 
former type may suggest shared functional 
properties with their structural relatives. In 
the second case, of which tubby is an exam- 

ple, functional characteristics are more likely 
to be deduced not by structural similarity to 
other proteins, but rather through analysis of 
structural features (for example, the spatial 
clustering of mutants). This analysis can then 
be used as a cornerstone to guide the appli- 
cation of other biological techniques. Al- 
though this latter case may present greater 
difficulties, the case of tubby-like proteins 
suggests that these difficulties can be sur- 
mounted. As more protein structures become 
available, the power of this method should 
grow accordingly. 
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