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yond saturation) and found all to be in good 
agreement with theory. The detailed exper- 
imental confirmation of the SASE process 
and the beam manipulation methodologies 
required to achieve saturation will continue 
to improve and move the process to shorter 
wavelengths, creating the possibility of 
building a very high brightness, tunable 
coherent x-ray source. 
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Dysfunction of the tubby protein results in maturity-onset obesity in mice. 
Tubby has been implicated as a transcription regulator, but details of the 
molecular mechanism underlying its function remain unclear. Here we show 
that tubby functions in signal transduction from heterotrimeric CTP-binding 
protein (C protein)-coupled receptors. Tubby localizes to the plasma membrane 
by binding phosphatidylinositol4,5-bisphosphate through its carboxyl terminal 
"tubby domain." X-ray crystallography reveals the atomic-level basis of this 
interaction and implicates tubby domains as phosphorylated-phosphatidyl-
inositol binding factors. Receptor-mediated activation of C protein a, (Ca,) 
releases tubby from the plasma membrane through the action of phospholipase 
C-P, triggering translocation of tubby to the cell nucleus. The localization of 
tubby-like protein 3 (TULP3) is similarly regulated. These data suggest that 
tubby proteins function as membrane-bound transcription regulators that 
translocate to the nucleus in response to phosphoinositide hydrolysis, providing 
a direct link between C-protein signaling and the regulation of gene expression. 

Obesity has become a severe worldwide ep- was identified by isolating the genetic locus that 
idemic that may soon displace malnutrition as transmits this autosomal recessive obesity syn- 
the most significant single factor affecting drome (6, 7). Tubby mice have a naturally 
human health (1, 2). Obesity is a cause of or occurring splice site mutation at the junction of 
contributing element in a number of systemic the 3' coding exon. Targeted deletion of the 
diseases leading to increased risk of mortali- tubby gene results in a phenotype identical to 
ty. While obesity among the young is a prob- that of the naturally occuning mutant, indicat- 
lem of considerable magnitude, adult-onset ing that the tubby obesity syndrome indeed 
obesity is a leading cause of decreased life arises from a loss of function (8). 
expectancy and is a primary risk factor for The tubby protein is a member of a homol- 
type I1 diabetes, heart disease, and hyperten- ogous family with four members (tubby and 
sion (3, 4). TULPs 1 to 3) encoded in the human genome 

The tubby strain of obese mice (5) provides (9-11) and with others present in various mul- 
one of the few defined models for adult-onset ticellular organisms (12). These proteins feature 
obesity. The tubby gene, which is highly ex- a characteristic "tubby domain" of about 260 
pressed in the paraventricular nucleus of the amino acids at the COOH-terminus that forms a 
hypothalamus and several other brain regions, unique helix-filled barrel structure; this COOH- 

terminal domain binds avidly to double-strand- 
ed DNA. Mutation of the tubby-llke protein 1 
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though the NH,-terminal domain of tubby can 
activate transcription of reporter constructs 
when fused to GALA, potential targets of tran- 
scriptional regulation by tubby have not yet 
been identified. Furthermore, little is known 
about signaling pathways regulating the h c -  
tion of tubby. 

Genetic and physiological studies have r e  
vealed a host of signaling molecules that play 
critical roles in the neuroendocrine regulation of 
body weight. These molecules include an abun- 
dance of neuropeptides and neurotransmitters, 
and their G protein-coupled receptors (GPCRs) 
expressed in the hypothalamus (16). GPCRs 
are among the primary cellular sensors impli- 
cated in systemic energy homeostasis. Nonethe- 
less, intracellular components of these GPCR 
signaling systems specifically relevant to func- 
tion in weight regulation have not yet been 
identified. 

R E S E A R C H  A R T I C L E S  

Here we show that tubby, a molecule for 
which loss of function leads to obesity, serves 
as a downstream effector of GPCRs that sig- 
nal through the G, subclass of Ga proteins. 
Tubby is anchored to the plasma membrane 
through binding phosphatidylinositol 43- 
bisphosphate [PtdIns(4,5)P2]. Ga,, but nei- 
ther other Ga proteins nor GPy subunits, 
releases tubby from the plasma membrane 
through phospholipase C-P (PLC-P jmedi- 
ated hydrolysis of PtdIns(4,5)P2, which re- 
sults in tubby translocation to the nucleus. 
Efficient nuclear translocation can be induced 
by activation of Gaq-coupled receptors, in- 
cluding the serotonin receptor 5HT2,. These 
data suggest that tubby-and other tubby-like 
proteins-may provide a direct link between 
GPCR signaling and the regulation of gene 
expression. 

Tubby associates with the plasma mem- 

C-terminal Domain 

Fig. 1. Tubby has dual localization properties, directing it to both the plasma membrane and the 
nucleus. Nuclear localization is directed by the NH,-terminal domain, and plasma membrane 
localization is directed by the COOH-terminal "tubby domain." (A) Confocal microscopy of 
GFP-tubby fusion protein Neuro-2A cell transfectants. The full-length protein (left) first exhibits a 
primarily membrane localization pattern, but then begins to show increasing nuclear staining. The 
COOH-terminal domain (amino acids 248 to 505) GFP fusion protein (middle) exhibits a pattern 
that is completely plasma membrane localized, and is excluded from the nucleus. The NH,-terminal 
domain-GFP fusion (amino acids 1 to 247) (right) presents a marked inverted pattern in which the 
protein localization is entirely nuclear. This behavior is reminiscent of other transcription factors 
involved in signaling like NF-KB and SREBP, which are held outside of the nucleus until particular 
signaling events trigger their nuclear translocation. (B) (Top left) Naive Neuro-2A cells were 
fractionated, and the presence of endogenous tubby protein in the nuclear, cytoplasmic, and 
plasma membrane fractions was analyzed by SDS-PAGE protein immunoblotting (T19-Tub anti- 
body, Santa Cruz). Tubby protein, apparent in three splice forms (68), was found prominently in 
both nuclear and membrane fractions. (Top right) An identical gel, developed with antibodies 
against the SP1 transcription factor, which has an exclusively nuclear localization. This control 
experiment demonstrates the purity of the subcellular fractionation. (Bottom) Tubby-transfected 
293T cells were fractionated in a similar way and detected with anti-tubby antibody (Alpha 
Diagnostics, San Antonio, Texas; polyclonal antibody Tub1 lA).  

brane, but also contains a functional nu- 
clear localization signal. Confocal laser 
scanning microscopy of Neuro-2A cells 
transfected with green fluorescent protein 
(GFPktubby fusion proteins revealed that 
tubby initially localizes to the plasma mem- 
brane. However, beginning at about 36 hours 
after transfection, fluorescence starts to accu- 
mulate within the cell nucleus without dimin- 
ishing at the plasma membrane (Fig. 1A) 
(1 7). The accumulation of fluorescence in the 
nucleus occurs almost exclusively in highly 
expressing cells, as judged by the intensity of 
fluorescence. This implied that tubby might 
translocate to the nucleus when specific 
membrane binding sites for tubby (see below) 
become saturated. We confirmed the, dual 
localization to the plasma membrane and the 
nucleus by cell fractionation using both na- 
tive tubby-expressing Neuro-2A cells and 
transfected human embryonic kidney (HEKj  
293T cells (Fig. 1B). 

To determine the contribution of the NH2- 
and COOH-terminal domains to the localiza- 
tion of tubby, we made GFP fusion constructs 
corresponding to each of these individual do- 
mains (18). The COOH-terminal domain di- 
rected localization exclusively to the plasma 
membrane, whereas the NH,-terminal do- 
main directed localization exclusively to the 
nucleus (Fig. 1A). We mapped the functional 
nuclear localization signal (NLS) of tubby to 
the sequence K,,KKR within the NH2-termi- 
nal domain (19) [Web fig. 1 (20)l. The dual 
localization of tubby is reminiscent of that of 
transcription factors like SREBP, NF-KB, 
SMADS, STATs, and N-FAT, which transit 
into the nucleus in response to particular cell 
signaling events (21-25). Therefore, the dual 
localization of tubby protein suggests that 
tubby may also function in a signaling role. 

Tubby binds the plasma membrane 
through specific interaction with select 
phosphorylated inositol phospholipids. We 
found that tubby binds to select phospholip- 
ids in part through a fortuitous observation. 
While performing yeast two-hybrid exper- 
iments with a tubby COOH-terminal do- 
main "bait" and a system for readout by 
Ras-pathway activation upon "bait" local- 
ization to the membrane (the CytoTrap sys- 
tem from Stratagene) (26), we found tubby 
autoactivation. This suggested that the tub- 
by COOH-terminal domain itself binds to 
the plasma membrane, even in yeast. Ow- 
ing to the limited similarity of the protein 
components of yeast and mammalian cell 
membranes, we hypothesized that tubby 
might interact with a common membrane 
component, such as phospholipid. 

To explore this idea, we performed a set 
of lipid blot experiments in which nitrocellu- 
lose membranes spotted with various purified 
phospholipids (27, 28) were incubated with 
tubby COOH-terminal domain glutathione-S- 
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transferase (GST) fusion protein. Binding 
was evaluated by staining of the washed 
membranes with antibody to GST,(anti-GST) 
(Fig. 2A). These experiments revealed that 
the tubby COOH-terminal domain does not 
interact with abundant lipid components such 
as phosphatidylcholine or the acidic phospho- 
lipids phosphatidylserine and phosphatidic 
acid, but rather interacts with only a subset of 
inositol head-group phospholipids. The differ- 
ential binding of tubby to inositol lipids ap- 
pears to depend primarily on the positions 
of the phosphorylation sites of the inositol 
ring. Of the lipids we tested (27), tubby 
COOH-terminal domain protein bound av- 
idly only to PtdIns(3,4)P2, PtdIns(4,5)P2, 
and PtdIns(3,4,5)P3. No appreciable bind- 
ingpas observed to any singly phosphoryl- 
ated PtdIns or to PtdIns(3,5)P2. This suggested 
that.tubby may bind preferentially to phospha- 
tidyiindsitol lipids phosphorylated at adjacent 
ring piositions, such as PtdIns(3,4)P2 and 
PtdIns(4,5)P2, but not to lipids whose inositol 
rings do not have this characteristic structure, 
such as PtdIns(3,5)Pr 

To confirm these observations, we per- 
formed surface plasmon resonance (SPR) bi- 
osensor experiments to evaluate the binding 
of tubby COOH-terminal domain protein 
(cleaved from the GST fusion partner) to 
liposome bilayers containing different phos- 
pholipid head groups (29). The results of the 
SPR studies matched those of the lipid blots. 
A representative data set (Fig. 2B) demon- 
strates binding of tubby protein with high 
affinity to lipids phosphorylated in adjacent 
ring positions, such as PtdIns(4,5)P2, but not 
to phosphatidylcholine, phosphatidylinositol, 
or monophosphorylated inositol lipids such 
as  PtdIns(4)P. The tubby-PtdIns(4,5)P2 com- 
plex was very stable, but could be disrupted 
with a short pulse of 10 rnM NaOH, demon- 
strating that the reaction was reversible (30). 

Tubby proteins localize to the plasma 
membrane in quiescent cells. Whereas many 
pleckstrin homology (PH) and FYVE do- 
main-containing proteins require activation 
of phosphoinositide 3-kinase (PI 3-kinase) to 
initiate plasma membrane association with 
phosphoinositides phosphorylated on the 
3-position (31-33),'the plasma membrane lo- 
calization of tubby proteins ,is not reduced by 
wortmannin. a votent PI 3-kinase inhibitor 

solin are thought to be anchored to the mem- 
brane through binding to PtdIns(4,5)P2, and 
overexpression of the PtdIns(4,5)P2-binding 
PH domain from PLC-y induces cell round- 
ing and blebbing (36), which is thought to 
arise from competition for membrane binding 
sites. We note similar morphological changes 
arising in the most highly expressing tubby 
cells [for example, see Web fig. 6 (20)l. 

Structural basis of PtdIns(4,5)P, bind- 
ing by the tubby COOH-terminal domain. 
To define the atomic-level basis of the inter- 
action of tubby with phosphoinositide lipids, 
we infused preformed tubby COOH-terminal 
domain crystals with soluble lipid head-group 
analogs and determined cocrystal structures 
of the complexes formed (37). In each case, 
the lipid head-group molecules bound at the 
same site on the tubby protein. Here we 
report the 1.95 A resolution crystal structure 
of the complex formed with L-a-glycero- 
phospho-D-myo-inositol 4,5-bisphosphate 
(GPMI-P,), an analog of the head group from 
PtdIns(4,5)P2 (Fig. 3). 

The amino acids that interact with GPMI- 
P, are mostly in P-strands 4, 5, and 6 and 
helix 6A [Fig. 3 and Web fig. 2 (20)l. This 
site forms a pocket located at one end of the 
putative DNA binding groove, demarcated by 
mutations mapped to the structure from RP- 
14 patients (Fig. 3B). As a central feature of 
the binding interface, K330 coordinates be- 
tween the 4- and 5-position phosphates of 
GPMI-P,, thus providing a structural basis 
for the preference for ligands that are phos- 
phorylated on adjacent positions of the ino- 
sit01 ring (Fig. 3D). A similar binding mech- 

Fig. 2. The tubby (%OH-termi- 
nal domain binds specifically to 
bidentate-phosphorylated phos- 
phoinositide lipid head groups. 
(A) Purified GST-tubby COOH- 
terminal domain fusion protein 
was incubated with nitrocellu- 
lose strips spotted with various 
phospholipids (27). Bound pro- 
tein was visualized by immuno- 
blotting. Binding of the wild-type 
protein (left) is observed only to 
the phosphoinositides phospho- 
rylated at adjacent positions of 
the inositol ring. This observa- 
tion agrees well with the biden- 
tate coordination of K330. ob- 

anism has been observed for GPMI-P, bind- 
ing to the clathrin adaptor protein CALM-N 
(38) and inositol 1,4,5-trisphosphate (IP,) 
binding to the PLC-8, PH domain (31). In 
both the PLC-8, and CALM-N structures, 
two lysine side chains intervene peripherally 
between the phosphorylated ring positions of 
GPMI-P,, whereas in tubby K330 coordi- 
nates directly between them. In the tubby 
structure, the 4-position phosphate is addi- 
tionally stabilized by a salt bridge to the side 
chain of R332. The side chain of R363 coor- 
dinates the inositol ring at the 3-position. 
This suggests that phosphoinositides phospho- 
rylated at the 3-position could be additionally 
anchored through a salt bridge with this res- 
idue. Oxygen atoms of both the 4- and 5-po- 
sition phosphoester bonds hydrogen bond to 
the side-chain NH, group of N3 10. The two 
free oxygen atoms of the GPMI-P, phosphati- 
de group are jointly coordinated by the NH, 
group of the N348 side chain (Fig. 3D). 

The pattern of residue conservation 
among tubby-like proteins suggests that 
PtdIns(4,5)P2 binding is likely to be a func- 
tion common to all members of the protein 
family [Web fig. 2 (20)l. The central posi- 
tively charged phosphate-coordinating resi- 
dues,. K330 and R332, 'are conserved among 
all known tubby-like proteins. R363 and 
N310 are conserved in all mammalian 
TULPs; poor sequence similarity in this re- 
gion prevents rigorous sequence comparison 
to TULPs from plants. N348 is also con- 
served in all TULPs except TULP3 and those 
from Arabidopsis and Drosophila. In TULP3 
and Drosophila TULP, N348 is replaced by a 

A m - m b b ~  
Gtennlnal Domain * 
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(34). This suggisted that tubby might asso- served as a central feature of the 8 soo 
ciate with the plasma membrane through ~rotein-~hos~holi~id interface in 

binding 'PtdIns(4,5)p2, which is the most the coc~stal  structure in Fig. 3. 
GST alone exhibits no binding 

abundant bisphosphorylated inositol lipid in (rig.,t). (B) surface plasmon res- a 250 

quiescent cells. onance (SPR) traces of wild-type 
A subset of the known PH domains bind tubby COOH-terminal domain a 

specifically to PtdIns(4,5)P2 to mediate pro- protein binding to various lipid 0 
tein localization to the plasma membrane. bilayers On WACORE L1 

- w  
-PI  
- P C  

biosensor chip. Tubby protein These include the PH domains from phospho- bound with high affinity only to i, o 100 200 300 

lipme C ( P L C h ,  spectrin, son-of-sevenless, the ptdlns(4,5)p, surface, and time (a) 
pleckstrin, and dynamin (35). In addition, not to PC, ptdlns (PI), or 
cytoskeletal proteins such as profilin and gel- Ptdlns(4)P (P14P) surfaces. 
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cysteine and lysine, respectively, which like- group ligand is not included in the model), 3D).Furthermore, 4.00 density is also ob-
ly could also participate in forming hydrogen clear density is observed at 4.00for each of served for the oxygen atoms of the glycerol 
bonds. the phosphates at positions that can be unam- moiety. Clear density, however, is not ob-

In the F, - F, maps (for which the head- biguously fit to the GPMI-P, structure (Fig. served for the inositol ring. This is similar to 

k~lebctron),red-for negative (5-30kT/electron), and whib for nehral. 
(0)Molecular &tails of the interaction. Three positively Eharged side chains, those of W32, R363, and K330, coordinatethe phosphate groups. Of 
particular note, K330coordinatesin-between the 4 and 5-phosphates,suggestingastructuralbasis for the requirementof adjacent inositolphosphate 
groups to accommodatethis bidentate coordination architecture. ExperimentalF, - F, density is shown in red (1.8~1and blue (3.0~)and demarcates 
the positions of the most electron-dense groups: the phosphates and oxygen atoms. Many of the side chains shown in this binding groove are 
conserved amongthe known tubby proteins (see text for details). (E) Phosphatidytinositollipid "PIP arrays" (Echelon Research) (20-nitrocellulose 
membranes spotted with serial dilutions of the phosphatidylinositoland its biologically relevant phosphorylated forms--were used to assay the 
binding avidity of wild-type tubby COOH-terminaldomain and K300A,R332A double-mutant CST fusion proteins. (Left) The wild-type protein binds 
equally to Ptdlns(4,5)P, Ptdlns(3,4)P ,and Ptdlns(3,4,5)P9. but not to other forms of phosphatidylinositol (Right) The mutant protein shows no 
detectable binding. (F) GFP localizatfon anal sis of site-d~rectedmutants of the crystallographically identifd phosphoinositide binding site. Inh'early-stage transfections, wild-type, fulklengt tubby protein exhibits a primarily plasma membranelocalization.The panels boxed in blue represent 
mutationswithin the bindingsite, whereas the panelsboxed in red representmutationof positively charged residuesoutside the edges of the binding 
site. Ahnine m-ton of each of the coordinatingaminoacids within the bindingsite abolishesthe abilityof tubby to bindto the plasmamembrane. 
This echoes the in vitro findingthat these rnutations.alsoaboli i  the ability of purified tubby protein to bind bidentate PtdlnsP 's. Within the binding 
site, the Y327F andY343F mutantsdo notaffect plasmamembranelocalization,consistent with the observationthat phenyhla& is an evolutionarily 
acceptedsubstitution in these positions. The mutationswe tested that lie outside of the crystallographicallyidentified bindingsite do not affect the 
localization behavior of tubby. 
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the observations for the crystallographic 
structures of PtdIns(4,5)P2 analogs binding to 
the clathrin adaptor protein CALM-N, for 
which the ring also lacked strong density 
(38). The inositol ring, perhaps owing to its 
ability to adopt different pucker conforma- 
tions, appears to be substantially more disor- 
dered than other parts of the PtdIns(4,5)P2 
molecule. 

The structure of the tubby COOH-termi- 
nal domain-GPMI-P, complex permitted 
identification of the putative PtdInsP, bind- 
ing site on the tubby protein. To determine 
whether the crystallographically identified 

binding site was indeed responsible for bind- 
ing to inositol phospholipids, we evaluated 
the binding of both wild-type tubby COOH- 
terminal domain and the double-mutant 
COOH-terminal domain GST fusion protein 
K330A,R332A using nitrocellulose mem- 
branes spotted with serial dilutions of di-C,, 
phosphatidylinositol lipids (27). Wild-type 
protein bound with apparently equal avidity 
to PtdIns(3,4)P2, PtdIns(4,5)P2, and 
PtdIns(3,4,5)P3, whereas the mutant protein 
failed to bind above background levels (Fig. 
3E). In quiescent cells PtdIns(3,4)P2 and 
PtdIns(3,4,5)P3 should be present at. vanish- 

Fig. 4. Tubby associates with Ca family proteins, and activation of these C proteins triggers 
nuclear localization of tubby. (A! A CFP fusion of full-length, wild-type tubby protein was 
transiently cotransfected into Neuro-2A cells with either wild-type or constitutively active mutant 
forms (indicated by asterisks) of various C proteins. None of the inactive G proteins affected the 
localization pattern of tubby. Whereas Ca,* and Gas* also showed no activity, the constitutively 
activated Ga, family proteins, Ga,* and Call*, efficiently triggered complete translocation of 
tubby to the cell nucleus. These experiments gave similar results, irrespective of the cell type used 
for transfection. (B) Specific coprecipitation of Ca with tubby. A CST-tubby fusion protein was 
cotransfected with wild-type and active forms of eiher the Ca, or Ga, proteins. Precipitation with 
glutathione agarose demonstrates a prominent coassociation of Ga, with tubby, whereas Ga, 
shows no such association. (C) TULP3 exhibits localization behavior essentially identical to that of 
tubby. CFP fusion proteins of full-length TULP3 expressed in Neuro-2A cells show both membrane 
and nuclear localization 48 hours after transfection. The COOH-terminal domain from TULP3 is 
exclusively membrane bound, and the NH,-terminal domain is found exclusively in the nucleus. 
Cotransfection with Ca,* induces nuclear translocation of the full-length TULP3 protein, as is also 
the case for tubby. 

ingly low levels, and therefore we attribute 
membrane binding as most likely arising 
from interaction with PtdIns(4,5)P2. 

To evaluate the contribution of the t~hos- 
phoinositide binding site to membrane local- 
ization, we generated a series of site-directed 
mutants for use in cell-based experiments. 
When side-chain mutations within this site 
were introduced into the full-length tubby 
GFP fusion, tubby localization to the plasma 
membrane was abolished, yielding subcellu- 
lar localization of tubby that was constitutive- 
ly nuclear (Fig. 3F). However, mutation of 
positively charged residues outside of the 
lipid binding site (R290A and R397A) or 
amino acids within the binding site (Y327F 
or Y343F) that do not directly coordinate the 
GPMI-P, had no effect on tubby iocalization, 
which, like wild-type protein, was primarily 
membrane-bound during early-stage expres- 
sion (Fig. 3F). 

Gcw, activation removes tubby from the 
plasma membrane, enabling translocation 
to the nucleus. The binding of tubby, 
through its COOH-terminal domain, to 
PtdIns(4,5)P2 suggested that the localization 
of tubby might be controlled by the action of 
PLC-P. The action of PLC-P is often regu- 
lated through the Ga, subset of G proteins, 
which includes Ga, and Ga, ,. Activation of 
a Gaq-coupled receptor results in activation 
of Ga, (to the active form Ga,*), and Gaq* 
in turn interacts with and activates PLC-P 
(39). PLC-P can also be activated through 
interaction with G-protein Py subunits, 
which bind to PLC-P at a distinct site. 

We therefore tested the effect of Gaq (Fig. 
4A) and GPy [Web fig. 3B (20)] activation 
on the subcellular localization of tubby. First, 
we performed experiments in which GFP- 
labeled tubby was cotransfected with various 
G-protein expression plasmids (40). Wild- 
type Ga,, which is inactive unless stimulated 
by a Gadcoupled receptor, had no effect on 
tubby localization. However, cotransfection 
with a constitutively active (Ga,*) expres- 
sion plasmid resulted in the total removal of 
GFP-tubby fluorescence from the plasma 
membrane and the complete redistribution of 
fluorescence to the nucleus. The capacity of 
Ga,* to induce nuclear translocation was 
dependent on itsnown plasma membrane at- 
tachment, as revealed by the inability of a 
C9S,ClOS palmitoylation-site double mutant 
to induce translocation [Web fig. 3A (20)l. 

The Ga, family member Gal, functions 
to induce tubby translocation in a manner 
identical to that of Ga,. Active Gal, (Gal ,*) 
induced total nuclear translocation of tubby, 
whereas wild-type Gall ,  in the absence of 
receptor stimulation, had no effect on tubby 
localization. We also tested the action of 
other Ga proteins in their native 'and consti- 
tutively active forms. Ga,, Ga,*, Gas, and 
Gas* had no observable effect on tubby lo- 
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calization. Furthermore, the localization of 
tubby, and its responsiveness to Ga,*, were 
not affected by GFP as a fusion partner; 
identical results were observed by immuno- 
fluorescence with FLAG-tagged or GST-
tagged tubby, as well as untagged protein. 
These experiments were also reproduced with 
essentially identical results in a number of 
different cell types, including Neuro-2A, 
NIH-3T3, HEK-293T, and hypothalamic GT- 
17 cells (34). 

Cotransfection with G@,y2 or G@,y2 and 
PLC-@1 did not induce the nuclear transloca- 
tion of tubby, suggesting a specific function 
for Ga, family proteins beyond the activation 
of PLC-@ [Web fig. 3B (20)l. This led us to 
ask whether tubby might associate in a com- 
plex with Ga,. To test this possibility, we 
performed experiments in which GST-tubby 
and either untagged Ga,, Gaq*, Ga,, or 
Ga,* were transiently expressed in 293T 
cells, and then complexes were isolated from 
cell lysates with glutathione Sepharose beads 
(41). Coprecipitated G a  proteins were detect- 
ed by protein irnrnunoblot analysis. We found 
that either full-length or COOH-terminal do- 
main GST-tubby proteins coprecipitated Ga, 
in either the active or inactive state. However, 
Ga, did not coprecipitate with either tubby 
construct (Fig. 4B). This suggests that Ga, 
can form a specific complex with the tubby 
protein, irrespective of its activation state. It 
is not clear whether this complex results from 
direct protein-protein interactions or whether 
other accessory factors are also required. 

To determine whether Gaq-responsive 
signaling might be a feature common to tub- 
by family proteins, we constructed GFP fu- 
sion proteins of TULP3 and its modular do- 
mains. Like tubby, the COOH-terminal do- 
main TULP3 fusion protein associated with 
the plasma membrane, whereas the NH2-ter- 
minal domain exhibited nuclear localization 
(Fig. 4C). Moreover, TULP3 COOH-termi- 
nal domain GST fusion protein, when ana- 
lyzed on phospholipid blots, exhibited bind- 
ing specificity similar to that of tubby [Web 
fig. 4 (20)l. As was observed for tubby, co- 
transfection of GFP-TULP3 with Gag* or 
Gall*,  but not with other G proteins, led to 
nuclear translocation of the fusion protein 
(Fig. 4C). This suggests the likelihood that 
other members of the tubby-like protein fam- 
ily also function as transducers of Ga,-cou- 
pled receptor signaling. 

Activation of Ga,-coupled receptors 
results in nuclear translocation of tubby. 
Ga, can be naturally activated by ligand 
stimulation of Gag-coupled receptors. We 
examined whether the activation of Ga,-cou- 
pled receptors could induce the nuclear trans- 
location of tubby, as was observed by co-
transfection with Gag*. To investigate 
whether tubby translocation is specific to 
Ga, signaling, we tested two receptors stim- 

ulated by the same ligand, acetylcholine re- 
ceptors M1 and M2 (AChR-M1 and -M2). 
AChR-Ml signals through Ga, and G a ,  ,, 
whereas AChR-M2 signals through Gal  and 
Ga,. Neuro-2A cells cotransfected with 
GFP-tubby and AChR-M1 showed a progres- 
sive change in GFP-tubby localization from 
the membrane to the nucleus upon stimula- 
tion with acetylcholine (42). However, no 
such activation of translocation was observed 
with AChR-M2 (43) (Fig. 5A), illustrating 
the specificity to Ga, family signaling. 

Tubby localizes almost completely to the 
nucleus in Neuro-2A cells transfected with 
another Gaq-coupled receptor, the serotonin 
receptor 5HT2= (44). Constitutive nuclear lo- 
calization is observed with or without the 
addition of serotonin; however, 5HT2= is of- 
ten constitutively active in certain cellular 
environments (45). Similar results were ob- 
served in fibroblasts: Cells stably expressing 
5HT2, showed 'constitutive nuclear localiza- 
tion of GFP-tubby, whereas nai've fibroblasts 
showed tubby localization primarily at the 
plasma membrane (Fig. 5B). Furthermore, 
5HT2, receptor mutants previously shown to 
interfere with the Ga,-mediated signaling 
function of the receptor were also tested (45, 
46). The ability of these mutant receptors to 
induce the nuclear translocation of tubby was 
substantially diminished in all cases [Web 
fig. 5 (20)], again showing the requirement 
for Ga, signaling. 

To determine whether the tubby transloca- 
tion induced by these Gao-coupled receptors is 
indeed mediated thougc Ga, activation, we 
performed cotransfection experiments using a 
fibroblast cell line derived from Gaq/Ga, dou- 
ble-knockout mice (47). In these cells, transfec- 
tion of 5HT2, receptor alone did not induce 
nuclear translocation of tubby. However, trans- 
fection of wild-type Ga, along with 5HT2, 
receptor enabled the activation of tubby trans- 
location (Fig. 5D). Thus, the activation of Ga, 
to Ga,* appears to be both necessary and suf- 
ficient for induction of tubby nuclear transloca- 
tion in the cells we tested. 

Nuclear translocation of tubby requires 
activation of PLC-P. Ga, family proteins 
are known to couple receptor signaling to the 
activation of PLC-@ (39). The observations 
that tubby is held at the plasma membrane at 
least in part through binding to PtdIns(4,5)P2 
and that Ga, signaling removes tubby from 
the plasma membrane suggest that the hydrol- 
ysis of PtdIns(4,5)P2 may be a central aspect 
of the mechanism of tubby translocation. To 
determine whether the action of PLC-@ was 
necessary for nuclear translocation of tubby, 
we assayed the effect of including a specific 
PLC inhibitor in cotransfection experiments 
with a Ga,-coupled receptor, AChR-M1, and 
stimulating the receptor with its ligand ace- 
tylcholine (43). Activation of a Gag-coupled 
receptor, rather than cotransfection with 

G s * ,  was used to test for translocation inhi- 
bition, because the latter method leads to an 
overwhelming nuclear translocation response 
for which it is difficult to measure inhibition. 

The specific PLC inhibitor U73122 (48) 
provides a nearly complete blockade of ace- 
tylcholine-induced nuclear translocation of 
tubby-AChR-M1 double transfectants in the 
presence of acetylcholine (Fig. 5C). The 
structurally similar molecule U73343, which 
only weakly inhibits PLC, provided a nega- 
tive control. U73343 does not appreciably 
block translocation. This demonstrates the 
requirement for PLC function in the GPCR- 
mediated translocation mechanism of tubby. 

Although it has been demonstrated that 
PtdIns(4,5)P2 can function in plasma mem- 
brane protein localization through PH do- 
mains, it has not yet been shown definitively 
that enzymatic processing of PtdIns(4,5)P2 
can regulate the localization of proteins in 
response to biological stimuli, although such 
a mechanism has been proposed (35). We 
have demonstrated that the plasma membrane 
localization of tubby does indeed arise from 
its interaction with PtdIns(4,5)P2, and fur-
thermore that activation of PLC-@ through 
Ga, signaling induces the nuclear transloca- 
tion of tubby and other TULPs. Tubby pro- 
teins therefore represent the first protein fam- 
ily for which dynamic nuclear translocation is 
clearly regulated by PtdIns(4,5)P2 hydrolysis. 

A model for tubby function. On the 
basis of the findings presented here, we have 
developed a schematic model for tubby func- 
tion (Fig. 6). Tubby, bound at the plasma 
membrane through its association with 
PtdIns(4,5)P2, is likely to be associated with 
Ga,, which is also membrane bound. Activa- 
tion of Ga, by a ligand-complexed GPCR 
activates Ga, to Gaq*, promoting the activa- 
tion of PLC-@ and the subsequent hydrolysis 
of PtdIns(4,5)P2. This diminishment of 
Ptdlns(4,5)P2 releases tubby from the mem- 
brane, thereby enabling nuclear translocation, 
potentially leading to the transcriptional reg- 
ulation of downstream genes. Receptor-in- 
duced hydrolysis of PtdIns(4,5)P2 can pro- 
mote dissociation of a PtdIns(4,5)P2-specific 
PH domain from the plasma membrane (35). 
It seems likely, therefore, that the transient 
reduction of membrane PtdIns(4,5)P2 is suf- 
ficient to promote the dissociation of tubby 
from the plasma membrane. 

The observed association of Ga, with tub- 
by suggests a mode of function w6ereby lo- 
calized hydrolysis of PtdIns(4,5)P2 could be 
achieved by recruitment of PLC-@ to the 
tubby-Ga, complex. This could enable 
PtdIns(4,5)P2 hydrolysis within the tubby mi- 
croenvironmint sufficient to enable dissocia- 
tion of tubby from the plasma membrane 
without the need for wholesale hydrolysis of 
PtdIns(4,5)P2 over the entire cytoplasmic sur- 
face of the plasma membrane. Notably, an- 
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other mechanism for activation of PLC-P, 
ectopic expression of G-protein Py subunits 
along with PLC-P1, fails to remove tubby 
from the plasma membrane [Web fig. 3B 
(20)], demonstrating the importance of asso- 
ciation with Gaq. Moreover, activation of 
PLC-y through overexpression of various ty- 
rosine kinase receptors, leading to the hydrol- 
ysis of PtdIns(4,5)P2, did not induce translo- 

R E S E A R C H  A R T I C L E S  

cation of tubby p e b  fig. 6 (20)], further 
indicating an essential role for Gaq. 

Hydrolysis of PtdIns(4,5)P2 by PLC-P 
produces the second-messenger molecules 
IP, and diacylglycerol. IP, activates CaZ+- 
release channels to raise the concentration of 
intracellular Ca2+, thus activating protein ki- 
nase C (PKC). The PKC inhibitor BIM-I does 
not alter the translocation behavior of tubby 
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in GPCR activation experiments [Web fig. 
7A (20)], suggesting that PKC does not play 
a role in this process. Furthermore, raising 
intracellular CaZ+ concentrations through the 
use of the ionophore ionomycin, which 
should result in the activation of PKC, does 
not induce nuclear translocation of tubby 
[Web fig. 7B (20)l. Although signaling ef- 
fects downstream of PLC-P cannot be ruled 

Time (rnin) 

Fig. 5. Activation of tubby translocation by Ca,-coupled receptors. 
(A) Time course of the Localization in Neuro-2A cells doubly trans- 
fected with CFP-tubby and the acetylcholine receptors M I  and M2. 
Only the M I  receptor is Ga,-coupled, whereas M2 is coupled t o  Gao 
and Ca,. Acetylcholine stimulation of the M2 receptors does not 
affect the predominant membrane localization of tubby. However, 
stimulation of the M I  receptor leads to  cytoplasmic localization of 
tubby by the 10-min time point, and complete nuclear Localization by 
120 rnin. (B) Tubby was transfected into 3T3-fibroblast cells (3T3) and 
fibroblasts stably transfected with the Ciaq-coupled serotonin recep- 
tor 5HT2,. Normal fibroblast transfectants demonstrate predominant 
membrane staining, whereas 5HT2, stable cells show no membrane 
staining, with tubby localized exclusively in the nucleus. Because 
5HT2, is constitutively active, the addition of serotonin is not nec- 
essary t o  trigger this translocation. Complete nuclear translocation is 
also observed in  Neuro-2A cells doubly transfected with GFP-tubby 
and 5HT2,. (C) Inhibition of AChr-MI-induced tubby nuclear trans- 
location by the specific PLC inhibitor U73122. Cells were transfected 

G s l G a , ,  Knockout Cells 

I I 

with full-length CFP-tubby fusion protein and AChr-MI, and prein- 
cubated with either DMSO (no inhibitor) or 1 p M  U73122 (PLC 
inhibitor) or 1 p M  U73343 (mock inhibitor). After 10 rnin of prein- 
cubation. 100 p M  acetylcholine was added to  trigger translocation. At 
each time point, 800 cells were evaluated for the location of fluores- 
cence (nuclear or nonnuclear), and the results were displayed at time 
points of 30, 60, 120, and 300 min. The PLC inhibitor U73122 
markedly decreased nuclear translocation of tubby protein, whereas 
mock inhibitor or the DMSO control each exhibited efficient nuclear 
translocation. (D) Caq/Call-deficient fibroblasts derived from dou- 
ble-knockout mice (47) were used t o  demonstrate the requirement 
for Ca, family proteins for tubby nuclear translocation. Cells were 
transfected with full-length GFP-tubby and either 5HT2, receptor 
alone, wild-type Ca, alone, or Ca, and 5HT2, receptor together. Only 
the combination of these two molecules could induce the nuclear 
translocation of tubby, demonstrating the requirement for 5HT2, 
activation of Ca, to  Ca,* and, conversely, the requirement for Ca, 
t o  tranduce the signal from 5HT2, receptor. 
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out, these data show that the most prominent 
pathway downstream of PLC-P-that medi- 
ated by PKC-is not involved in tubby nu- 
clear translocation. Coupled with the obser- 
vation of a specific binding site for 
PtdIns(4,5)P2 on tubby, and the requirement 
for PLC-P action, we think it is most likely 
that tubby is removed from the plasma mem- 
brane by the transient reduction of membrane 
PtdIns(4,5)P2 induced by PLC-P-mediated 
hydrolysis. 

Several aspects of the molecular mech- 
anism of tubby nuclear translocation re- 
main unclear. What permits tubby to local- 
ize to the plasma membrane after its syn- 
thesis and avoid translocation to the nucle- 
us before membrane binding? Similarly, 
what prevents rebinding to the membrane 
after receptor stimulation? Several plausi- 
ble mechanisms could explain this behav- 
ior. For example, it is possible that the NLS 
of tubby is masked, like that of NF-KB (21), 
and some signaling event associated with 

Ga, activation may result in its unmasking. 
This could potentially involve a phospho- 
rylation event, or could be induced by a 
conformational change induced by the 
structural rearrangement of Ga, upon 
adopting its active GTP-bound state. A 
similar unresolved question addresses the 
mechanism by which tubby dissociates 
from its complex with Ga,. Coprecipitation 
experiments indicate that tubby associates 
both with the active and inactive states of 
Ga,. Yet tubby translocates to the cell 
nucleus, whereas Ga, does not. Future 
studies will be required to resolve these 
questions. We have demonstrated here that 
tubby binds phosphoinositides phosphoryl- 
ated at adjacent ring positions. This raises 
the question of whether forms of PtdInsP, 
other than PtdIns(4,5)P2 are involved in 
tubby membrane association, and hence 
whether PI 3-kinase and PtdIns phospha- 
tases may also play a role in tubby-medi- 
ated signaling. 

\ Nucfear Translocation 

Fig. 6. Schematic model of Ca, signaling through tubby proteins. Tubby associates with Ca, (or 
Ca,,) at the plasma membrane, as implied by immunoprecipitation experiments. Activation 
of Ca, to C%* by interaction with a CPCR-ligand complex leads to the activation of PLC-P. Hydrolysis 
of multiply phosphorylated inositol lipids in the microenvironment of this complex then leads to 
the dissociation of tubby from the plasma membrane, enabling its translocation to the nucleus, 
directed by the two functional nuclear localization sequences in the NH,-terminal domain. It is not 
yet clear whether IP, remains bound to tubby after dissociation or whether other biochemical 
modifications prevent tubby membrane rebinding. Nuclear translocation enables tubby to interact 
with its DNA targets and function in regulation of gene expression. Whether other nuclear factors 
are essential to tubby function is not yet clear. 

The tubby protein may provide a vehicle 
for integrating the information content of 
Ga, signaling and insulin signaling: Tubby 
can be phosphorylated in response to insu- 
lin action (49), and the possibility exists 
that tubby could elicit different effects in 
the nucleus depending on its phosphoryl- 
ation state. We note that two surface-ex- 
posed tyrosine residues, Y327 and Y343, 
are within the lipid binding site, suggesting 
that tyrosine phosphorylation could poten- 
tially release tubby from the membrane by 
disrupting interactions with inositol phos- 
phates. However, mutation of either of 
these tyrosines to phenylalanine has no ap- 
parent effect on cellular localization. Fur- 
thermore, insulin stimulation in a variety of 
cell lines, including Chinese hamster ovary 
(CH0)-IR cells, which overexpress insulin 
receptor, fails to show an effect on the 
subcellular localization of tubby (34). 

Potential implications for the role of 
tubby in the molecular biology of obesi- 
ty. The regulation of systemic energy bal- 
ance is controlled in part by a hypothalamic 
neural circuit that integrates multiple bio- 
logical signals (16, 50). Among the most 
important classes of molecules that trans- 
duce these signals are seven-transmem- 
brane helix GPCRs. Gene-targeting exper- 
iments have clearly defined a role for sev- 
eral GPCRs and their ligands in the regu- 
lation of satiety, energy homeostasis, and 
body weight (50-56). Here we show that 
tubby, a molecule for which loss of func- 
tion leads to obesity, serves as a down- 
stream effector of GPCRs that signal 
through the G, subclass of Ga proteins. Of 
the hypothalamic GPCRs thought to play a 
role in energy homeostasis, it has been 
demonstrated that the 5HT2,, bombesin, 
melanin concentrating hormone (MCH), 
melanocortin 4 (MC4), and dopamine Dl 
receptors are coupled to Ga, (57-60). It is 
tempting to speculate, therefore, that the 
role of tubby in energy homeostasis may 
involve signaling downstream of one or 
more of these receptors. 

Although it is not as yet possible to 
determine which of these receptors, if any, 
regulate the nuclear translocation of tubby 
in the hypothalamus, similarities in the 
phenotype of tubby mice and 5HT2, recep- 
tor knockout mice (56, 61, 62) are sugges- 
tive of a potential mechanistic connection. 
Tubby mice manifest an atypical obesity 
syndrome characterized by late-onset obe- 
sity and hyperinsulinemia without substan- 
tial dysregulation of glucose levels (5, 63). 
These characteristics are mirrored in the 
phenotype of 5HT2, knockout mice. These 
mice begin to demonstrate obesity at 12 
weeks of age, bearing a marked resem- 
blance to the time course of obesity onset in 
tubby mice. Furthermore, both 5HT2, (44) 
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and tubby ( 6 )  are most highly expressed in 
the paraventricular nucleus of the hypothal- 
amus. In humans, activation of the 5HT2, 
receptor has been associated with the re- 
duction of both body weight and subjective 
ratings of hunger (64) .  The ability of dif- 
ferent Ga,-coupled receptors to induce the 
nuclear translocation of tubby suggests that 
cellular coexpression may provide one lev- 
el of regulation of tubby function. The 
possible mechanistic association between 
tubby, the SHT,, receptor, and other 
GPCRs provides an intriguing avenue for 
future investigation. 

In summary, we have shown that tubby 
domains function in plasma membrane local- 
ization through binding to select phosphoryl- 
ated inositol lipids; we have defined the 
structural basis of this interaction by x-ray 

After three washes in PBS, the cover slips were 
mounted and images were acquired by confocal laser 
scanning microscopy. Cell fractionation. A total of 
1 x lo9 untransfected Neuro-2A cells or 293T cells 
(calcium phosphate-transfected with pCDNA3 full- 
length untagged tubby) were harvested in ice-cold 
PBS, centrifuged at 1000g, and the sediment washed 
in PBS. After centrifuging again, sedimented cells 
were resuspended in hypotonic buffer 120 mM tris- 
HCL (pH 7.4), 1 mM EDTA, 1 mM dithiothreitol, and 
protease inhibitors], placed on ice for 20 min, Dounce 
homogenized (50 strokes), and placed on ice for 20 
min. Cells were centrifuged at lO00g for 5 min, and 
the supernatant was collected and centrifuged again; 
these steps were repeated five times. The first pellet 
was taken as the nuclear fraction, and the last col- 
lected supernatant was centrifuged at 100,000g for 
60 min. This pellet was analyzed as the membrane 
fraction. Neuro-2A protein immunoblots were per- 
formed with goat polyclonal immunoglobulin G (IgC) 
Tub T-19 and goat polyclonal IgG Spl (PEP2)-G (San- 
ta Cruz Biotechnology). 293T protein immunoblots 
were performed with l l a  tub antibody (Alpha Diag- 
nostics, 11 Atub antibody). 

18. Desien of GFP fusion  rotei ins. Portions of mouse 

main (human amino acids 185 to  442) were incu- 
bated for 2 hours at 4°C with the nitrocellulose 
membranes in TBST (1 M NaCl for CST-tubby and 
500 mM NaCl for GST-TULP3) at a concentration 
of 1 bglml. Membranes were washed three times 
in TBST (150 mM NaCI), incubated with 1:1000 
anti-GST (Sigma G-7781) in TBST (150 mM NaCI) 
for 2 hours at 4"C, washed three times in TBST 
(150 mM NaCI), and incubated with 1:1000 horse- 
radish peroxidase-coupled anti-rabbit IgG (Amer- 
sham Life Sciences, NA9340) in TBST (150 mM 
NaCl) for 2 hours at 4°C. After three washes in 
TBST (150 mM NaCI) and one wash in tris-buffered 
saline (TBS) (150 mM NaCI), membranes were 
developed by enhanced chemiluminescence West- 
ern blotting detection reagent (Amersham RPN 
2106) and exposed to  film for 1 t o  5 s. Protein 
expression. Fragments of mouse tubby (amino ac- 
ids 243 to  505) and human TULP3 (amino acids 
185 to  440) were amplified by PCR and inserted 
into PGEX6P-1 (Bam HI and Not I) in-frame with 
the GST. The fusion proteins were expressed in 
XL1-BLUE at 25°C and lysate was generated in 20 
mM tris (pH 7.5). 150 mM NaCl ( l x  TBS) plus 
Drotease inhibitors. The lysates were cleared bv 

crystallogra~hy: and we have shown that ac- t u b 6  and human T U L P ~  were amplified by polymer- ;entrifugation and then incubated with glutathione - - - .  

ti;ation of~a,-coupled receptors leads to the ase chain reaction (PCR) and cloned in-frame into Sepharose at 4°C for 2 hours with gentle rocking. 
pGFPCl (Clontech) to form fusions with the COOH- After five washes in 1 X TBS, fusion proteins were 

through a terminus of GFP. pGFFtub-fl (amino acids 1 to 505), either eluted with 25 mM glutathione (1 X TBS), or 
PLC-8-de~endent oathwav. These observa- ~cFFtub-cdom (amino acids 243 to 509, and DCFRIJ~- the beads were incubated with prescision protease - - - 0- 1 

tions define a mech&,ism b; which tubby can "om (amino aiids 1 to 242) were cloned bekeen Bgl overnight with gentle rocking at 4°C to generate 
ICBam HI, Sal I-Bam HI, and Bgl Il-Sal I, respectively. non-GST-tagged forms of the protein (for SPR 

serve as a critical intracellular messenger of pCFPtulp3-fl (amino acids to 440) and pGFPtulp3- experiments). The supernatants were collected, 
GPCR signaling in energy homeostasis and cdom (amino acids 185 to 440) were cloned between and purity and concentration were evaluated by - - -- 
suggest that other tubby-like proteins are also 
likely to function as plasma membrane-bound 
transcription regulators activated through G- 
protein signaling. 
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Discovery of Hidden BLazars 
Feng Ma1* and Beverley J. WillsZ 

Every radio-loud quasar may have blazar activities, according t o  a unified 
scheme where the differences in  both optical and radio observations of radio- 
loud quasars are the result o f  different viewing angles. We have predicted that 
blazars may be detected using emission line ratio variations caused by variable 
illumination of gas clouds in  the broad emission line region. In a spectroscopic 
search o f  62 quasars at  a redshift of about 2, we have discovered large (>20%) 
variations of the emission line ratios, CIVICIII] or CIVILya, when compared wi th  
data taken more than 10years ago. This result is consistent wi th  our prediction 
and supports the unification scheme for radio-loud quasars. 

Quasars are the most luminous of active ga- 
lactic nuclei (AGN). About 10% of all cata- 
loged quasars are more luminous at radio 
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than at optical wavelengths, and thus are 
classified as radio-loud quasars. Their strong 
radio emission arises from two jets shooting 
away from the center in opposite directions, 
terminating in extended radio lobes. It is be- 
lieved that massive black holes and accretion 
disks are the central engines of all quasars (I, 
2). However, it is unclear what gives rise to 
the powerful radio jets. It may be that these 
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jets are produced in the vicinity of only the 
most massive black holes (3) ,or perhaps in 
those with greatest angular momentum (4). 

Radio-loud auasars are not all alike. How- 
ever, the diversity in their radio structures and 
optical spectra can be explained by a unified 
scheme based on the viewing angle (5, 6).  If 
we look directly into the jet, we see strongly 
beamed synchrotron radiation with the ener- 
gy distribution peaking in the infrared wave- 
length. This synchrotron radiation is highly 
variable and often dominates the light from 
the quasar's accretion disk and broad emis- 
sion lines. An object with these characteris- 
tics is classified as a blazar. If the line of sight 
is a few degrees away from the jet direction, 
we can still see a bright radio core, which 
dominates the radio power. and this quasar is 
classified as core-dominant. As the viewing 
angle is increased beyond a few degrees to 
the jet direction, the beamed synchrotron 
emission in radio through optical wave-
lengths dims. When the jet-lobe structure is 
viewed at a larger angle, the infrared through 
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