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The biological functions of heterotrimeric G proteins and small GTPases are modulated by both extracel-
lular stimuli and intracellular regulatory proteins. Using Saccharomyces cerevisiae two-hybrid screening, we
identified tetratricopeptide repeat 1 (TPR1), a 292-amino-acid protein with three TPR motifs, as a Gal6-
binding protein. The interaction was confirmed both in vitro and in transfected mammalian cells, where TPR1
also binds to several other Ga proteins. TPR1 was found to interact with Ha-Ras preferentially in its active
form. Overexpression of TPR1 promotes accumulation of active Ras. TPR1 was found to compete with the
Ras-binding domain (RBD) of Raf-1 for binding to the active Ras, suggesting that it may also compete with Ras
GTPase-activating protein, thus contributing to the accumulation of GTP-bound Ras. Expression of Ga16
strongly enhances the interaction between TPR1 and Ras. Removal of the TPR1 N-terminal 112 residues
abolishes potentiation by Ga16 while maintaining the interaction with Ga16 and the ability to discriminate
active Ras from wild-type Ras. We have also observed that LGN, a Gai-interacting protein with seven TPR
motifs, binds Ha-Ras. Thus, TPR1 is a novel adaptor protein for Ras and selected Ga proteins that may be

involved in protein-protein interaction relating to G-protein signaling.

Heterotrimeric guanine nucleotide-binding proteins (G pro-
teins) are essential for the transduction of signals from a large
number of receptors with seven transmembrane domains.
These G proteins are composed of «, B, and -y subunits. The «
subunit is responsible for binding of guanine nucleotides (10).
Activation of G proteins involves exchange of Ga-bound GDP
for GTP, whereas inactivation requires the hydrolysis of GTP
to GDP, a process catalyzed by the intrinsic GTPase activity. It
has been well established that agonist-bound receptors serve as
guanine nucleotide exchange factors (GEFs) that promote G-
protein activation. In recent years, the interaction of G pro-
teins with a number of proteins affecting their activation state
has been documented. The regulators of G-protein signaling
(RGS) interact with G proteins and possess intrinsic GTPase-
activating protein (GAP) activity that can greatly accelerate
GTP hydrolysis (7, 30). On the other hand, a newly defined
class of activators of G proteins (AGS) facilitates G-protein
activation independently of receptor stimulation (3). These
findings demonstrate that, in addition to G-protein-coupled
receptors (GPCRs), intracellular molecules are involved in the
regulation of G-protein signaling.

The Ras-like monomeric G proteins, also called small
GTPases, are structurally and functionally related to Ga sub-
units. The Rho family of small GTPases is widely known for
regulating the actin cytoskeleton and activating transcription
(13, 29). An extensive list of proteins that bind small GTPases
has been compiled. Recently, the tetratricopeptide repeat

* Corresponding author. Mailing address: Department of Pharma-
cology, University of Illinois at Chicago, 835 S. Wolcott Ave., Chicago,
IL 60612. Phone: (312) 996-5087. Fax: (312) 996-7857. E-mail: yer
@uic.edu.

T Present address: Department of Biochemistry, Medical College of
Georgia, Augusta, Ga.

3847

(TPR) located in the amino terminus of p67°"** has been
shown to interact with Rho small GTPases Racl and Rac2.
This interaction is essential for activation of the NADPH ox-
idase (17). TPR is a degenerate 34-amino-acid sequence with a
widespread phylogenetic distribution (2, 31). TPR motifs are
often arranged in tandem, and they mediate protein-protein
and protein-lipid interactions. Published studies indicate that
TPR-containing proteins play important roles in a variety of
cellular processes ranging from transcription and cell division
to protein folding and transport (11).

Ras is a prototypic small GTPase and is critical for bridging
a variety of cell surface receptors to nuclear signaling events
that promote cell proliferation and differentiation (21). Ras is
activated by the GEFs sos and GRF or GRP (28). Rapid
turnoff of Ras is accomplished by GAPs including p120-GAP
and neurofibromin (22). Although heterotrimeric G proteins
are known to activate Ras, current models cannot fully explain
the underlying mechanism, suggesting that there may be addi-
tional regulators of Ras function.

The Ga proteins Gal12 and Ga13 are known to activate the
small GTPase RhoA. In recent reports, RhoGEFs p115-Rho-
GEF and PDZ-RhoGEF were shown to interact with both the
Gal2 or Gal3 subunits and RhoA, acting as a RGS for the Ga
proteins and a GEF for RhoA (9, 14, 18). Since activation of
many GPCRs stimulates the mitogen-activated protein (MAP)
kinase cascade downstream of Ras (4, 15), it is possible that
Ga proteins physically and functionally interact with Ras
through an intermediate protein. However, no such adaptor or
scaffold protein has been described for Ga proteins and Ras.

In an attempt to identify novel proteins that interact with Ga
proteins of the Gq family, we examined a cDNA library by S.
cerevisiae two-hybrid screening using Gal6 as bait. Tetratri-
copeptide repeat 1 (TPR1), a 292-amino-acid protein of un-
known function that contains three TPR motifs, was isolated as



3848 MARTY ET AL.

a binding partner for Ga16. Upon further characterization, it
was found that TPR1 interacts with Ras, preferably Ras-GTP.
Overexpression of TPR1 promoted accumulation of active Ras
and phosphorylation of ERK1/2 (p44/p42). Furthermore, Ras
interaction with TPR1 and accumulation of active Ras were
facilitated by expression of Gal6, suggesting a potential link
between Ga proteins and Ras signaling through TPR1.

MATERIALS AND METHODS

S. cerevisiae two-hybrid screening. The MATCHMAKER LexA Two-Hybrid
system (Clontech) was used to detect specific interaction between Ga16 and the
proteins encoded by a human brain cDNA library cloned in pB42AD. The
Gal6QL cDNA (27) was used as a template for PCR, and the product was
cloned into the Xhol site in the polylinker of the pLexA plasmid in frame with the
LexA DNA-binding domain. Both pLexA-Ga16QL and the cDNA library were
cotransformed into the LacZ/LEU2 S. cerevisiae reporter strain according to the
manufacturer’s protocol. The S. cerevisiae cells were assayed for reporter activ-
ities, and the cDNA insert from the positive colonies was sequenced.

RNA preparation and detection by reverse transcriptase PCR. Total RNA was
isolated from the cells by using TRIZOL reagent (Life Technologies), followed
by the addition of chloroform. The aqueous phase was collected, and the RNA
was precipitated with isopropanol. The mRNA was reverse transcribed using an
oligo(dT) primer. PCR amplification of the Gal6 ¢cDNA resulted in a 361-bp
product, using the primer pair 5'-GCCCTCATCTACCTGGCCTC-3" and 5'-T
GTGGCACATGTGTAGTGGCTG-3'. TPR1 ¢cDNA was amplified as a 435-bp
fragment, using a pair of primers with the sequence 5'-GTCGAGCCCTCGAA
ATGTGC-3' and 5'-CGAAATTGATGGAGTACGAGCC-3'. Glyceraldehyde
3-phosphate dehydrogenase was used as the housekeeping gene.

Cell culture and transient transfection. The human embryonic kidney epithe-
lial cell line HEK293T was maintained in RPMI 1640 medium (Life Technolo-
gies) supplemented with 10% fetal bovine serum. The human cervical carcinoma
cell line HeLa was cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum. For coimmunoprecipitation and immuno-
blot analyses, HEK293T cells were grown at 60 to 80% confluence in 10-cm-
diameter tissue culture dishes and transfected using Lipofectamine Plus (Life
Technologies) according to the manufacturer’s instructions. For the functional
assays such as glutathione S-transferase (GST)-RBD pull-down and ERK phos-
phorylation, HeLa cells were transfected at 50% confluence. In all cases, the total
amount of DNA per dish was normalized with an empty vector to 4 pg. The DNA
was added to the cells in serum-free medium and incubated for 4 h before an
equal volume of 20% serum-containing medium was added.

Immunoprecipitation and Western blotting. Twenty-four hours after transfec-
tion, the cells were harvested on ice and lysed in 1 ml of buffer containing 50 mM
Tris-HCI (pH 7.4), 200 mM NaCl, 2.5 mM MgCl,, 10% glycerol, 1% Igepal, 1
mM phenylmethylsulfonyl fluoride, and 1X protease inhibitor cocktail set I
(Calbiochem) by agitation for 20 min at 4°C. The cell lysates were cleared of
debris by centrifugation at 10,000 X g for 10 min at 4°C. For control of protein
expression, 60-ul portions of the homogenates were mixed with 10 ul of 5X
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer and boiled for 5 min before loading on the gel. For immunoprecipitation
studies, 800 wul of the lysate was incubated for 1 h at 4°C with 20 pl of the
anti-FLAG M2 affinity gel (Sigma). The beads were washed twice with 1 ml of
lysis buffer and twice with phosphate-buffered saline. The beads were resus-
pended in 50 pl of 2X SDS-PAGE loading buffer and boiled for 5 min to release
bound proteins. The samples were resolved by Western blotting.

The proteins were usually electrophoresed on an SDS-10% polyacrylamide gel
and then transferred to a nitrocellulose membrane (Schleicher & Schuell). The
blots were blocked with 5% nonfat dry milk in TBS/T buffer (20 mM Tris-HCl
[pH 7.6], 137 mM NaCl, 0.1% Tween 20) for 2 h at room temperature. After the
membranes were washed three times with TBS/T for 5 min each time, they were
incubated with primary antibodies (1 pg/ml for monoclonal antibody [MAb] and
1:1,000 for antiserum) overnight at 4°C. The peroxidase-conjugated anti-rabbit
(Bio-Rad) or anti-mouse (Calbiochem) secondary antibodies were added to the
membranes at a 1:3,000 dilution for 1 h at room temperature. The bands on the
blots were visualized by chemiluminescence (Pierce).

Preparation of the GST fusion proteins and pull-down assay. pGEX-2T and
pGEX-TPR1, encoding GST and GST-TPR1 fusion protein, respectively, were
made and introduced into Escherichia coli strain DH10B. Similarly, the pGEX-
Raf(1-140) RBD construct (kindly provided by L. A. Quilliam) encoding amino
acids 1 to 140 of c-Raf-1 fused to GST was also transformed in E. coli. Bacteria
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were grown in 500 ml of Luria-Bertani medium, and protein expression was
induced with 0.2 mM isopropyl-1-thio-B-p-galactopyranoside for 2 h at 37°C. The
bacterial pellet was resuspended in 10 ml of buffer containing 20 mM Tris-HCI
(pH 8.0), 500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM phenylmethyl-
sulfonyl fluoride, and 1X protease inhibitor cocktail set II (Calbiochem) and
sonicated four times on ice. After centrifugation at 10,000 rpm in a Sorvall HB-6
rotor for 10 min at 4°C, the supernatant was snap-frozen for storage in 10%
glycerol. When needed, 5 ml of bacterial lysate was incubated with 750 pl of 50%
(vol/vol) slurry of glutathione-Sepharose 4B beads (Amersham Pharmacia Bio-
tech) for 2 h at 4°C. The beads were washed three times in 10 ml of washing
buffer containing 20 mM Tris-HCI (pH 8.0), 50 mM NaCl, 1 mM EDTA, 1 mM
dithiothreitol, 20% glycerol, and 1 mM phenylmethylsulfonyl fluoride and resus-
pended in 375 pl of washing buffer. For pull-down assays, the cells were trans-
fected and lysed essentially as described above, and 500 wl of clear cell lysate was
incubated with 15 pl of GST-, GST-TPR1-, or GST-RBD-coupled beads and
agitated for 1 h at 4°C. The beads were subsequently washed three times in cell
lysis buffer and twice in phosphate-buffered saline before being resuspended in
50 pl of 2X SDS-PAGE loading buffer and boiled for 5 min prior to electro-
phoretic analysis.

In vitro binding assay. The cDNAs coding for wild-type Ga16 (Gal6wt) and
Gal6QL were cloned into the pBluescript SK(+) vector (Stratagene) and used
for in vitro translation. Briefly, labeled Gal6 was made with the T7 RNA
polymerase-coupled transcription/rabbit reticulocyte translation system (Pro-
mega) in the presence of [**S]methionine (NEN Life Science Products) following
the manufacturer’s instructions. Equal amounts of [**S]methionine-labeled
Gal6wt and Gal6QL were incubated with equivalent amounts of either GST or
GST-TPRI1 fusion protein precoupled to the glutathione-Sepharose 4B beads.
The binding reaction was performed in cell lysis buffer (described above) over-
night at 4°C. The beads were centrifuged to recover the unbound proteins and
washed several times, and the bound proteins were eluted in 50 pl of 5X
SDS-PAGE loading buffer. The samples were analyzed by SDS-PAGE and
autoradiography.

RESULTS

Selective interaction between TPR1 and Ga proteins. To
identify proteins that interact with G proteins of the Gq family,
a GTPase-deficient (constitutively active) mutant, Gal6
(Q212L), was fused to the LexA DNA-binding domain and
used as bait for an S. cerevisiae two-hybrid screening. Several
positive clones were isolated from a human brain cDNA library
fused to the B42 activation domain, which activates transcrip-
tion when brought in proximity to the LexA DNA-binding
domain. Upon DNA sequencing, one clone was found to en-
code TPR1, a 292-residue protein of unknown function that
contains three TPR motifs (24). To confirm that TPR1 inter-
acts with Gal6 in mammalian cells, an N-terminal FLAG-
tagged TPR1 (FLAG-TPR1) expression construct was pre-
pared. This vector was cotransfected with a Gal6 expression
construct into HEK293T cells devoid of endogenous Gal6
(Fig. 1D). We also examined Gal16QL and Gal6GA, the ac-
tive and inactive mutants of Gal6, respectively. Gal6QL is
known for its ability to mediate NF-kB luciferase reporter
expression through accumulation of inositol phosphates (34).
Twenty-four hours after transfection, the tagged TPR1 was
immunoprecipitated from the cell lysates with an anti-FLAG
MAD. The precipitates were then analyzed by Western blotting
using an anti-Gal6 Ab. As shown in Fig. 1A, Gal6 was de-
tected in the immunoprecipitates from cells transfected with
Gal6 but was not found in mock (vector)-transfected cells.
TPR1 interacted equally well with the GTPase-deficient
Gal6QL with the GIn212-to-Leu mutation and with Gal6GA
with the Gly211-to-Ala mutation, a mutation in the contact site
with the By complex that abolishes GTP binding to Ga and
subsequent dissociation of By (Fig. 1A). Taken together, these
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FIG. 1. Interaction between Gal6 and TPR1. (A) HEK293T cells were transiently transfected with the FLAG-TPR1 construct either alone or
with expression vectors for Gal6wt, Gal6GA (inactive mutant), and Ga16QL (active mutant). Whole-cell lysates were immunoprecipitated with
an anti-FLAG agarose affinity gel. The immunoprecipitates (IP) and cell homogenates (H) were resolved by SDS-PAGE (10% polyacrylamide).
Coimmunoprecipitation of Gal6 with FLAG-TPR1 was examined by Western blotting (WB) with anti-Ga16 serum (top panel). FLAG-TPR1 in
the IP was detected with an anti-FLAG MADb and serves as a loading control (middle panel). The blot was probed for the expression of Ga16 in
the cell homogenates (bottom panel). In the absence of FLAG-TPR1, no Gal6 is detectable in the IP fraction (not shown). (B) Cells were
transfected with empty vector or with expression vectors for Gal6wt or Gal6QL. Whole-cell lysates were incubated with GST (negative control)
or GST-TPR1 fusion protein immobilized on glutathione-Sepharose beads. Bound proteins were eluted and analyzed by Western blotting. The
ability of Ga16 to interact with GST or GST-TPR1 was determined by blotting the eluate with anti-Ga16 (top panel). The expression of Gal6
in the homogenates was assessed as in panel A (bottom panel). GST and GST-TPR1 were detected by staining with Coomassie blue (middle panel)
and served as loading controls. (C) Equivalent amounts of GST or GST-TPR1, immobilized on glutathione-Sepharose beads, were incubated with
in vitro-translated [*>S]methionine-labeled Gal6wt or Ga16QL. After the beads were pelleted, both the unbound proteins recovered from the
supernatants (bottom panel) and the bound proteins (top panel) were subjected to SDS-PAGE and autoradiography. (D) Total RNA was isolated
from the human cervical carcinoma cell line HeLa, kidney epithelial cell line HEK293T, promyelocytic cell line HL-60, leukemic T-cell line Jurkat,
erythroleukemic cell line HEL, and myelomonoblastic cell line PLB 985. The expression of TPR1 (top panel) and Ga16 (middle panel) mRNAs
was detected by reverse transcriptase PCR using specific primers. In parallel, 1 ng of DNA encoding TPR1 or Ga16 was used as a positive control
(C+) for the PCR. Glyceraldehyde 3-phosphate dehydrogenase (G3PDH) expression serves as PCR and loading controls (bottom panel). All
results presented are representative of at least three independent experiments.

observations suggest that TPR1 bind to Ga16 regardless of its Gal6 from the transfected HEK293T cell lysates. Both
activation state. Gal6wt and Gal6QL interacted with GST-TPRI1 equally well.

The interaction between TPR1 and Ga16 was verified using Furthermore, Gal6wt and Ga16QL prepared by in vitro trans-
a pull-down assay in which TPR1 was fused to the C terminus lation in the presence of [>°S]methionine were able to associate
of GST. As shown in Fig. 1B, the GST-TPR1 fusion protein, with GST-TPR1 (Fig. 1C). These results suggest direct inter-
but not the GST control protein, successfully pulled down action between Gal6 and TPR1.
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FIG. 2. Interactions between TPR1 and selected Go proteins.
HEK293T cells were transiently transfected with the FLAG-TPR1
construct either alone or with individual expression vectors encoding
Gal6wt, Gagwt, the short and long forms of Gaswt, Gai2wt, Gal3wt,
and Gat-1wt. The cell homogenates were subjected to immunoprecipi-
tation with an anti-FLAG agarose affinity gel and analyzed by Western
blotting. The Western blot (WB) was probed for the respective Ga
protein contents in the immunoprecipitates (IP) (top panels) and ho-
mogenates (H) (bottom panels). An equal amount of FLAG-TPR1
protein was precipitated in each sample (not shown). Data shown are
representative of at least three independent experiments.

We next investigated whether the cells used in our study
contain endogenous TPRI1. The transcript for TPR1 was
present in all six cell lines tested (Fig. 1D). In comparison, the
Gal6 transcript was detected only in the four hematopoietic
cell types, not in the epithelial cell lines HeLa and HEK293T.
These observations are consistent with previous studies report-
ing that TPR1 is ubiquitously expressed (24), whereas the
distribution of Gal6 is restricted to hematopoietic cells (1).
The coexpression of these two proteins in the same cell implies
a potential role of TPR1 in Ga16 signaling.

There are four classes of Ga proteins, namely, Gs, Gi, Gq,
and G12 (32). We examined whether TPR1 interacts with Ga
proteins other than Ga16. The expression constructs for Gaq,
Gai2, Gal3 (a member of the G12 family), Gat-1 (a member
of the Gi family), and both the long and short forms of Gas
were individually transfected into HEK293T cells together
with FLAG-TPRI1. After immunoprecipitation with an anti-
FLAG MAD, Western blotting was conducted with antibodies
against these Ga subunits. It was found that TPR1 also inter-
acts with Gaq, with both the short and long isoforms of Gas,
and to a much lesser extent with Gai2. However, TPR1 did not
interact with either Ga13 or Gat-1 (Fig. 2), indicating that its
association with G proteins is selective.

TPR1 interacts with Ha-Ras. The N-terminal region of the
NADPH oxidase component p67°"* contains four TPR motifs
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that interact with the small GTPases Racl and Rac2 (17, 20).
We therefore tested whether TPR1, with three TPR motifs,
can also interact with Rac. However, results from immunopre-
cipitation and Western blotting experiments indicate that Racl
and its GTPase-deficient mutant (Q61L) do not bind to TPRI1.
Similarly, neither Cdc42 nor RhoA were found to interact with
TPR1 (data not shown). In contrast, the constitutively active
mutant of Ha-Ras (G12V), and to a lesser extent, the wild-type
Ha-Ras, coimmunoprecipitated with the FLAG-tagged TPR1
(Fig. 3A). The same result was obtained with a hemagglutinin-
tagged TPR1 and in pull-down assays with GST-TPR1 (data
not shown), thus excluding the possibility that RasG12V inter-
acts with the FLAG tag attached to the N terminus of TPR1.
As expected, the endogenous Ras was confirmed to bind to the
TPR1 construct using coimmunoprecipitation and Western
blotting analysis (Fig. 3B).

Since Ga16 binds to TPR1, we tested whether Ga16 inter-
feres with TPR1 binding to Ras. The two molecules were
coexpressed in HEK293T cells together with FLAG-TPRI.
Surprisingly, either the wild-type Gal6 or the GTPase-defi-
cient mutant of Ga16 could facilitate binding of RasG12V to
TPR1 (Fig. 3A, top panel). Moreover, the wild-type Ras
(Raswt), which binds poorly to TPR1, could interact with
TPR1 to the same degree as RasG12V in the presence of
Gal6. In contrast, the interaction between Gal6 and TPR1
was not affected by expression of either Raswt or RasG12V
(Fig. 3A, second panel).

Structural requirements for TPR1 interaction with Gal6
and Ha-Ras. TPR1 contains three segments: an N-terminal
segment (amino acids 1 to 115), a central portion with three
TPR motifs (amino acids 116 to 222), and a C-terminal seg-
ment (amino acids 223 to 292). To identify structures required
for the interaction with Ga16 and Ras, three C-terminal pro-
gressive deletion mutants were generated (Fig. 4A). In addi-
tion, an N-terminal deletion mutant was also prepared. These
mutants were tagged with FLAG and individually transfected
into HEK293T cells along with either Gal6QL (Fig. 4B) or
Ha-Ras (Fig. 4C). In immunoprecipitation and Western blot-
ting experiments, none of the three C-terminal deletion mu-
tants retained interaction with Ga16 (Fig. 4B), suggesting that
the C-terminal segment is essential for Gal6 binding. This
notion was supported by the observed interaction between
Gal6QL and the N-terminal deletion mutant of TPRI1, al-
though the interaction was not as strong as with the wild-type
TPRI1 (Fig. 4B, lane 7 versus lane 3).

A different pattern of TPR1 interaction was observed with
Ras (Fig. 4C). The deletion of the C-terminal fragment alone
(224-stop) markedly reduced its interaction with Ras. How-
ever, further deletion into the TPR motifs partially restored
Ras binding. More interestingly, removal of the N-terminal
segment noticeably enhanced the interaction between the re-
sultant protein, TPR1 with amino acids 113 to 292 TPR1(113-
292) and Ras, but the characteristic difference in binding
Raswt versus RasG12V remained (Fig. 4C, lanes 11 and 12
versus lanes 3 and 4). This latter finding suggests that the
N-terminal domain of TPR1 might be folded in a manner that
impedes Ras binding, raising the possibility that promotion of
Ras binding by Gal6 involves this domain. Indeed, even
though TPR1(113-292) binds better to Raswt than the full-
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FIG. 3. Interaction of Ha-Ras with TPR1 and facilitation of the interaction by Ga16. (A) HEK293T cells were transiently transfected with the
FLAG-TPRI construct either alone or in combination with expression vectors for Ras and/or Gal6 as indicated. The cell homogenates were
subjected to immunoprecipitation with an anti-FLAG agarose affinity gel and analyzed by Western blotting. Total FLAG-TPR1 in the immuno-
precipitates (IP) was shown by probing the Western blot (WB) with an anti-FLAG MADb (middle panel). The IP (top two panels) and cell
homogenates (H) (bottom two panels) were probed with anti-Ras and anti-Ga16 sera to assay for the abilities of Ras and Ga16 to coimmuno-
precipitate with FLAG-TPR1 and for their expression in the cells. Results are representative of at least three independent experiments.
(B) FLAG-TPRI1 was transiently expressed in HEK293T cells and used for coimmunoprecipitation (IP) of Ras with or without exogenous Raswt.

Samples were analyzed by Western blotting.

length TPR1 does, this interaction cannot be further enhanced
by Gal6QL in the absence of the N-terminal segment (Fig. 5).

Our results indicate that the C-terminal portion of TPR1 is
required for Ga16 binding. To determine whether this frag-
ment (70 residues) is also sufficient for Ga16 interaction, we
prepared a FLAG-tagged TPR1(223-292) and a GST fusion
protein of TPR1(223-292). The expression of FLAG-tagged
TPR1(223-292) in cells was unsuccessful, probably due to its
small size. We detected no binding between the purified GST-
TPR1(223-292) protein and Ga16 (data not shown). Likewise,
the GST-TPR1(223-292) protein did not bind to Ras.
TPR1(113-224), which contains the three TPR motifs, did not

retain any binding to Ras either (data not shown). Taken
together, our data suggest that the last 70 residues of TPR1 are
essential for the maintenance of a structure necessary for the
interaction with Ga16 and Ras, but this fragment alone might
be insufficient for binding of Ga16 or Ras.

Potential role of TPR1 in Ras activation. We investigated
whether the expression of TPR1 affects Ras activation. The
assay used to detect GTP-bound Ras is based on a previous
finding that active Ras binds efficiently to Raf-1 (6). A pull-
down assay with the RBD of Raf-1 fused to GST was per-
formed to confirm that GST-RBD binds strongly to RasG12V
(Fig. 6A) but weakly to Raswt (Fig. 6A) in both HeLa cells
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FIG. 4. Identification of TPR1 structures required for Gal6 and
Ha-Ras binding. (A) Schematic representation of the human TPR1
with the three TPR motifs (amino acids 116 to 149, 155 to 188, and 189
to 222) shown as boxes. Three C-terminal progressive deletion mutants
of TPR1 and an N-terminal deletion mutant were generated. Two
additional mutants, comprising either the TPR-containing domain
alone or the C-terminal 70 residues of TPR1 were also prepared. All
the deletion mutants were tagged with FLAG. The full-length TPR1
and the mutants were overexpressed in HEK293T cells with Gal6QL
(B) or Raswt or RasG12V (C). In both cases, the cell lysates were
precipitated with anti-FLAG agarose affinity gels. Western blotting
(WB) analysis of the immunoprecipitates (IP) with the anti-FLAG Ab
identified the expression of the various TPR1 constructs, which serve
as loading controls (middle panel). The abilities of the various mutants
to retain Ga16 or Ras binding were assessed by blotting the immuno-
precipitates with anti-Ga16 or anti-Ras (top panel). Equal levels of
Gal6QL, Raswt, and RasG12V expression were demonstrated by
probing the homogenates (H) with the appropriate Ab (bottom panel).
The results shown are representative of at least three independent
experiments.
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(Fig. 6A) and HEK293T cells (data not shown). The results of
densitometry and statistical analyses of data obtained from
HeLa cells transiently expressing either RasG12V or Raswt
indicate a 20-fold (#+0.36-fold) difference in their binding to
GST-RBD.

Expression of FLAG-TPR1 enhanced association of Ras
with GST-RBD in a dose-dependent manner (Fig. 6B). The
ratio of activated Ras to total Ras increased from 1.23- to 3.38-
and 6.87-fold (with FLAG-TPR1 DNA input of 0.5, 1, and 3 pg
per transfection, respectively) over the basal level (with no
FLAG-TPR1). One of the downstream effectors of the Ras-
Raf-1 pathway is the MAP kinase ERK1/2 (p44/p42), and Ras
activation is known to stimulate the phosphorylation of
ERK1/2. Using an anti-phospho-ERK antibody, we observed
that the expression of FLAG-TPR1 also stimulated the phos-
phorylation of ERKs (Fig. 6C).

The above findings suggest that TPR1 can induce the accu-
mulation of active Ras. This may result from stimulation of
Ras activation or stabilization of Ras in an active conformation
by TPR1. To test these possibilities, we first conducted an in
vitro Ras activation assay with the nonhydrolyzable GTP ana-
logue, guanosine 5'-O-(3-thiotriphosphate) (GTP-y-S). GST-
Ras fusion protein was purified from E. coli lysate, dialyzed,

2 34 56 7

8 9 10 11 12

and loaded with cold GDP. The GDP-bound Ras was then
incubated with either purified GST-TPR1 or concentrated ly-
sates from TPR1-transfected HEK293T cells in the presence of
GTP-y-[*°S]. We observed no difference in GTP-y-S binding
between assays with recombinant TPR1 and assays without
TPR1 (data not shown), evidence against TPR1 acting as a
GEF for Ras. Moreover, we tested TPR1 binding to a domi-
nant-negative Ras, Rasl7N (Ras with T17N mutation). This
mutant functions by forming stable and inactive complexes
with Ras GEFs, thus preventing activation of endogenous Ras.
Ras17N has been described to bind more tightly to Ras GEFs
than does wild-type Ras (8). The Ras17N construct was coex-
pressed with FLAG-TPRI1. After selective immunoprecipita-
tion of TPR1 from the cell lysate, we observed a much lower
level of binding with Ras17N than with Raswt (Fig. 7A). These
results do not support the role of TPR1 as a Ras GEF.

We next examined whether TPR1 helps to stabilize active
Ras by interacting with regions (switch I and II) that also
contain binding sites for the Ras effectors (such as Raf-1) and
regulators (such as Ras-GAPs). Indeed, the Ras-binding do-
main of Raf-1 (GST-RBD) could reduce the interaction be-
tween FLAG-TPR1 and Ras (Fig. 7B), suggesting that the
Ras-binding site for TPR1 overlaps at least in part with its
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FIG. 5. Implication of the TPR1 N terminus in Gal6-dependent enhancement of TPR1-Ras interaction. The full-length TPR1 (A) or the
N-terminal deletion mutant (residues 113 to 292 deleted) (B) were transiently transfected in HEK293T cells, together with expression vectors
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Western blotting (WB) with anti-Ras (top panels), anti-Gal6 (second panels from top), and anti-FLAG (third panels from top) antibodies.
Expression of Ras and Ga16 constructs was verified in the homogenates (H) (two bottom panels).

binding site for Raf-1. Taken together, these results suggest
that stabilization by TPR1 contributes to the accumulation of
active Ras.

Effect of Gal6 on TPR1-dependent accumulation of Ras-
GTP. Since expression of Ga16 can increase the recruitment of
Ras to TPR1 (Fig. 3A), we examined whether Ga16 can fur-
ther enhance accumulation of active Ras. Using GST-RBD
pull-down assay, we first observed that Gal6 could enhance
Ras-GTP accumulation in the absence of FLAG-TPR1 (Fig.
8A, lane 2 versus lane 1). Interestingly, in the presence of
FLAG-TPRYI, the active Ga1l6QL was clearly more efficient in
potentiating Ras-GTP accumulation than Gal6wt (a 2.58-fold
increase for Gal6QL versus a 1.23-fold increase for Gal6wt;
Fig. 8A and B, lanes 4 versus lanes 3).

We have shown that deletion of the N-terminal portion of
TPR1 allows for better interaction with Ras (Fig. 4C) but
abolishes regulation by Ga16 (Fig. 5). When examined for its
functional effect on Ras, the TPR1(113-292) truncation mutant
could indeed promote the accumulation of active Ras. Consis-
tent with the Ras binding data shown in Fig. 4C, the N-termi-
nal deletion mutant slightly increased accumulation of active
Ras (by approximately 25%) compared to full-length TPR1
(data not shown).

A TPR-containing protein, LGN, interacts with Ras. To
determine whether the ability to interact with Ras is unique to
TPR1, we examined another protein that contains TPR motifs.
The human mosaic protein LGN was originally isolated by S.
cerevisiae two-hybrid screening using Gai2 as bait (23). LGN
protein and its rat homologue AGS3 contain an N-terminal
domain with clustered TPR motifs and a C-terminal domain
with G-protein regulatory motifs (also called GoLoco motifs).
LGN protein has been characterized for the regulation of Gai
signaling. It is believed that this function is mediated through
the G-protein regulatory motifs (25, 26), whereas the role of
the seven TPR motifs that are enriched with the sequence of
leucine-glycine-asparagine (LGN) remains unknown. We tran-
siently transfected a FLAG-tagged construct of the LGN pro-
tein with either Ras or Gai2 into HEK293T cells. After im-
munoprecipitation with an anti-FLAG MAD, the presence of
Ras and Gai2 in the immunoprecipitates was determined using
the appropriate antibody. Gai2 was found to interact with the
full-length LGN protein. As expected, it did not interact with
a truncated LGN protein with only the N-terminal 400 amino
acids (Fig. 9A). In comparison, both the full-length LGN pro-
tein and the truncated LGN protein bound to Raswt and
RasG12V, suggesting that the N-terminal fragment, which con-
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tains the TPR motifs, is essential for interaction with Ras (Fig.
9B). It was also noted that the truncated LGN protein interacts
better with RasG12V than with Raswt, a property similar to
that of TPR1.
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FIG. 6. Involvement of TPR1 in accumulation of active Ras and
phosphorylation of ERKs. (A) HeLa cells were transiently transfected
with empty vector or with the Raswt or RasG12V expression construct.
The cells were serum starved for 24 h, and Ras activity was measured
using the RBD of Raf-1. The cell lysates were precipitated with the
GST-RBD fusion protein coupled to glutathione-Sepharose beads.
The bound Ras-GTP was detected in the precipitates by Western
blotting (WB) using an anti-Ras Ab (top panel). The GST-RBD fusion
protein was detected by Coomassie blue staining (second panel from
top) and serves as a loading control. The total amount of Ras protein
in each sample before GST-RBD binding was determined by probing
the cell homogenates (H) with an anti-Ras Ab (middle panel). The
homogenates were also assayed for any changes in the phosphorylation
of the intrinsic ERK1/2 (P-ERK1/2) (second panel from bottom) and
compared to the nonphosphorylated form of the two kinase isoforms
(bottom panel). (B) Raswt was expressed alone (second lane from the
left) or together with increasing amounts of FLAG-TPR1 in HeLa
cells. As in panel A, after a 24-h serum starvation period, active Ras
(top panel) was precipitated from the cell homogenates (H) using the
GST-RBD affinity reagent. (C) The TPR1-dependent ERK1/2 phos-
phorylation was analyzed in cells transfected under the same condi-
tions. Results shown are representative of at least three independent
experiments. Quantitative analyses of all blots were performed using
the ImageQuant program (Molecular Dynamics). For each individual
experiment, values for the relative amounts of Ras-GTP were calcu-
lated as fold increase compared to the basal level Raswt condition,
which was assigned a value of 1. The bars in the histograms are the
means * standard errors of the means for three experiments (n = 3).
Values that were significantly different from the basal level are indi-
cated (**, P < 0.01; ***, P < 0.001).
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DISCUSSION

In this study, we have identified TPR1 as a direct Gal6-
binding partner and reported in addition that it can bind with
specificity to other Ga proteins. TPR1 was previously isolated
in an S. cerevisiae two-hybrid screen using a truncated mutant
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the three forms of Ras. The FLAG-TPR1 protein was then immuno-
precipitated (IP) from the cell lysates with an anti-FLAG agarose
affinity gel. The Ras that was associated with FLAG-TPR1 was de-
tected by Western blotting (WB) with an anti-Ras Ab (top panel).
Ras17N exhibited reduced ability to bind TPR1. H, cell homogenates.
(B) HeLa cells were transfected similarly as in panel A but with Raswt
only. Cell lysates were prepared and preincubated for 30 min at 4°C
with two different concentrations of purified GST-RBD derived from
Raf-1, which were also present during immunoprecipitation of TPR1.
The final reaction mixture contains 1.5 pg of cell lysates per pl and 6
and 27 ng of GST-RBD per pl. The Ras associated with FLAG-TPR1
was detected by Western blotting (top panel) and found to decrease
with increasing concentrations of GST-RBD (bottom panel). Data
shown are representative of at least three independent experiments.

of the GAP-related domain of neurofibromin as bait (24). The
structure of TPR1 consists of unique amino- and carboxy-
terminal domains of approximately 100 amino acids and three
clustered TPR motifs (24). The TPR motif was originally iden-
tified in the S. cerevisiae cell division cycle protein Cdc23p (31)
and in the Schizosaccharomyces pombe nuclear protein nuc2+
(16). It has since been found in organisms ranging from cya-
nobacteria to humans (2, 19). TPR motifs are usually present
in tandem arrays of 3 to 16 units, and the proteins harboring
TPR motifs are important for basic cellular functions, includ-
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ing DNA replication, transcriptional control, cell division, pro-
tein chaperoning, and mitochondrial and peroxisomal protein
transport (reviewed in reference 2). TPR motifs generally me-
diate protein-protein interactions. The finding that TPR motif-
containing proteins can selectively interact with Ga proteins
suggests a potential function of these proteins in mediating
G-protein signaling.

The detailed structural determinants for the direct interac-
tion of TPR1 with various G proteins have not been identified.
We have consistently observed the interaction of TPR1 with
Gal6 using several approaches including S. cerevisiae two-
hybrid screening, GST-TPR1 binding, coimmunoprecipitation,
and in vitro binding assay with purified components. Our data
support a direct association between TPR1 and Ga16. Analysis
of the deletion mutants of TPR1 has revealed that the C-
terminal 70 amino acids are required for TPR1 interaction
with Ga16. This fragment, however, is not sufficient for Ga16
association when expressed as a GST fusion protein. Since
TPRI1 is a relatively small protein (292 amino acids), deleting
the C-terminal 70 residues could possibly affect the overall
structure of the protein, which may contain other sites or
determinants for Gal6 binding. While this manuscript was
being revised, Yamaguchi et al. reported that Ga12 and Ga13
can interact with the serine/threonine protein phosphatase
type 5 (PP5), which contains a stretch of TPR motifs in its
amino terminus (33). Their study provides evidence that the
expression of the TPR motifs is sufficient for Gal2 or Gal3
binding. However, it was not determined whether the interac-
tion between PP5 and Gal2 or Gal3 is direct. Both Ga12wt
and Gal2QL interact with PPS5, although Gal2wt does not
stimulate PP5 activity as Gal2QL does. Likewise, we have
shown TPR1 interaction with both Gal6wt and Gal6QL, in-
dicating that the activation status of these G proteins is not a
critical determinant for their interactions with TPR1. Interest-
ingly, Ga13, a member of the Ga12 class of G proteins, does
not bind TPR1 in our study. Although Gaq and Gai2 interact
with TPR1, they do not bind to PP5 (33). Information ex-
tracted from these two studies (this study and that of Yamagu-
chi et al. 33) suggest that TPR motif-containing proteins can
discriminate between different G proteins.

Using coimmunoprecipitation and Western blotting analysis,
we observed an interaction between TPR1 and Ha-Ras. Fur-
thermore, we have found that TPR1 binds better to the active
Ras than Raswt. This is the second reported case of interac-
tions between a TPR motif-containing protein and a small
GTPase. It was previously reported that the NADPH oxidase
component p67°"°* can bind the small GTPases Racl and
Rac2 through its TPR motifs (17). Notably, the TPR motifs in
p67P°* recognize Rac in its GTP-bound form but not in the
GDP-bound form. This feature is similar to that of TPRI.
Taken together, these observations suggest that the TPR
motif-containing proteins may interact differently with small
GTPases than with Ga subunits of heterotrimeric G proteins.
We have further expanded our study to another TPR-contain-
ing protein, the human mosaic protein LGN protein (23). LGN
protein interacts with Gai through the GoLoco motifs located
in its carboxyl-terminal domain and stabilizes Gai in the GDP-
bound state. We show that Ras can interact with LGN protein
and that a carboxyl-terminal truncation mutant lacking the
GoLoco motifs but containing the integral TPR domain retains
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FIG. 8. Gal6 expression increases accumulation of active Ras. (A) HeLa cells were transfected with plasmids expressing Raswt and either
empty vector, Gal6wt, FLAG-TPRI1, or both FLAG-TPR1 and Gal6wt combined. After 24 h of serum starvation, active Ras was detected from
cell lysates using GST-RBD coupled to beads. The samples were Western blotted (WB) with an anti-Ras Ab (top panel), and the GST-RBD
protein was shown by staining with Coomassie blue (second panel from top) and serves as a loading control. Total cell lysates (homogenate [H])
were probed with the appropriate Ab to detect the relative levels of the expressed Ras, Gal6, and FLAG-TPR1 (three bottom panels). (B) The
same experiment was performed with Gal6QL instead of Gal6wt. Blots shown are representative of a typical experiment. Quantitative analyses
of blots were performed using the ImageQuant program. For each individual experiment, values for the relative amounts of Ras-GTP were
calculated as fold increase compared to the basal level. The mean values * standard errors of the means (S.E.M.) from three independent

experiments (n = 3) are shown below the blots.

the ability to bind to Ras. We investigated the possible pres-
ence of a common stretch of amino acids between the three
TPR-containing proteins (TPR1, LGN, and p67°"*) that
might define their binding properties to small GTPases. How-
ever, as expected from p67P"°* in which a complex structure
serves as the determinant for Rac binding (5, 12, 20), the
alignment performed with these three proteins and more pre-
cisely with the isolated TPR domains was inconclusive and
yielded no significant similarity at the primary structure level.
We speculate that TPR motif may be the determinant for
binding small GTPases, but optimal interaction requires struc-
tural determinants at higher levels. We further speculate that
the actual sequence of TPR motif and/or its flanking regions
define the specificity for interaction with different small
GTPases.

The expression of Gal6 is restricted to hematopoietic cells.
Our data show that these cells also contain TPR1 (Fig. 1D),
raising the possibility that Gal6 functionally interacts with
TPRI1. In the transfected cells, expression of Gal6 markedly
increases TPR1 binding to Ras and abolishes the ability of
TPR1 to discriminate between Raswt and active Ras (Fig. 3A).

There are two major possibilities. First, Gal6 may trigger
structural alterations in TPR1 favoring the recruitment of Ras.
Second, Gal6 alone may induce Ras activation, thereby in-
creasing the amount of GTP-bound Ras that preferably inter-
acts with TPR1. We have examined both possibilities and con-
cluded that, even though Gal6 can stimulate small to
moderate levels of Ras activation, presumably through endog-
enous TPR1 or another mechanism, this does not account for
the potent effect of Gal6 on Ras recruitment to TPR1 (Fig.
5A). Moreover, the TPR1(113-292) mutant is capable of bind-
ing Ras and discriminating between active Ras and Raswt (Fig.
4C), but expression of Gal6QL does not lead to increased
binding of Ras to TPR1(113-292) (Fig. 5B). Therefore, it is
most likely that binding of Gal6 to TPR1 induces a confor-
mational change that involves the N terminus of TPR1, result-
ing in significantly stronger interaction with Ras.

The ability of TPR1 to interact better with active Ras in a
Gal6-independent manner (Fig. 3A and 4C) suggests that
TPR1 can recognize the conformational change associated
with Ras activation (Ras-GTP versus Ras-GDP). However, our
results also show that overexpression of TPR1 can induce
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FIG. 9. Interaction of Ha-Ras with the TPR-containing LGN pro-
tein. (A) Interaction between LGN and Gai2 was confirmed in
HEK293T cells that transiently expressed a FLAG-tagged full-length
LGN protein or a C-terminal truncation mutant of LGN protein (400-
stop). Cell lysates were subjected to immunoprecipitation using an
anti-FLAG agarose affinity gel, and the immunoprecipitates (IP) were
analyzed for Gai2 by Western blotting (WB). (B) Same experiment as
in panel A but with Raswt and RasG12V instead of Gai2. The LGN-
associated Ras was determined by Western blotting using an anti-Ras
AD (top panel). The FLAG-tagged proteins in the IP were shown with
an anti-FLAG AD and serve as loading controls (middle panels). Blots
shown are representative of three experiments.

accumulation of active Ras as measured by binding to the
Raf-1 RBD. Thus, TPR1 may activate Ras by stimulating gua-
nine nucleotide exchange or may stabilize Ras in its active
conformation and cause accumulation of the active Ras. To
determine whether TPR1 can serve the function of a GEF for
Ras, we conducted a GTP-y-[**S] binding assay but found no
difference between the test sample (with TPR1) and control
(without TPR1). Also, a careful analysis of our data argues
against TPR1 being a GEF for Ras. As a Ras GEF, TPR1
would be expected to bind relatively strongly to Ras17N (8).
However, experimental data indicate that the interaction of
TPR1 with Ras17N is much weaker than its interaction with
RasG12V and Raswt (Fig. 7A). These observations suggest
that TPR1 binds to the active Ras and stabilizes it in this
conformation. A possible region for TPR1 interaction with Ras
is one mostly influenced by the active and inactive states,
namely, switch I (loop L2/N-terminal B2) and switch II (loop
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L4/helix o2). Since this region also contains binding sites for
the Ras effectors (such as Raf-1) and regulators (e.g., GAPs),
we predicted that TPR1 and GST-RBD compete for binding of
the active Ras. Our finding that increasing the amount of
GST-RBD reduces association of TPR1 and Ras (Fig. 7B)
supports the notion that TPR1 binds to the region that is also
essential for Ras interaction with Raf-RBD, thereby offering a
possible mechanism for the accumulation of active Ras in the
presence of TPR1.

In summary, we have characterized TPR1 as a novel adaptor
that can bind to specific Ga proteins and to Ras. Data shown
here support Gal6 playing a role in activating Ras, in part
through its interaction with TPR1. However, the precise role of
TPR1 in mediating this function remains unclear. The ability
of Gal6 to interact with TPR1 is not affected by its activation
status, whereas a constitutively active Ga16 is more effective
than Ga 16wt in causing the accumulation of active Ras. There-
fore, there may also be a TPR1-independent mechanism for
Gal6 to activate Ras. Although the present study was initiated
with identification of TPR1 using Ga16 as bait, we are aware
that this G protein differs from most other Ga subunits in that
it can interact with GPCRs less specifically. The detailed mech-
anism underlying Gal6-induced cellular functions requires
further investigation. With TPR motif-containing proteins be-
coming an emerging group of molecules that interact with
heterotrimeric G proteins and small GTPases, it will be im-
portant to examine how TPR1 associates with other Ga pro-
teins, such as Gas and Gaq, and what the functional conse-
quences are. TPR1 was originally identified as a protein that
interacts in S. cerevisiae with a truncated form of the GAP-
related domain of neurofibromin (24). Based on results shown
above, TPR1 may compete with the GAP-related domain and
thereby increase the levels of Ras-GTP. This possibility and its
implication in the pathogenesis of neurofibromatosis type I will
be investigated in future studies.
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