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Protein—protein interactions control transcription, cell division, and
cell proliferation as well as mediate signal transduction, oncogenic
transformation, and regulation of cell death. Although a variety of
methods have been used to investigate protein interactions in vitro
and in cultured cells, none can analyze these interactions in intact,
living animals. To enable noninvasive molecular imaging of pro-
tein—protein interactions in vivo by positron-emission tomography
and fluorescence imaging, we engineered a fusion reporter gene
comprising a mutant herpes simplex virus 1 thymidine kinase and
green fluorescent protein for readout of a tetracycline-inducible,
two-hybrid system in vivo. By using micro-positron-emission to-
mography, interactions between p53 tumor suppressor and the
large T antigen of simian virus 40 were visualized in tumor
xenografts of HelLa cells stably transfected with the imaging
constructs. Imaging protein-binding partners in vivo will enable
functional proteomics in whole animals and provide a tool for
screening compounds targeted to specific protein—-protein interac-
tions in living animals.

Noncovalent associations between proteins regulate many
essential biological processes, including transcription, trans-
lation, and metabolic or signal transduction pathways. The
ability to investigate protein interactions has been revolutionized
by development and application of techniques such as the yeast
two-hybrid system (1), split ubiquitin (2), and protein fragment
complementation (3, 4). Although existing technologies have
provided important insights about composition and regulation of
protein complexes, studies of protein interactions have been
limited to assays in vitro and in cultured cells. Thus, development
and application of methods to noninvasively image protein
interactions in vivo would aid determinations of how the intricate
regulatory pathways that exist in an intact animal modify binding
specificities of proteins.

Recent studies have shown that positron-emission tomog-
raphy (PET) imaging can be used to detect reporter proteins
such as herpes simplex virus 1 thymidine kinase (HSV-1-TK)
in vivo (5, 6). Nucleoside analogs, including 8-fluoroganciclo-
vir (FGCV) (5), 5-iodo-2’'-fluoro-1-B-D-arabinofuranosyl-
uracil (FIAU) (7), and 9-(4-fluoro-3-hydroxymethylbutyl)gua-
nine (FHBG) (8), are actively transported into cells and
preferentially phosphorylated by the viral rather than mam-
malian thymidine kinase. Retention of phosphorylated nucle-
oside analogs correlates directly with expression of HSV-1-TK,
and the nucleoside, when radiolabeled with a positron-
emitting isotope, enables detection and quantification of the
reporter protein by PET imaging (9, 10).

To develop a method for detecting protein—protein interac-
tions in living mice, we combined the two-hybrid system with
reporter proteins suitable for imaging (11, 12) (Fig. 1). A novel
mutant HSV-1-TK fused to green fluorescent protein (GFP) was
used as a reporter for imaging with both PET and optical
techniques, whereas a tetracycline-inducible bidirectional pro-
moter was used to regulate expression of the pS3 tumor sup-
pressor protein and TAg from simian virus 40 (SV40; ref. 13). By
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using micro-PET (14), we show that specific binding of p53 and
TAg can be detected and quantified in living mice.

Materials and Methods

Construction of Plasmids. The N terminus nuclear localization
sequence (NLS) of HSV-1-s139TK (gift of H. Herschman, Univ.
of California, Los Angeles, School of Medicine) was mutated to
R25G-R268S by using 5'-GGGCGCAACGCCGTACTTCCGT-
TGCTATGGCCGCG-3" and 5'-CGCGGCCATAGCAACG-
GAAGTACGGCGTTGCGCCC-3'" with the Quik-Change site-
directed mutagenesis kit (Stratagene), creating mNLS-sr39TK.
HSV-1-sr39TK and mNLS-sr39TK were digested with BamHI
and Notl and ligated to corresponding sites in pEGFP-N1
(CLONTECH) that previously were digested to remove EGFP.
To create fusions with the N terminus of EGFP, flanking EcoR1
and BamHI restriction sites were added to HSV-1-sr39TK and
mNLS-sr39TK by PCR by using the primers 5'-TCGCCCTTA-
GAATTCGCCACCATGG-3" and 5'-TCACCGGATC-
CCAGTTAGCCTCCCCCATCTCCCGG-3', and the resulting
cDNAs were ligated to corresponding sites in native pEGFP-N1.
PCR products were verified by sequencing. The cytomegalovirus
promoter from pcDNA6/VS5-HisA (Invitrogen) was replaced
with the Gal4 promoter from pG5CAT (CLONTECH), and
mNLS-sr39TK-EGFP was inserted into the resultant plasmid to
produce the Gal4-mNLS-sr39TK-EGFP reporter gene. The
reverse tetracycline-controlled transactivator rt TA25-M2 (gift of
W. Hillen, Universitidt Erlangen, Germany) was inserted into the
EcoRI and NotI sites of pIRESneo (CLONTECH), producing
pIRES-rtTA25-M2. Plasmids pBI/Gal4-BD-p53/VP16-TAg
and pBI/Gal4-BD-p53/VP16-CP were constructed by inserting
fusions of Gal4 DNA-binding domain with p53 and VP16
activation domain with SV40 TAg or polyoma virus coat protein
(CP) (Mammalian Matchmaker Two-Hybrid Assay kit; CLON-
TECH) into the NotI (blunted) and Sa/l sites (Gal4-BD-p53) and
Sacll site (blunted) (VP16 fusions) of pBI, respectively (CLON-
TECH). pBI contains a tetracycline-responsive element that
enables bidirectional, tetracycline-inducible expression of pairs
of hybrid proteins.

Generation of Recombinant Adenoviruses. Gal4-BD-p53, VP16-
TAg, and VP16-CP were inserted into the Bg/II and Xbal sites
of pShuttle cytomegalovirus (gift of B. Vogelstein, Johns Hop-
kins Univ., Baltimore) and coelectroporated with pAdEasy-1
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Fig. 1. Strategy forimaging protein-protein interactions in vivo. Treatment
with doxycycline activates a constitutively expressed reverse tetracycline-
responsive transactivator to induce bidirectional transcription of Gal4-BD-p53
and VP16-TAg, hybrid proteins containing the target proteins p53 and TAg
fused to the yeast Gal4 DNA-binding domain and the HSV-1 VP16 activation
domain, respectively. Interaction of p53 and TAg assembles the hybrid tran-
scriptional activator on the Gal4 promoter, inducing transcription of the
mMNLS-sr39TK-EGFP reporter. The fusion reporter protein can be detected by
micro-PET imaging of living mice by using TK-mediated phosphorylation (P)
and intracellular trapping of the positron-emitting radiopharmaceutical '8F-
FHBG or by fluorescence imaging of GFP.

into Escherichia coli BJ5183 to achieve homologous recombina-
tion. Recombinant adenoviruses were generated and propagated
with the AdEasy system (15).

Cell Culture and Transfection. HeLa cells were grown in DMEM
with 10% (vol/vol) heat-inactivated FBS, 1% (vol/vol) glu-
tamine, and 0.1% penicillin-streptomycin. Transfections were
performed with Fugene 6 (Roche, Gipf-Oberfrick, Switzer-
land). The reporter cell line (HeLa-Gal4-mNLS-sr39TK-
EGFP) was produced by sequential transfection of Gal4-
mNLS-sr39TK-EGFP and pIRES-rtTA25-M2, using 2.5 ug/ml
blasticidin and 500 ng/ml G418, respectively, to select clonal
cell lines. A single clone containing both plasmids then was
cotransfected with either pBI/Gal4-BD-p53/VP16-TAg or
pBI/Gal4-BD-p53/VP16-CP and a hygromycin resistance
plasmid (pTK-Hyg, CLONTECH) at a molar ratio of 20:1.
Clonal cell lines with Gal4-mNLS-sr39TK-EGFP, pIRES-
rtTA25-M2, and either pBI/Gal4-BD-p53/VP16-TAg or pBI/
Gal4-p53/VP16-CP were selected with 50 pg/ml hygromycin
in medium containing Tet-system approved FBS (CLON-
TECH). Resultant cell lines with Gal4-BD-p53/VP16-TAg or
Gal4-BD-p53/VP16-CP were designated as TAg or CP cells,
respectively.

Radiochemicals. 8-*H-penciclovir (8-*H-PCV; 14.9 Ci/mmol) was
obtained from Moravek Biochemicals (Brea, CA). 9-(4-['®F]-
Fluoro-3-hydroxymethylbutyl)guanine (!*F-FHBG; ~300 Ci/
mmol) was synthesized in the Washington University Molecular
Imaging Center Chemistry Core, as described (16), by using a
modified procedure of the synthesis reported by Alauddin and
Conti (8).

In Vitro Radiotracer Assays. Cell uptake of 8-*H-PCV (0.2 uCi/
ml) or BF-FHBG (5-10 uCi/ml) was performed 48 h after
transient transfection of cells, 24 h after adenoviral infection
at a multiplicity of infection of 10, or at various time periods
after incubation with doxycycline (1 ug/ml) as described in the
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figure legends (16). Data were expressed as moles of nucleo-
side analog/mg P per nM,, where mg P refers to mg of cell
protein and nM, is the concentration of nucleoside analog in
the extracellular space (17); data from transient transfections
were normalized to cotransfected p-galactosidase instead
of mg P. Data were reported as means * SE. Pairs were
compared by Student’s ¢ test. Values of P = 0.05 were
considered significant (18).

Western Blotting. Western blotting was performed to determine
expression of Gal4-BD-p53, VP16-TAg, and VP16-CP in cells
and tumors (19) by using primary antibodies to the Gal4-binding
domain and VP16 activation domain (CLONTECH). Immune
complexes were detected with goat anti-mouse and anti-rabbit
secondary antibodies, respectively, coupled to alkaline phospha-
tase (Santa Cruz Biotechnology).

Fluorescence Microscopy. Tumor specimens were snap-frozen in
Tissue-Tek OCT compound (Sakura, Torrance, CA) and cryo-
sectioned. Tumors and cultured cells were processed for fluo-
rescence microscopy as described (20).

Animal Studies. Animal care and euthanasia were approved by the
Washington University Medical School Animal Research Com-
mittee. Gal4-BD-p53/VP16-TAg cells (1.5 X 107) or Gal4-BD-
p53/VP16-CP cells (1 X 107) were injected s.c. into each axilla
of adult NCr nu/nu mice (Taconic Farms). After ~5-mm tumors
developed, mice were treated with i.p. injections of doxycycline
(60 ng/g body weight) in PBS or PBS alone. Doses were
administered at 6- to 8-h intervals for various times, with the
total number of doses and time before imaging indicated in the
figure legends. For micro-PET imaging (Concorde MicroSys-
tems, Knoxville, TN), mice were anesthetized lightly with isoflu-
orane before tail vein injection of F-FHBG (=95 nCi; 1 Ci =
37 GBq) and allowed to recover. Mice again were anesthetized
with isofluorane 1 h later, placed supine within the micro-PET
scanner, and imaged (10-20 min of acquisition time; one bed
position; filtered-back projection reconstruction; isotropic im-
age resolution of 1.8 mm). Micro-PET images were corrected for
decay but not attenuation, and regions of interest (ROI) were
analyzed with ANALYZEPC 3.0 software. ROI counts were con-
verted to counts per gram of tissue (nCi/g), assuming a tissue
density of 1 g/ml, and standard uptake values for each tumor
were calculated from the imaging data by dividing the counts per
gram of tissue by injected dose of radioactivity per gram of
animal weight. Because CP tumors could not be identified by
imaging with '8F-FHBG, ROI counts obtained from tissues near
the expected position of the CP tumor were used for negative
control values. Similarly, animals were anesthetized with meto-
fane and biodistribution studies were performed 1 h after tail
vein injection of F-FHBG (=15 uCi). Immediately after
removal of tumors and selected organs, tissues were assayed for
radioactivity (Cobra II; Beckman Coulter) and weighed. Radio-
tracer content was expressed as percent injected dose per gram
of tissue (% ID/g) (21). Tumor content of 'SF-FHBG was
normalized to accumulation of radiotracer in heart, a represen-
tative background organ that does not significantly accumulate
BF-FHBG (22).

Results

Enhanced HSV-1-TK Reporter Protein. As a first step toward imag-
ing protein—protein interactions in vivo, we engineered HSV-
1-TK to improve its sensitivity as a reporter gene for imaging.
Previous mutagenesis of wild-type HSV-1-TK led to isolation
of HSV-1-sr39TK (23), a mutant with improved sensitivity for
imaging with 8-'8F-fluoropenciclovir (9), whereas other inves-
tigators demonstrated that mutations in one of three putative
NLS of HSV-1-TK (24) conferred greater uptake of '>*I-FIAU
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Fig. 2.  Expression of various HSV-1-TK reporter proteins in transiently
transfected Hela cells. (A and B) Fluorescence micrographs (x400) show
predominantly nuclear localization of HSV-1-sr39TK-EGFP (A), whereas mNLS-
sr39TK-EGFP is distributed more uniformly throughout the nucleus and cy-
tosol (B). (C) Cell accumulation of 8-3H-PCV is greatest in cells transfected with
mNLS-sr39TK (P < 0.05; n = 3 each, representative of three independent
experiments).

(25). Therefore, we disrupted the N terminus NLS of HSV-
1-sr39TK by changing arginines (R) 25 and 26 to glycine (G)
and serine (S) (24), respectively, to create mNLS-sr39TK. To
enable subcellular localization of each reporter gene, we fused
EGFP to HSV-1-sr39TK or mNLS-sr39TK. By fluorescence
microscopy, HSV-1-sr39TK-EGFP was observed predomi-
nantly in the nucleus of transiently transfected HeLa cells (Fig.
24). Conversely, mNLS-sr39TK-EGFP was distributed more
uniformly in both nucleus and cytosol (Fig. 2B), consistent
with disruption of one NLS. Next, we determined whether
disrupting the N terminus NLS of HSV-1-sr39TK enhanced
accumulation of the radiolabeled nucleoside analog 8->H-
PCV. HelLa cells were transfected transiently with each re-
porter construct for 48 h and then incubated with 8-3H-PCV
(0.2 uCi/ml) for 1 h, followed by a 1-h chase in radiotracer-free
medium to quantify retained phosphorylated nucleoside (16).
Content of radiotracer in cells expressing mNLS-sr39TK was
more than 2-fold greater than HSV-1-sr39TK and 12-fold
greater than wild-type HSV-1-TK (Fig. 2C). These data indi-
cated that mutating the NLS of HSV-1-sr39TK enhanced
nucleoside trapping by the reporter protein, thus conferring
greater sensitivity for imaging protein interactions in vivo.

Characterization of the Two-Hybrid System in Vitro. We selected the
well characterized interaction between p53 tumor suppressor
protein and TAg of SV40 as the model to validate our imaging
system (Fig. 1). p53 protein is nonfunctional in greater than
50% of human cancers (26), and TAg is the transforming
protein of SV40 virus (27). TAg binds constitutively to p53 and
blocks transactivation of target genes by p53, leading to
transformation of mammalian cells (13). p53 and TAg were
fused to the Gal4 DNA-binding domain from Saccharomyces
cerevisiae (Gal4-BD-p53) and the VP16 activation domain
from HSV-1 (VP16-TAg), respectively (Fig. 1). A hybrid
protein of VP16 and polyoma virus coat protein (VP16-CP),
which does not bind to p53, was used as a negative control. To
enable detection of protein interactions by radiotracer and
optical techniques, we used mNLS-sr39TK-EGFP as the re-
porter, placed downstream of a promoter composed of five
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Fig. 3. Characterization of the imaging two-hybrid system in vitro. (A)

Hela-Gal4 reporter cells were mock-infected or infected with adenoviruses
expressing Gal4-BD-p53 and VP16-TAg or VP16-CP. Cells infected with the
interacting pair of proteins had significantly increased accumulation of 8-3H-
PCV (P < 0.0001; n = 4 each, representative of three independent experi-
ments). (B) Western blotting of hybrid proteins in HeLa-Gal4 reporter cells
after adenoviral infection or in TAg cells (with Gal4-BD-p53 and VP16-TAQ)
and CP cells (with Gal4-BD-p53 and VP16-CP) 48 h after treatment with
doxycycline (1 ug/ml) (+) or vehicle alone (—). (C) Cell content of 8-3H-PCV and
'8F-FHBG is significantly greater in TAg cells after induction of interacting
proteins with doxycycline (dox) for 48 h (P < 0.0001; n = 4 each, representative
of four experiments for 8-3H-PCV and one experiment for '8F-FHBG). (D and E)
Fluorescence micrographs (X 100) of TAg cells without (D) or with (E) doxycy-
cline-mediated induction of interacting hybrid proteins. Expression of mNLS-
sr39TK-EGFP is seen only in cells treated with doxycycline.

copies of Gal4 DNA-binding sites and a minimal TATA box
promoter (Gal4-mNLS-sr39TK-EGFP) (28).

To develop a reporter cell line for in vivo imaging, we stably
transfected HeLa cells with Gal4-mNLS-sr39TK-EGFP. By
using adenoviruses to express pairs of positive (Gal4-BD-p53,
VP16-TAg) and negative (Gal4-BD-p53, VP16-CP) interact-
ing proteins, we quantified cellular accumulation of 8-3H-PCV
to identify a cell line (HeLa-Gal4) with low background
expression and high induction of the reporter protein (Fig.
3A4). Mock infected (no virus) HeLa-Gal4 cells and HeLa-Gal4
cells expressing Gal4-BD-p53 and VP16-CP did not accumu-
late nucleoside analog above background levels (threshold of
detection, ~0.2 fmol PCV/mg P per nM,). In contrast, cells
expressing Gal4-BD-p53 and VP16-TAg accumulated nucleo-
side analog to 55.2 * 0.6 fmol PCV/mg P per nM, (P <
0.0001). These data show that the HeLa-Gal4 reporter cells
could be used to detect interactions between p53 and SV40
TAg in cultured cells.

To enable inducible expression of hybrid proteins in vitro and
in vivo, we stably transfected HeLa-Gal4 reporter cells with a
reverse tetracycline-responsive transactivator expressed from a
cytomegalovirus promoter and a plasmid expressing either Gal4-
BD-p53 and VP16-TAg or Gal4-BD-p53 and VP16-CP from a
bidirectional, tetracycline-regulated promoter. Clonal cell lines
with either the positive (Gal4-BD-p53/VP16-TAg) or negative
(Gal4-BD-p53/VP16-CP) interacting proteins (TAg cells and
CP cells, respectively) were treated with doxycycline (1 pg/ml)
for 48 h before analyzing protein expression by Western blotting
(Fig. 3B). We detected hybrid proteins only after incubation with
doxycycline, demonstrating tightly regulated expression of the
target genes. To quantify activity of the reporter, we measured
cell content of 8-*H-PCV or '8F-FHBG after incubating cells
with doxycycline for 48 h to induce the negative and positive
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Fig. 4. Time course of reporter protein induction in cultured cells. Net
content of 8-3H-PCV in CP and TAg cells without or with doxycycline (dox)
induction for 24-96 h. Accumulation of PCV is absent in CP cells and greatest
in TAg cells after inducing interacting proteins for 48 h with doxycycline (P <
0.02; n = 4 each).

interacting proteins (Fig. 3C). In CP cells, content of each
nucleoside analog remained at background levels both in the
absence and presence of doxycycline. In contrast, function of the
reporter increased by approximately 76- and 190-fold as mea-
sured with 8-*H-PCV and '8F-FHBG, respectively, after induc-
ing expression of hybrid proteins in TAg cells (P < 0.0001).
Absolute retention of F-FHBG was approximately 50% less
than 8-H-PCV, possibly because of replacement of one pendant
hydroxyl group in PCV with 8F in 18F-FHBG, thus eliminat-
ing one potential phosphorylation site for the mNLS-sr39TK
enzyme.

We also examined expression of the GFP component of the
reporter by fluorescence microscopy. Consistent with data from
radiotracer assays, no GFP fluorescence was observed in CP cells
with or without doxycycline (data not shown) and in TAg cells
without doxycycline (Fig. 3D). However, we readily detected
GFP in all TAg cells after doxycycline induction (Fig. 3E),
showing that positive protein—protein interactions also could be
detected in vitro by fluorescence imaging.

To determine the time course of reporter gene induction, we
incubated cells with doxycycline (1 wg/ml) for 24-96 h before
measuring accumulation of 8->H-PCV (Fig. 4). Compared with
untreated or treated CP cells or untreated TAg cells, content
of 8-3H-PCV increased by 37- and 149-fold in TAg cells treated
with doxycycline for 24 and 48 h, respectively. After peaking
at 48 h, reporter activity decreased at 72 and 96 h. Overall,
these data demonstrated that specific interactions between two
proteins could be detected and quantified with the inducible
two-hybrid system in vitro, by using a reporter gene and a
radiolabeled nucleoside analog that would enable micro-PET
imaging.

Imaging Protein Interactions in Vivo. To determine the feasibility of
imaging two-protein interactions in living animals, we produced
xenograft tumors of TAg and CP cells in the axillae of nu/nu
mice. After tumors grew to a diameter of ~5 mm, we treated
mice with doxycycline for 48 h to induce expression of hybrid
proteins and then imaged mice 1 h after tail vein injection of
8F-FHBG to detect the Gal4-mNLS-sr39TK-EGFP reporter
(Fig. 5 A and B). Accumulation of radiotracer was evident in the
TAg tumor, but not in the CP tumor, showing that specific
interaction of p53 and TAg could be detected by micro-PET
imaging. Based on region-of-interest values from the micro-PET
images, which have been proven to reflect accurately tissue
content of radiotracer (14), uptake of 'F-FHBG was 5.5-fold
greater in TAg tumors relative to CP tumors (Fig. 5C Inset;
P < 0.01).

To directly correlate data obtained in vitro and in vivo, we
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performed biodistribution studies in nu/nu mice with xenograft
tumors of TAg and CP cells. Without doxycycline, accumulation
of 8F-FHBG did not differ between TAg and CP tumors (Fig.
5C). However, treatment with doxycycline for 48 h increased
uptake of '8F-FHBG in TAg tumors by 5.8-fold over CP tumors
(P < 0.001), comparable to micro-PET imaging. 'SF-FHBG
content did not change significantly in control CP tumors.
Fluorescence microscopy of the excised tumors revealed expres-
sion of GFP in doxycycline-treated TAg tumors in vivo (Fig. 5D)
but not in untreated or control tumors. Fluorescence images
were consistent with both micro-PET and biodistribution data
while also showing heterogeneous expression of the reporter
within tumor specimens in vivo. Western blotting confirmed that
hybrid proteins were induced in vivo in both tumor xenografts
(data not shown).

To determine whether micro-PET imaging can quantify rel-
ative differences in amounts of interacting proteins, we treated
mice bearing TAg and CP tumor xenografts with doxycycline for
12, 24, and 48 h before micro-PET imaging (Fig. 5 E-G) or
biodistribution studies (Fig. 5H) with 'F-FHBG. In response to
doxycycline, Western blotting of excised tumor samples con-
firmed time-dependent increases in expression of all hybrid
proteins (Gal4-BD-p53, VP16-TAg, and VP16-CP) (data not
shown). Both imaging and biodistribution studies showed pro-
portional increases in accumulation of radiotracer over time only
in TAg tumors, whereas content of nucleoside analog did not
change in CP tumors (Fig. 5H). In the absence of doxycycline, no
accumulation of radiotracer above background levels could be
detected in either tumor by micro-PET imaging. These data
directly demonstrated that the imaging two-hybrid system re-
sponded in a proportional fashion to increasing amounts of
interacting proteins in vivo.

Discussion

We developed a technique for noninvasive imaging of protein—
protein interactions in vivo by combining the two-hybrid
system with recently developed technologies for monitoring
reporter probes in living animals. Specific binding of p53 to
SV40 TAg induced expression of a reporter gene composed of
a novel mutant HSV-1-TK fused to GFP. In the absence of
interacting proteins, or in the presence of proteins that did not
bind, function of the reporter essentially was at background
levels both in cultured cells and in tumors in vivo. By using
micro-PET imaging with 8F-FHBG, we detected binding of
pS3 and TAg in living mice and quantified an ~6-fold en-
hancement of mNLS-sr39TK activity in response to interac-
tions of these two proteins in vivo. These imaging data were
confirmed with direct measurements of radiotracer content in
tumors, demonstrating that micro-PET accurately represents
differences in function of the mNLS-sr39TK-EGFP reporter
for the imaging two-hybrid system. Significantly, function of
the reporter protein, as measured by accumulation of nucle-
oside analog, was enhanced with increasing amounts of inter-
acting proteins (Fig. 5 E-H). Potentially, relative differences in
affinity between proteins, which can be determined with
two-hybrid systems in vitro from levels of reporter protein
activity (29), could be measured in living animals by using
micro-PET imaging. Further studies will be needed to deter-
mine the limitations of the system for imaging “weak” protein
interactions and to define the kinetics of the system for
detecting temporal changes in protein—protein binding.

The GFP component of the fusion reporter gene also could
be detected upon binding of p53 and SV40 TAg in vitro and in
vivo. Although we monitored expression of GFP both in cells
and excised tumors by fluorescence microscopy, recent studies
have shown the feasibility of noninvasively imaging GFP in
living mice (30). External detection of GFP is limited currently
to two-dimensional imaging and qualitative assessment of

Luker et al.
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Imaging protein interactions in vivo. (A) Photograph of the anterior thorax of a nu/nu mouse with axillary xenograft tumors of CP cells (arrowhead)

and TAg cells (arrow). (B) Coronal micro-PET image of the same mouse 48 h after starting treatment with i.p. injections of doxycycline (dox; 60 ug/g body weight x
six doses) showing accumulation of '8F-FHBG only in the TAg tumor (arrow) expressing the interacting proteins Gal4-BD-p53 and VP16-TAg (representative image
of three animals). Asterisk denotes radiotracer in the gallbladder. Intestinal activity from normal hepatobiliary clearance of the radiotracer is observed in the
lower portion of the image. (C) Quantitative biodistribution of '8F-FHBG in mice bearing TAg and CP tumors, using the protocol described in B for i.p.
administration of doxycycline or PBS alone over 48 h (n = 3—-4 each). Accumulation of '8F-FHBG in doxycycline-treated TAg tumors was significantly greater than
all other conditions (P < 0.001). Inset shows quantitation of radiotracer accumulation from micro-PET images, expressed as standard uptake values (SUV) X 1075.
(D) Fluorescence micrograph (x100) of a TAg tumor specimen from a mouse treated with doxycycline. (E-G) Sagittal micro-PET images of TAg tumors (arrows)
performed after i.p. administration of doxycycline (60 .g/g body weight) for 12 h [two doses of dox (E)], 24 h [three doses of dox (F)], or 48 h [six doses of dox
(G)1. (H) Quantitative data for biodistribution of '8F-FHBG in TAg and CP tumors in the absence of doxycycline or 12, 24, and 48 h after administration of drug,

using the same dosing protocol as for E-G. Inset shows SUV data calculated from micro-PET images.

levels of reporter protein, unlike the three-dimensional, quan-
titative detection of reporter activity with PET. Nonetheless,
imaging of GFP in vivo could provide a rapid screening assay
for detecting the presence or absence of protein—protein
interactions, thus increasing the throughput of the imaging
two-hybrid system for monitoring responses to various exper-
imental conditions.

We envision that imaging protein interactions in vivo will
have broad applications in basic and translational research.
Xenograft models may prove effective for initial character-
ization of drugs targeted to specific protein interactions
because bioavailability, pharmacokinetics, and therapeutic
validation of a compound can be screened simultaneously in a
living animal. Development of transgenic mice with the re-
porter gene for the imaging two-hybrid system will allow
protein interactions to be monitored in native organs and
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