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ABSTRACT Two strategies are described for detecting
constitutive or induced protein–protein interactions in intact
mammalian cells; these strategies are based on oligomeriza-
tion domain-assisted complementation of rationally designed
fragments of the murine enzyme dihydrofolate reductase
(DHFR; EC 1.5.1.3). We describe a dominant clonal-selection
assay of stably transfected cells expressing partner proteins
FKBP (FK506 binding protein) and FRAP (FKBP–rapamycin
binding protein) fused to DHFR fragments and show a
rapamycin dose-dependent survival of clones that requires
'25 molecules of reconstituted DHFR per cell. A f luorescence
assay also is described, based on stoichiometric binding of
f luorescein-methotrexate to reconstituted DHFR in vivo. For-
mation of the FKBP–rapamycin–FRAP complex is detected in
stably and transiently transfected cells. Quantitative rapamy-
cin dose-dependence of this complex is shown to be consistent
with in vitro binding and distinguishable from a known
constitutive interaction of FKBP and FRAP. We also show
that this strategy can be applied to study membrane protein
receptors, demonstrating dose-dependent activation of the
erythropoietin receptor by ligands. The combination of these
clonal-selection and fluorescence assays in intact mammalian
cells makes possible selection by simple survival, f low cytom-
etry, or both. High-throughput drug screening and quantita-
tive analysis of induction or disruption of protein–protein
interactions are also made possible.

Many processes in biology are mediated by noncovalently
associated multienzyme complexes (1, 2). Examples include
cellular machineries for transcription, translation, and meta-
bolic or signal-transduction pathways. Much of modern bio-
logical research is concerned with identifying proteins involved
in these cellular processes and with determining their functions
and how, when, and where they interact with other proteins
involved in specific biochemical pathways. The yeast two-
hybrid system is a robust method to study protein–protein
interactions in a specific cellular context (3). However, quan-
titative detection of protein–protein interactions in intact cells
remains a significant experimental challenge.

We have developed a strategy to study protein–protein
interaction in vivo based on protein-fragment complementa-
tion assays (PCAs; refs. 4–6). The basic principles of this
approach were pioneered by Johnsson and Varshavsky (7).
Similar in vivo protein–protein interaction assays also have
been described (8, 9). Here, we report PCAs, based on the
murine enzyme dihydrofolate reductase (DHFR), that allow
for quantitative characterization of protein–protein interac-
tions in mammalian cells. Our goal has been to develop a
strategy that allows detection of elemental protein–protein
interactions in vivo and in appropriate biological contexts, such
as specific cell types or within particular cellular compart-
ments. We show how the DHFR PCA can be used simulta-

neously in a strategy for dominant clonal selection and as a
universal in vivo f luorescence assay for quantitative pharma-
cological analysis of protein and protein–small molecule bind-
ing.

MATERIALS AND METHODS

DNA Constructs. Complementary oligonucleotides contain-
ing restriction sites and coding for a 10-aa flexible polypeptide
linker consisting of (GlyzGlyzGlyzGlyzSer)2 were inserted into
the eukaryotic expression vector pMT3 (10). Fragments of
DHFR (F[1,2] and F[3]) were amplified by PCR from the
constructs Z-F[1,2:Phe31Ser] and Z-F[3] (6) and introduced at
the 39 end of the flexible linker. F[1,2] corresponds to amino
acids 1–105, and F[3] corresponds to amino acids 106–186 of
murine DHFR. FKBP (the FK506 binding protein) and FRB
(FKBP–rapamycin binding domain of FRAP; FRAP is the
FKBP–rapamycin binding protein; ref. 11] were amplified by
PCR with appropriate eukaryotic initiation regions (12) from
pNH1 (13) and pMRS315 (14), respectively. They were sub-
cloned at the 59 end of the flexible linker, resulting in the
following constructs: FRB–F[1,2] and FKBP–F[3]. As negative
controls for interactions, we generated constructs ZIP–F[1,2]
and ZIP–F[3] by using PCR fragments corresponding to
residues 235–281 of the GCN4 leucine zipper. For the eryth-
ropoietin receptor (EpoR) fusion constructs, a fragment
comprising the extracellular and transmembrane-domain of
the receptor was generated by PCR amplification from mu-
rine EpoR and fused to DHFR F[1,2] and F[3] via a 5-aa
flexible linker, resulting in EpoR(1–270)–F[1,2] and EpoR(1–
270)–F[3].

Creation of Stable Cell Lines (Survival Selection). CHO
DUKX-B11 (15) cells were split 24 h before transfection at 1 3
105 in 12-well plates in a-MEM (Life Technologies; Grand
Island, NY), which was enriched with dialyzed FBS (HyClone)
and supplemented with 10 mgyml of adenosine, deoxyade-
nosine, and thymidine (Sigma). Cells were transfected with the
different constructs by using Lipofectamine reagent (Life
Technologies) according to the manufacturer’s instructions. At
48 h after the beginning of the transfection, cells were split at
'5 3 104 in 6-well plates in selective medium consisting of
a-MEM enriched with dialyzed FBS but without addition of
nucleotides. Rapamycin (Calbiochem), for FRByFKBP trans-
fection, or Epo (R. W. Johnson Pharmaceutical Research
Institute, Raritan, NJ), for EpoRyEpoR transfection, was
added to the cells at a final concentration of 10 nM and 2 nM,
respectively. After 5 days, a dozen surviving colonies were
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isolated for each transfection by trypsinizing in cloning cylin-
ders and grown individually up to confluence.

Quantification of Selection. Stably transfected CHO
DUKX-B11 cells expressing FRB–F[1,2] and FKBP–F[3] were
split at 5 3 104 in 6-well plates in selective medium described
above with rapamycin at concentrations ranging from 0 nM to
20 nM. The number of surviving colonies were counted after
4 days of incubation.

Fluorescence Microscopy. CHO DUKX-B11 cells stably
expressing FRB–F[1,2] and FKBP–F[3] were grown on 18-mm
glass coverslips to '3 3 105 in 12-well plates. Fluorescein-
conjugated methotrexate (fMTX; Molecular Probes) was then
added to the cells at a final concentration of 10 mM in selective
medium, with or without addition of 20 nM rapamycin. After
an incubation of 22 h at 37°C, the medium was removed, and
the cells were washed with PBS and reincubated for 30 min in
the selective medium (with 20 nM rapamycin in corresponding
samples) to allow for efflux of unbound fMTX. The medium
was removed, and cells were washed four times with PBS on ice
and finally mounted on glass slides. The same procedure was
followed for cells stably expressing EpoR(1–270)–F[1,2] and
EpoR(1–270)–F[3], except that cells were treated with 10 nM
Epo or 10 mM EMP1 (R. W. Johnson Pharmaceutical Re-
search Institute) for only 30 min instead of overnight. Fluo-
rescence microscopy was performed on live cells with a Zeiss
Axiophot microscope (objective lens Zeiss Plan Neofluar
403y0.75). COS-7 cells were transiently transfected with the
DNA constructs by using Lipofectamine reagent as described
above. Cells were grown in DMEM (Life Technologies) en-
riched with 10% cosmic calf serum (HyClone) and treated and
analyzed by fluorescence microscopy as described for CHO
DUKX-B11 cells.

Flow Cytometric Analysis. The rapamycin-induced response
of CHO DUKX-B11 cells stably expressing FRB–F[1,2] and
FKBP–F[3] was monitored by fluorescence flow cytometry.
Histograms are based on analysis of f luorescence intensity for
10,000 cells at f low rates of '1,000 cells per second. Data were
collected on a fluorescence-activated cell sorter (FACS) an-
alyzer (FACStar; Becton Dickinson) with stimulation with an
argon laser tuned to 488 nm with emission recorded through
a 525-nm bandwidth filter. Cells were prepared for analysis as
described for fluorescence microscopy, except that after the
PBS wash, cells were gently trypsinized, suspended in 500 ml
of cold PBS supplemented with 10% FBS to increase cell
viability, and kept on ice before cytometric analysis within 20
min. For the dose-response curve, mean fluorescence inten-
sities were determined for three independent samples at each
rapamycin concentration (between 0.1 nM and 300 nM). For
the competition curve, a constant concentration of rapamycin
(20 nM) was used with different concentrations of FK506
(between 0 mM and 6 mM, corresponding to a ratio of
rapamycin:FK506 of 1: to 1:300, respectively). As a control,
mean fluorescence intensities also were determined for each
concentration of FK506 in the absence of rapamycin. For the
dose-response curves of CHO DUKX-B11 cells expressing
EpoR(1–270)–DHFR fragment fusions, mean fluorescence
intensities were determined for three separate samples at each
ligand concentration: between 0.0003 nM and 100 nM for Epo
or between 0.0003 mM and 100 mM for EMP1. For all the
curves, the y axis is the mean fluorescence intensity relative to
the maximum intensity observed and renormalized to zero for
the minimum response.

Calculation of the Number of Complexes per Cell. CHO
DUKX-B11 cells expressing FRB–F[1,2] and FKBP–F[3] were
grown to confluence and treated with fMTX as described for
microscopy. After a PBS wash, cells were lysed with detergent
and centrifuged at 20,000 3 g for 10 min to remove debris and
unlysed cells. Supernatant was heated to 95°C for 10 min and
centrifuged again to remove protein precipitate. Extracted
fMTX was analyzed on a Luminescence Spectrometer (Per-

kin–Elmer LS50B; excitation and emission wavelengths were
497 nm 6 5 nm and 516 nm 6 5 nm, respectively). Concen-
tration of fMTX in each sample was determined by direct
comparison with a standard curve of fluorescence intensity vs.
fMTX concentration. The number of FKBP–rapamycin–FRB
complexes per cell was calculated according to:

no. complexes 5 [fMTX]s 3 Vs 3
Avog. no.
(no. cells)s

,

where no. complexes indicates the number of FKBP–
rapamycin–FRB complexes; [fMTX]s is the concentration of
fMTX determined in sample; Vs is the volume of sample; Avog.
no. represents Avogadro’s number (6.023 3 1023 molecules per
mole); and (no. cells)s is the number of cells in sample.

RESULTS

The DHFR PCA Strategy. The PCA strategy presented here
is based on the reassembly of two designed complementary
fragments of DHFR; this assembly has been successfully tested
in bacteria (7). The gene for DHFR is rationally dissected into
two fragments called F[1,2] and F[3]. Two proteins or protein
domains that are thought to bind to each other can then be
fused to either of the two DHFR fragments. Folding of DHFR
from its fragments is catalyzed by the binding of the test
proteins to each other and is detected as reconstitution of
enzyme activity.

Prokaryotic and eukaryotic DHFRs are central to cellular
one-carbon metabolism and are absolutely required for cell
survival (16). Specifically, they catalyze the reduction of
dihydrofolate to tetrahydrofolate for use in transfer of one-
carbon units required for biosynthesis of serine, methionine,
purines, and thymidylate. Reconstitution of enzyme activity
can be monitored in vivo by cell survival in DHFR-negative
cells grown in the absence of nucleotides. The principle of the
survival DHFR PCA is that cells simultaneously expressing
complementary fragments of DHFR fused to interacting
proteins or peptides will survive in medium depleted of
nucleotides (Fig. 1, Left). The second approach is a fluores-
cence assay based on the detection of fMTX binding to
reconstituted DHFR (refs. 17–20; Fig. 1, Right). The basis of
this assay is that complementary fragments of DHFR, when
expressed and reassembled in cells, will bind with high affinity
(Kd 5 540 pM) to fMTX in a 1:1 complex. fMTX is retained
in cells by this complex, whereas the unbound fMTX is actively
and rapidly transported out of the cells (19, 20). In addition,
binding of fMTX to DHFR results in a 4.5-fold increase in
quantum yield. Bound fMTX, and by inference reconstituted
DHFR, then can be monitored by fluorescence microscopy,
FACS, or spectroscopy.

We chose, as our first test system, the pharmacologically well
characterized rapamycin-induced association of FKBP to its
target, FRB (11).

Survival Selection of Cells Expressing FKBP–Rapamycin–
FRB Complex. CHO DUKX-B11 cells were stably cotrans-
fected with FRB and FKBP fused to one of the two DHFR
complementary fragments (FRB–F[1,2] and FKBP–F[3]). Co-
transfectants were selected for survival in nucleotide-free
medium (selection for DHFR activity) and in the presence of
rapamycin. Only cells grown in the presence of rapamycin
undergo normal cell division and colony formation (Fig. 2A).
In the presence of rapamycin, we clearly observed colony
formation after 3–5 days, and cells became confluent after 10
days. In the absence of rapamycin, no colony formation was
observed. Colony formation depended on rapamycin concen-
tration (Fig. 2B). The threshold concentration for colony
formation was found to be '0.05 nM. The number of colonies
reached a plateau at 2 nM rapamycin with an EC50 of 600 pM.
Rapamycin is a known cell-cycle inhibitor; therefore, these
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results would seem paradoxical, but they are not. The con-
centration range over which survival was induced is 100 times
less than the typical EC50 necessary to arrest cell division (20).
Survival depends only on the number of molecules of DHFR
reassembled, and as we show below, at the threshold concen-
tration this number is '25 molecules of DHFR per cell. The
efficacy of selection was determined by mixing, at ratios of
between 1:100 and 1:1,000,000, stably cotransfected cells with
untransfected cells grown in selective medium. After 5 days of
incubation, resistant clones could be detected at all dilutions
up to 1 in 106 (Table 1).

Fluorescence Detection of Rapamycin-Induced FKBPyFRB
Complex. Fluorescence microscopy was performed on CHO
DUKX-B11 cells expressing FRB–F[1,2] and FKBP–F[3] (Fig.
3A) and on COS-7 cells transiently expressing the same fusions
(Fig. 3B). Cotransfected cells were incubated for 22 h with 10
mM fMTX in the presence or absence of saturating concen-
trations of rapamycin (20 nM). A strong fluorescent signal was
observed in the presence of rapamycin. However, a light
background of fluorescence also was observed in its absence,
reflecting the weak constitutive FKBPyFRB association ob-
served previously (11, 14). To exclude the possibility that this
signal might be caused by spontaneous complementation of
the F[1,2] and F[3] DHFR fragments rather than association
of FKBP with FRB, we cotransfected either FRB–F[1,2] or
FKBP–F[3] with noninteracting GCN4 leucine zipper-forming
sequences fused to complementary DHFR fragments (ZIP–
F[1,2] and ZIP–F[3]). The leucine zipper complementary pairs
gave a positive signal as predicted. However, cotransfection of
either of the noninteracting pairs FRB–F[1,2] with ZIP–F[3]

or ZIP–F[1,2] with FKBP–F[3] resulted in no detectable
fluorescence (compared with nontransfected cells).

The fluorescence response of cell populations was quanti-
fied by FACS. The rapamycin-induced formation of FKBPy
FRB was monitored by the shift in mean cell population
fluorescence compared with noninduced cells (Fig. 4A). This
shift corresponds to an 8-fold increase of fluorescence in the
cell population. Rapamycin-induced fluorescence was consis-
tent with the known pharmacological response, where cell
f luorescence vs. rapamycin concentration showed single-site
saturable binding with a calculated Kd of 6 nM (Fig. 4B),
compared with a value of 3 nM determined in vitro (11).
FK506, a competitive inhibitor of rapamycin for binding to
FKBP, diminished rapamycin-induced fluorescence with a Ki
of 53 nM, which is also comparable to the Ki of FK506 to
compete for this interaction in vitro (Fig. 4C; ref. 11). Finally,
to determine whether the constitutive interaction is mediated
by the FK506yrapamycin binding pocket, we tested whether
background fluorescence could be competed away with FK506
in the absence of rapamycin (Fig. 4C). No reduction in
background fluorescence was observed, suggesting that the
constitutive interaction of FKBP with FRB is not mediated by
interactions of FRB with the FKBP binding pocket. Alterna-
tively, some other elements on the surface of FKBP must make
contact with FRB (22).

Determination of the Number of FKBP–Rapamycin–FRB
Complexes per Cell. It has been shown that the fMTX con-
centration in cells directly correlates with the number of
DHFR molecules (20). It is then possible to calculate, based on
direct spectroscopic analysis, the average number of FKBP–

FIG. 1. Schematic representation of the strategy used to study the FKBP–rapamycin–FRB complex. (Left) FKBP and FRB are fused to one
of the two complementary fragments of murine DHFR (F[1,2] and F[3]) to generate FRB–F[1,2] and FKBP–F[3]. The addition of rapamycin induces
the association of FKBP with FRB, which in turn drives the reconstitution of DHFR (F-[1,2] 1 F-[3]), allowing DHFR-negative cells expressing
these constructs to grow in medium lacking nucleotides. (Right) The fluorescence assay is based on high-affinity binding of the specific DHFR
inhibitor fMTX to reconstituted DHFR. fMTX passively crosses the cell membrane, binds to reconstituted DHFR, and is thus retained in the cell.
Unbound fMTX is released rapidly from the cells by active transport. Detection of bound and retained fMTX can then be detected by fluorescence
microscopy, FACS, or fluorescence spectroscopy.
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rapamycin–FRB complexes in the cell population. Assuming
that one FKBP–rapamycin–FRB complex equals one recon-
stituted DHFR molecule in 1:1 complex with fMTX, we
calculated a number of '3,000 FKBP–rapamycin–FRB com-

plexes per cell at saturating concentrations of rapamycin (20
nM) in CHO DUKX-B11 cells stably expressing these fusions.
Knowing that the minimal concentration of rapamycin for cell
survival is 0.05 nM (Fig. 2B), we determined that at this
concentration, 25 molecules of DHFR would be reconstituted.

Fluorescence Detection of Ligand-Induced EpoR Activation.
We have also applied the DHFR PCA strategy to study the
induced activation of EpoR by Epo and the EpoR agonist
peptide EMP1 to show quantitative detection of induced
protein assembly on the cell surface (22). CHO DUKX-B11
cells were cotransfected with EpoR extracellular and trans-
membrane domains [EpoR(1–270)] fused to one of the two
DHFR fragments, F[1,2] or F[3]. Cotransfectants were se-
lected for survival in nucleotide-free medium (selection for
DHFR activity) and in the presence of Epo (2 nM). Fluores-
cence microscopy of unfixed cotransfected cells that had been
incubated with fMTX showed high levels of f luorescence when
cells were treated with Epo or with EMP1 at saturating
concentrations (Fig. 5A). No detectable fluorescence was
observed (compared with nontransfected cells) in the absence
of ligands. Both Epo and EMP1 showed saturable binding
isotherms with Kds of 164 pM and 168 nM, respectively (Fig.
5B). These values are consistent with previous studies of
cellular binding constants. Further, our results are consistent

Table 1. Efficacy of rapamycin-induced survival selection in CHO
DUKX-B11 cells

Ratio of FRByFKBP
cells:wild-type cells

Resistant coloniesy
3 3 106 cells

0:100 0
1:100 9,610
1:1,000 896
1:10,000 102
1:100,000 12
1:1,000,000 2

CHO DUKX-B11 cells stably expressing FRB-F[1,2] and FKBP-
F[3] were mixed at various ratios with wild-type CHO DUKX-B11
cells, in a total of 3 3 106 cells, and incubated in selective medium in
the presence of 10 nM rapamycin. The number of colonies was
established after 5 days.

FIG. 2. Survival selection of CHO DUKX-B11 cells expressing
FRB–F[1,2] and FKBP–F[3]. (A) CHO DUKX-B11(DHFR2) cells
were stably transfected with FRB–F[1,2] and FKBP–F[3] and selected
in medium without nucleotides, rendering cells dependent on exoge-
nous DHFR activity. Rapamycin was added to the cells at a final
concentration of 10 nM to induce the association of FKBP with FRB
(reconstitution of DHFR activity). Photos of cells were taken after 5
and 10 days of incubation in the selective medium in the presence
(Upper) or in the absence (Lower) of rapamycin. (B) Survival selection
curve showing that colony formation depends on the concentration of
rapamycin. Stably transfected CHO DUKX-B11 cells expressing
FRB–F[1,2] and FKBP–F[3] were split in different concentrations of
rapamycin from 0 nM to 20 nM in selective medium without nucle-
otides. The number of colonies was established after 4 days of
incubation in selective medium.

FIG. 3. Fluorescence microscopy of cells expressing FRB–F[1,2]
and FKBP–F[3]. (A) CHO DUKX-B11 cells stably expressing the
fusions were incubated with fMTX at a final concentration of 10 mM,
with or without addition of 20 nM rapamycin, for 22 h at 37°C. (B)
COS-7 cells were transiently transfected with the fusions and treated
and analyzed by fluorescence microscopy as in A. Controls include the
positive interaction by leucine zipper formation (ZIP–F[1,2] 1 ZIP–
F[3]) and negative controls for noninteracting pairs (FRB–F[1,2] 1
ZIP–F[3]; ZIP–F[1,2] 1 FKBP–F[3], not shown).
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with a single binding constant, typically observed for both Epo
and EMP1 binding to receptors expressed on a variety of cell
types (24, 27).

DISCUSSION

We have reported the development of mammalian PCA assays
to study protein–protein interactions based on DHFR. The
fluorescence assay can be used in any mammalian cell line,
whereas the dominant survival selection assay can be used in
cells lacking DHFR activity. Recessive selection strategy in cell
lines that have constitutive wild-type DHFR activity is also
possible. In the experiments performed here, we used a known
methotrexate resistance mutation, Phe-31 3 Ser, in DHFR
fragment F[1,2] (7, 28). This mutation results in a DHFR that
binds to methotrexate with a Ki of 0.54 nM, which is 500 times
lower in affinity than wild-type DHFR (29). The DHFR
survival PCA therefore could be used in a recessive selection
strategy in other mammalian cells, in which the intrinsic
wild-type enzyme activity is suppressed with methotrexate at
concentrations to which the reconstituted DHFR (F[1,2] 1
F[3]) is insensitive.

The DHFR PCAs can be used in prokaryotic or eukaryotic
cells and in any subcellular compartment or membrane uni-
versally, because the components of the assay system are
complete; no other cell-specific molecular machinery are
necessary for the assays to work. There are specific features of

of 1:0 to 1:300; closed circles). The concentration of rapamycin was
kept constant at 20 nM. As a control, mean fluorescence intensities
also were determined for each concentration of FK506 in the absence
of rapamycin (open triangles).

FIG. 4. Flow cytometric analysis, dose-response, and competition
curves of CHO DUKX-B11 cells labeled with fMTX. (A) Induced
formation of FKBP–rapamycin–FRB complex was monitored by flu-
orescence flow cytometry. The gray histogram corresponds to cells
expressing FRB–F[1,2] and FKBP–F[3] that had been treated over-
night with 20 nM rapamycin. The white histogram corresponds to
untreated cells. (B) The dose-response curve for rapamycin was based
on flow cytometric analysis of CHO DUKX-B11 cells expressing the
same fusions. Mean fluorescence intensities were determined for three
independent samples at each rapamycin concentration (between 0.1
nM and 300 nM). (C) Competition curve with the inhibitor FK506, an
analog of rapamycin. Mean fluorescence intensities were determined
for three independent samples at each inhibitor concentration (be-
tween 0 mM and 6 mM, corresponding to a ratio of rapamycin:FK506

FIG. 5. Fluorescence microscopy and dose-response curves of
CHO DUKX-B11 cells expressing EpoR(1–270)–DHFR fragment
fusions. (A) CHO DUKX-B11 cells were stably transfected with
EpoR(1–270)–F[1,2] and EpoR(1–270)–F[3] and grown in selective
medium in the presence of 2 nM Epo. For microscopy, cells were
incubated with fMTX as described for Fig. 3A and then treated with
10 nM Epo or 10 mM EMP1 for 30 min at 37°C. (B) Dose-response
curves for Epo and EMP1 were based on flow cytometric analysis of
CHO DUKX-B11 cells expressing the same fusions. Mean fluores-
cence intensities were determined for three separate samples at each
ligand concentration: between 0.0003 nM and 100 nM for Epo
(triangles) or between 0.0003 mM and 100 mM for EMP1 (circles).
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the DHFR PCAs that make it particularly useful in quantita-
tive analysis of protein–protein interactions in vivo. These
features stem from the fact that the design of this system begins
with dissection of a small, monomeric enzyme of known
structure. First, because the enzyme is monomeric and results
from association-folding of two fragments, clearly, it can be
assumed that an observed response is caused by a binary
protein–protein interaction. Second, the absolute regiospecific
and stereospecific requirement that fragments be sufficiently
close to fold-reassemble into the enzyme’s three-dimensional
structure means that a false response, which might occur if
fused interacting proteins are merely proximal, is unlikely.
Third, we can control the stringency of the assay by introducing
fragment-interface mutations that disrupt spontaneous reas-
sembly of the fragments. We have demonstrated the use of
such ‘‘stringency’’ mutants for other test systems in an Esch-
erichia coli survival assay (7).

Finally, it is notable that the FKBP–rapamycin–FRB com-
plex studied here is in fact an example of a ‘‘three-hybrid’’
interaction in which a protein–protein interaction is mediated
by a third molecule (30, 33). As well as demonstrating this
immediate extension of the DHFR PCA to applications of this
sort, our results suggest another feature. The simple survival
assay depends on the reassembly of a very small number of
DHFR molecules and explains why an otherwise potent cell-
cycle inhibitor such as rapamycin can be used in these studies.
These results suggest that the DHFR assays would have some
utility in testing compounds, or combinatorial libraries of
compounds, designed to induce or inhibit protein–protein
interactions at concentrations that would not cause specific or
nonspecific toxic effects on living cells. Potentially toxic genes,
expressed at low levels, could be used in the DHFR PCA
without detrimental effects on cells because of the sensitivity
of the assay. Combined with the use of inducible promoters
and the ability to detect the rare events described here (Table
1), these results suggest a robust cDNA screening strategy that
could be used in a broad number of cell types.
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