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Abstract: The ability to image and quantify multiple biomarkers in disease necessitates the
development of split reporter fragment platforms. We have divided the �-galactosidase enzyme
into unique, independent polypeptides that are able to reassemble and complement enzymatic
activity in bacteria and in mammalian cells. We created two sets of complementing pairs that
individually have no enzymatic activity. However, when brought into close geometric proximity,
the complementing pairs associated resulting in detectable enzymatic activity. We then
constructed a stable ligand complex composed of reporter fragment, linker, and targeting moiety.
The targeting moiety, in this case a ligand, allowed cell surface receptor targeting in vitro. Further,
we were able to simultaneously visualize two cell surface receptors implicated in cancer
development, epidermal growth factor receptor and transferrin receptor, using complementing
pairs of the ligand-reporter fragment complex.
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Introduction
Targeted-reporter imaging agent platforms answer a critical

unmet need and have real application for imaging the
multistep progression of cancer growth.1 The development
of these platforms to investigate molecular signatures as-
sociated with disease creates the next frontier in in ViVo

imaging. Mutational events that drive a normal cell to
become a cancer cell require the coordinated overexpression
of multiple biomarkers, e.g., cell surface receptors (Figure
1A). For instance, the most common gain of function
mutation observed in invasive phenotypes associated with
breast, ovarian, skin, brain, and lung cancers is the amplifica-
tion and overexpression of the epidermal growth factor
receptor (EGFR).2-6 Overexpression of the transferrin recep-
tor (TfR) has also been implicated by our laboratory as well
as others in the malignant phenotype.7-9 Tumors that
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overexpress EGFR and TfR have increased activity that leads
to uncontrolled cell growth accompanied by decreased
apoptosis and increased angiogenesis. The overexpression
of these receptors also leads to activation of other genes that
promote cancer growth through such means as invasion and
metastasis, as well as resistance to chemotherapy and
radiotherapy.10,11 These expression patterns of multiple
biomarkers can thus be indicative of the type, stage, or
severity of the disease.12

A growing body of evidence asserts that several upregu-
lated biomarkers contribute to tumor behavior.13,14 This is
an especially intriguing development since most disease-
associated assays rely on single biomarker identification and
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Figure 1. Targeted-reporter fragment complementation in identifying the cancer signature. (A) Cancer progression. (B)
Targeted-reporter complex formation. (C) Receptor targeted-reporter complementation schematic.
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few of the hundreds of single markers evaluated to date have
demonstrated significant clinical or diagnostic utility. Given
that disease is recognized by both its complexity and
progression, single biomarker utilities are self-delimiting, but
by surveying many biomarkers at once with the use of
microarray-based gene expression profiling or proteomic
technologies, it is now possible to read the molecular
signature of an individual patient’s tumor. In fact, determin-
ing the status of various cell surface receptors has become
routine in the care of cancer patients and has proven useful
in guiding standard of care treatment.15-17 By developing
multimarker imaging, we will provide an imaging tool to
exploit the accruing molecular understanding of cancers
allowing eventual imaging of combinatorial biomarkers that
will uniquely identify cancers and predict prognosis
noninvasively.

Advances in the identification of suitable cancer biomar-
kers have been the hallmark of the genomic and proteomic
revolutions and allow researchers to develop imaging tools

that are both more specific and sensitive for detection of
disease. The desire to label multiple biomarkers has led to
high-throughput serial (HTS) identification schemes that take
a parallel approach to compound analysis by incorporating
diverse assay types to correlate protein expression to specific
types or stages of cancer. These assays use tumor biopsy
samples and therefore can only sample a limited portion of
the entire tumor, yielding only partial information regarding
tumor biomarker expression. The results of such studies are
often limited by technical variability between assays, lack
of appropriate controls, and a paucity of direct interactions
among the biomarkers examined.18 Most of these techniques
are not amenable to translation into noninvasive in ViVo
imaging paradigms.

Further investigations have allowed for imaging of direct
protein-protein interactions.19-21 The most promising meth-
odology is referred to as the protein fragment complemen-
tation assay (PCA).22 PCAs are based on protein-protein
interaction strategies that dissect a reporter protein into two
fragments and fuse each fragment to one of two known
interacting proteins of interest. Reassembly and activity of
the reporter protein fragments occurs via oligomerization-
assisted interaction of the proteins of interest. Most PCAs
include small, monomeric split reporter proteins with well-
characterized domains and “bait and prey” proteins of
interest. The split reporter proteins are necessarily inactive
as fragments and do not spontaneously interact. Instead,
reporter protein assembly is driven by the high affinity
protein interactions of the fused proteins of interest. It is
important to highlight the key consequence of using most
PCAs: genetic manipulation of either bacteria or mammalian
cells. As a result, this decreases the translation of these assays
into clinical settings and instead limits them to in Vitro cell
imaging or in ViVo small animal imaging applications. Other
key obstacles that are not necessarily addressed by direct
protein-protein imaging include identification of suitable
cancer biomarkers, exploitation of these biomarkers in
detection protocols, and development of technologies that
improve selectivity, sensitivity, and specificity of biomarker-
targeted delivery of imaging agents or therapeutics.
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To develop imaging tools that take advantage of the
diagnostic molecular signature but do not require protein-
protein interactions or genetic manipulation of the target cells,
new technologies must employ a contrast agent or signal-
amplifying material conjugated to a molecular targeting
agent. By linking a reporter enzyme to a targeting moiety,
signal-amplification at the molecular level can be achieved.
To expand this approach, we have engineered enzyme
fragments that in themselves have no activity, but will
complement in trans to provide robust activation at the cell
surface.

One of the most popular and widely used reporter enzymes
is Escherichia coli �-galactosidase (�-gal) encoded by the
lacZ gene. �-Gal can hydrolyze disaccharides such as
�-galactosides, including lactose, into monosaccharides. The
protein product is extremely stable and resistant to proteolytic
degradation. Many substrate detection reagents to measure
�-gal’s catalytic activity are commercially available for use
in colorimetric, fluorescent, and chemiluminescent assays.23-25

�-Gal was one of the first enzymes to be broken into
spontaneously recombinable fragments.26 First sequenced in
1970, �-gal is a homotetrameric protein composed of four
polypeptide chains, each 1023 amino acids long.27 �-Gal
monomers are further subdivided into five domains with
much of the active site formed at the carboxy terminal end
of domain 3.27,28 �-Gal, like most other enzymes, is
constitutively active as long as it is properly folded. The
ability to restore enzymatic activity from cleaved fragments
is the fundamental basis of R-complementation, a staple of
blue/white clonal screening.29,30 Based on subtractive dele-
tion mutants, �-gal was originally split into a small amino
terminal fragment (residues 3-41, alpha-donor) and the large
remaining subunit (alpha-acceptor). The two fragments are

inactive separately. But when an alpha-donor subunit links
two alpha-acceptor dimers together, intracistronic comple-
mentation (dimer-dimer interaction) occurs and restores the
active quaternary conformation of �-gal.31-33

Historically, molecular biology reporter assays were
developed to monitor gene expression by integrating reporters
that were either intrinsically fluorescent or enzymatic.
Enzymes, such as �-galactosidase, firefly luciferase, �-lac-
tamase, and alkaline phosphatase, are particularly effective
reporters because they are specific, sensitive, and stable in
diverse applications.20,34-36 In addition, most enzyme report-
ers have little to no endogenous expression in mammalian
cells, effectively reducing background complications. En-
zyme reporters when compared to their fluorescent counter-
parts are also favored because they can be amplified by
prolonged incubation with substrate, thereby increasing
reporter sensitivity.

To date, enzyme reporters have been successfully linked
to innumerable targets: genes, antibodies, and peptide
proteins. Investigators have envisioned using these reporter
fragments to reveal protein-protein interactions, intracellular
localization and translocation, and noninvasive imaging using
activity-based reporters.19,37,38 Their biological information
on cellular status, however, is limited for these noninvasive
imaging approaches, which until recently have sought to link
an enzyme’s single catalytic activity to changes in expression
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of a single biomarker. Reporter fragmentation expands the
functionality of the reporter assay.20,34,39

To create a targeted-reporter complex (Figure 1B), the
biotinylated �-gal fragment is first induced in bacteria. Next,
the protein fragments are fractionated by gel filtration column
chromatography and fractions containing the fragment of
interest are combined, dialyzed, and concentrated. Finally,
the biotinylated �-gal fragment is combined with streptavidin
and biotinylated receptor ligand and incubated for 1 h at room
temperature; the result is referred to as the receptor-targeted
�-gal reporter complex. Once the complex is created, it can
be exogenously added in complementing pairs to live cell
cultures (Figure 1C). Therefore, investigators are only
constrained by the number of fragments with which the
reporter enzyme can be broken. Thus, by expanding the
number of biomarkers available to diagnostic and therapeutic
purview, we envision a novel and innovative platform-based
approach to disease identification, staging, and treatment.

Here, we have engineered completely unique �-gal frag-
ments from those previously identified by truncation mutants.
These studies show that the �-gal activity can be obtained
by biomarker-facilitated trans-complementation of the in-
dividual subunits. Individually, the monomer fragments are
small, stable, and enzymatically inactive. When the correct
combination of �-gal fragments are incorporated in bacteria
or correctly oriented in mammalian cells, trans-complemen-
tation occurs and enzymatic activity is restored.31-33 Further,
we demonstrate the utility of these fragments for targeted-
complementation in live cell assays and demonstrate the
robustness of the system with an eye on utilizing these
fragments to investigate molecular signatures associated with
disease.

Experimental Section
Plasmids and Bacterial Strains. pSV-�-gal was kindly

provided by Dr. Antonio Choicca. pHAT10 vector was
purchased from Clontech (Mountain View, CA); pAN4
vector was purchased from Avidity, Inc. (Aurora, CO). E.
coli K12 ER1793 bacteria were purchased from New
England BioLabs (Ipswich, MA). Rat glioma C6 cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat inactivated fetal calf serum
(FCS).

�-Galactosidase Constructs Creation. Full-length �-gal
from the pSV-�-gal plasmid (Promega; Madison, WI) was
used as the starting genetic template. DNA encoding the split-
�-gal fragment(s) is amplified by PCR using full length �-gal
template and primers that introduce flanking restriction
enzyme sequences. The PCR product was ligated into a
pHAT10 vector (Clontech; Mountain View, CA) containing
a suitable antibiotic selectable marker for bacterial propaga-
tion. The resulting coding sequence, consisting of the His-
tag and split-�-gal fragment, was excised from the vector
and inserted into the pAN4 vector (Avidity; Aurora, CO).
The pAN4 vector was used to express a single N-terminal
biotin-protein fusion.

Propagation of �-Galactosidase Extracts. Luria-Bertani
(LB) broth (5 mL) containing ampicillin (50 µg/µL) was
inoculated with a bacterial scrape (∼25 µL) containing one
of the discrete �-gal plasmids and allowed to grow overnight
(18-20 h) in an incubator/orbital shaker at 37 °C. Following
the growth period, LB broth (1 L) with ampicillin (50 µg/
µL) was inoculated with the 5 mL overnight growth and
placed in the incubator/orbital shaker at 37 °C until an
absorbance of 0.4 was observed at 600 nm (5.5 h). The
bacterial culture was then induced with 1 mM IPTG. For
subunits R-4, 1-ω, and ω, as well as full length �-gal, the
IPTG-induced culture was grown in an incubator/orbital
shaker at 37 °C until a reading between 0.8 and 1.0 was
observed at absorbance 600 nm (6 h). For subunits R-1 and
1-4, the IPTG-induced bacterial culture was grown on a
rocker at room temperature for 19 h. Upon completion, the
cells were pelleted and the supernatant discarded. The cell
pellet was lysed with lysozyme at room temperature for 20
min and then stored at -80 °C until purification.

Purification of �-Galactosidase Extracts. �-Gal subunits
were purified from contaminating bacterial cell degradation
products and other particles using affinity chromatography.
The whole cell lysate was thawed at 37 °C, sonicated, and
centrifuged. The lysate was passed over a nickel Talon
affinity column (Clontech; Mountain View, CA) using
gravity flow. The column was washed twice with extraction
buffer [50 mM NaHPO4, pH 7; 300 mM NaCl in ddH2O].
The His-tagged protein was eluted off the column in 0.5 mL
fractions with elution buffer [0.15 M imidazole in extraction
buffer]. Each fraction was analyzed for the presence and
concentration of purified protein using standard protein
analysis (Bio Rad DC Protein Assay kit; Bio Rad; Hercules,
CA) and immunoblot analysis with anti-His (Upstate, Bil-
lerica, MA) and HRP-conjugated streptavidin (Chemicon;
Temecula, CA). Fractions containing the desired protein were
combined, dialyzed against PBS, and stored at 4 °C.

�-Galactosidase Activity Assay. For the bacteria-based
activity assay, E. coli K12 ER1793, deficient in �-gal activity,
was transfected with individual �-gal fragment plasmids or
combinations of plasmids that would produce a complement-
ing full length enzyme. Bacteria were electroporated with
plasmid (1 ng) for 5.2 ms at 2.5 kV. After 1 h incubation in
LB broth, bacteria were streaked on LB agar plates contain-
ing ampicillin (0.1 g/L) and X-gal (50 µg/mL). Plates were
incubated at 37 °C overnight. Colonies containing active
�-gal stained blue.

For the solution-based activity assay, �-gal fragments were
added, either individually or in complementing pairs, to
uncoated 96-well microtiter assay plates in equal molar
amounts and incubated at room temperature on an orbital
rocker for 1 h. Full-length �-gal (1 mg/mL) was serially
diluted to create a standardized concentration curve. At time
zero, the assay was initiated by using a 12-channel pipettor
to add 20 µL of ONPG (4 mg/mL) to each well of the
microplate. In the end point assay, the microplates were
incubated at room temperature for the appropriate length of
time, e.g., 30 min, before the reaction was terminated by
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the addition of 50 µL of 1 M Na2CO3. Then, the absorbance
(420 nm) was read in a Tecan Infinite 200 plate reader
(Tecan; San Jose, CA). The absorbance data was transferred
to a Microsoft Excel spreadsheet, and the amount of ONPG
substrate hydrolyzed was calculated.

Western Blot Analysis. Samples were lysed in 200 µL
of cell lysis buffer (Cell Signaling Technology, Inc.; Danvers,
MA) on ice for 10 min, sonicated, and centrifuged at 4 °C,
3 min, 13,200 rpm. Protein concentrations were determined
by modified Bradford assays performed on supernatants using
the DC Bio-Rad Protein Assay Dye kit (Bio-Rad; Hercules,
CA). Absorbance was measured at 750 nm using the Tecan
Infinite 200 (Tecan; San Jose, CA). Equal amounts (100 µg)
of the protein samples were boiled for 5 min in 1× final
concentration reducing sample buffer. The samples were run
in 10% bis-acrylamide SDS-PAGE running gels for 60 min
at 150 V using the mini-Protean 3 electrophoresis system
(Bio-Rad; Hercules, CA) and then transferred to nitrocel-
lulose membrane using a mini-Protean Transblotter system
(Bio-Rad; Hercules, CA) for 60 min at 200 V. For immu-
noblotting, the membranes were blocked with 5% condensed
milk solution in Tris Buffered Saline-Tween 20 (TBST, 1 h,
room temperature). Cells stably overexpressing the human
receptors EGFR and TfR were stained with either monoclonal
anti-EGFR (1:500 dilution; DAKO; M7298) or monoclonal
anti-TfR (1:500 dilution; US Biologicals; T8199) for 1 h at
room temperature. Blots were then incubated with HRP-
conjugated secondary antibody (1:1000 dilution) for mam-
malian whole cell extracts in TBST for 1 h at room
temperature. Immunoblots containing electrophoresed bacte-
rial lysates were incubated with HRP-conjugated streptavidin
(1:1000 dilution) to recognize the biotinylated �-galactosidase
fragments. After three TBST washes (5 min each), the blots
were incubated with ECL chemiluminescence reagent (Im-
mobilon Western Kit; Millipore; Billerica, MA) for 1 min
and exposed to KODAK BioMax Light Film (Kodak;
Rochester, NY).

Receptor Uptake Immunofluorescence. Cells overex-
pressing both human EGFR and human TfR were simulta-
neously incubated over time (10-60 min) with Alexa488-
EGF (5 µg/mL) and Alexa594-Tf (50 µg/mL) at 37 °C. Cells
were rinsed briefly, fixed, counterstained with DAPI to
visualize the nuclei, and mounted for observation.

Histochemical Assay for �-Galactosidase Activity. The
assay was performed according to a protocol described
previously.31,33 After transfection with the �-gal constructs
for 48 h in a 12-well plate, cells were fixed in 4%
paraformaldehyde in phosphate buffered saline (PBS) at 25
°C for 5 min and rinsed twice with PBS for 5 min. X-gal
(5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside; Sigma;
St. Louis, MO) was diluted to a final concentration of 1 mg/
mL in 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2
in PBS, applied to cells, and incubated at 37 °C overnight.
Cells were rinsed twice with PBS for 5 min. Images were
captured by a Retiga EXi camera connected to a Leica
DM4000 B upright microscope (Leica Microsystems; Wet-
zlar, Germany).

Targeted-Reporter Complex Assay for Live Cells.
Biotinylated ligands for the epidermal growth factor receptor
(EGFR) or transferrin receptor (TfR) (B-EGF and B-Tf,
Invitrogen; Carlsbad, CA) were linked to biotinylated split-
�-gal fragments using streptavidin. Ligand, linker, and
reporter fragment were mixed in a molar ratio 1:1:3 at room
temperature for 1 h. Excess D-biotin was added to block any
remaining unbound streptavidin sites. In the case of control
assays, untargeted reporter complex was prepared with
D-biotin, in place of the ligand moiety, mixed with linker
and reporter fragment in a molar ration 1:1:3. The ligand
complex was then diluted to 500 µL with cell feeding media
(DMEM,10%fetalbovineserum,1%penicillin-streptomycin)
and added directly to coverslips seeded with cells overex-
pressing both human EGFR and TfR. Cells were preincu-
bated with EGF ligand complex (0.66 µM based on targeting
moiety) for 15 min and rinsed prior to the addition of Tf
ligand complex (0.66 µM based on targeting moiety) for an
additional 10 min at 37 °C. The cells were then fixed with
4% paraformaldehyde, rinsed with X-gal wash buffer, and
stained overnight at 37 °C with 1 mg/mL X-gal as described
previously. Images were captured by a Retiga EXi camera
connected to a Leica DM4000 B upright microscope (Leica
Microsystems; Wetzlar, Germany).

Results
Enzyme candidates for the split-protein fragment approach

are readily accessible in nature. We utilized selection criteria
that took into account basic enzyme characteristics such as
high substrate specificity, lack of (or low level) endogenous
expression in mammalian cells, activity at physiologic pH,
defined molecular structure including subdomain functional
activities, and low toxicity when the enzyme is subsequently
introduced into eukaryotic cells. �-Gal was a potentially
robust enzyme that fit the criteria for enzyme fragmentation
and imaging. Further, �-gal has defined domains that make
it amenable to fragment design.

To achieve this, �-gal was first split into multiple polypep-
tides (Figure 2A). The polypeptides were engineered based
on the five discrete domains identified by X-ray crystal-
lography.28 We used the �-gal gene encoding amino acids
10 through 1023 from the plasmid pSV-�-gal (Promega;
Madison, WI) as the starting genetic code. The split-�-gal
fragments were designed to create individual bicomplement-
ing pairs: alpha-1 domain (R-1) and the 1-omega domain
(1-ω), alpha-4 domain (R-4) and the omega domain (ω).
A third domain, 1-4, was also constructed to recreate
tricomplementation between the alpha domain and the omega
domain.

To yield acceptable levels of �-gal fragments from
bacteria, the exact location of the translational start and stop
sites for each polypeptide was empirically determined. The
resulting biotin-tagged, His-tagged split-�-gal fragments were
then propagated, expressed, and purified from E. coli (Figure
2B). Data demonstrate the success of the initial step and show
the purity of several �-gal fragments after single step
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purification over a cobalt affinity column. The yield for each
of the fragments was approximately 1 mg/L bacteria.

�-Gal activity can be detected in ViVo in E. coli in the
presence of X-gal (�-gal substrate) and isopropyl �-D-1-
thiogalactopyranoside (IPTG), a feature that can be used to
screen for bacterial colonies that express �-gal. In a
systematic screen for trans-complementation-competent �-gal
fragments in bacteria that does not express endogenous �-gal,
strain ER1793, we found several fragment pairs that comple-
ment to recapitulate enzyme activity (Figure 3A). Different
combinations of the constructs were used to transform
ER1793 bacteria (a bacterium devoid of any �-gal protein).
Only combinations of fragments that contain the full comple-
ment of the five �-gal domains, R, 1-4, and ω, yielded
activity via trans-complementation. The complementing
pairs, R-4 + ω and R-4 + 1-ω, stained very intensely
when incubated with X-gal substrate. Of the three comple-
menting pairs, R-1 + 1-ω stained less intensely. None of
the individual fragments restore activity to the �-gal deletion
strain ER1793. Also, incomplete combinations of fragments
are devoid of �-gal activity (not shown). Western blot
analysis of whole bacterial extracts from these clones
confirmed the expression of split-�-gal fragment(s) in the
bacteria (Figure 3B). Although the proteins were expressed
in the bacteria at similar levels, some complementing pairs,
i.e., R-4 and 1-ω and R-4 and ω, were better transacti-
vating partners when compared to R-1 and 1-ω.

To test the ability of the split fragments to spontaneously
aggregate into tetramers in solution, complementing pairs
of �-gal fragments were combined and assessed in a solution-
based activity assay. Levels of active �-gal expression were

measured by its catalytic hydrolysis of o-nitrophenyl-�-D-
galactopyranoside (ONPG), a synthetic chromogenic sub-
strate, to orthonitrophenol (ONP), a yellow product (λmax )
420 nm). Enzyme activity was measured by the rate of
appearance of the yellow color using a spectrophotometer
(Figure 4A). First, purified full length biotinylated �-gal
activity was measured against commercially available, ly-
ophilized �-gal (Figure 4B). Increasing amounts of enzyme
were assayed in the presence of ONPG. Enzyme activity was
virtually identical for purified recombinant biotinylated �-gal
prepared in the laboratory versus purchased �-gal.

The folding mechanism of �-gal is known to occur in three
stages: formation of secondary dimer structures from mon-
omeric primary structure (fast), structural rearrangement of
dimers (slow), and association of dimers into tetramers
(fast).40 Assuming that the slowest tetrameric folding proteins
require many minutes or hours to fold under simulated
conditions, we combined �-gal fragments in equal molar
amounts and allowed them to interact for 1 h at room
temperature (Figure 4C). We then incubated the combinations
with ONPG substrate for 30 min and measured absorbance
at 420 nm. Most complementing pairs of �-gal fragments
did not reconstitute full �-gal activity in solution. This is
clearly a desired result since we did not want indiscriminate
complementation of the �-gal fragments in solution. To check
our selected refolding/association time, we assayed �-gal

(40) Nichtl, A.; Buchner, J.; Jaenicke, R.; Rudolph, R.; Scheibel, T.
Folding and association of beta-galactosidase. J. Mol. Biol. 1998,
282 (5), 1083–1091.

Figure 2. �-Galactosidase constructs. (A) Schematic of �-galactosidase constructs. Full-length �-galactosidase cDNA
was cut into varying lengths by restriction enzyme digestion. Each fragment incorporates a necessary domain for
�-galactosidase complementation. (B) Purification of biotinylated �-galactosidase. cDNA fragments were ligated in
frame into the bacterial expression plasmid pAN, which adds a biotin to the amino terminus of each �-galactosidase
fragment. Each plasmid was expressed in bacteria, IPTG-induced, and purified over a Talon resin column. The
expression and purity of the proteins was verified by Western blot analysis. An equal amount of whole cell lysate (100
µg) was electrophoresed and transblotted onto nitrocellulose paper. The nitrocellulose was immunoblotted with
streptavidin-HRP (1:1000 dilution). Lane 1: �-galactosidase, 135 kDa. Lane 2: R-4, 100 kDa. Lane 3: 1-ω, 116 kDa.
Lane 4: 1-4, 80 kDa. Lane 5: ω, 35 kDa. Lane 6: R-1, 20 kDa.
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enzymatic activity over a range of time points (Figure 4D)
and measured enzyme activity. Full-length �-gal was used
as the standard control. Complementing pairs R-1, 1-ω and
R-4, 1-ω did not produce any perceivable enzyme activity.
Noncomplementing pairs that do not reconstruct the full-
length �-gal also did not have enzymatic activity. Only the
combination of R-4 and ω resulted in the spontaneous re-
formation of �-gal after a 0.5 h association time.

Next, we examined whether split-�-gal fragments could
recombine when transfected into mammalian cells in ViVo.
Rat C6 glioma cells were transiently transfected with each
of the constructs, either singly or in combination. Only in
cells cotransfected with combinations of complementing
fragments could any �-gal activity be detected (Figure 5).
In control transfections, in which C6 cells did not receive a
complete complement of all the subunits, no �-gal activity
was detectable (not shown).

To demonstrate the utility of our reporter fragments in
identifying multiple biomarkers, we created a complex as
outlined in Figure 1B that consisted of a reporter fragment,
a linker, and a targeting moiety, in this case a ligand. We
designed two experiments to determine whether the
individual targeted ligand complexes retained their ability
to bind cell surface receptors and whether the individual
�-gal fragment ligand complexes were able to re-establish
full �-gal activity when oriented on the cell surface. First,
we created a rat 9L gliosarcoma cell line stably overex-
pressing two human cell surface receptors, TfR and EGFR.
We assayed the expression level of the human receptors
by immunoblot analysis (Figure 6A). As a control to
monitor receptor integrity MDA-MB-468 cells were also
included in this assay. MDA-MB-468 cells express high
levels of EGFR and TfR. In addition, we demonstrated
the localization of the human receptors at the cell
membrane and to a lesser extent within the cell’s interior
(Figure 6B). The levels of both receptors in the engineered
9L cells were similar to those measured in a panel of
different human tumor cell lines (Supplementary Figure 1
in the Supporting Information).

To show that the human receptors were functionally active,
cells overexpressing both receptors were incubated with a
cocktail of Alexa488-conjugated EGF and Alexa594-
conjugated Tf (Molecular Probes; Eugene, OR) and observed
using fluorescence microscopy. Activated EGFR and TfR
rapidly internalized their respective ligands into clearly
delineated endocytotic vesicles (Figure 7A). The majority
of human EGFR and TfR cycled independently, however,
when cells were stimulated simultaneously by their respective
ligands. To shift the receptors to the same temporal location
within the endocytotic vesicles, we examined receptor
colocalization by first preloading cells overexpressing both
receptors with Alexa488-EGF for 15 min and then incubating
them with Alexa594-Tf at increasing time points (Figure 7B).
Minimal receptor colocalization was detected after a 5 min
exposure to Alexa594-Tf. Increased colocalization was
observed as early as 10 min and persisted for 15 min. Figure
7C shows a representative cell at high magnification in which
a subpopulation of vesicles contained both human receptors
after a 15 min preincubation with Alexa488-EGF and 10 min
incubation with Alexa594-Tf.

Next, ligand complexes were formed with the full-length
�-gal enzyme reporter. To create the ligand complexes, a
biotinylated ligand is linked via streptavidin to a biotinylated
�-gal enzyme reporter. Ligand, linker, and reporter fragment
were mixed in a molar ratio 1:1:3, respectively, and incubated

Figure 3. Bacterial bimolecular complementation. (A)
Expression of active �-galactosidase assayed by X-gal
staining. E. coli K12 ER1793 were transfected with
individual �-galactosidase fragment plasmids or
combinations of plasmids that would produce a
complementing full length enzyme. Colonies containing
active �-galactosidase stained blue. (B) Western blot
analysis of bacteria expressing �-galactosidase
fragments. E. coli K12 ER1793 transformed with
complementing pairs of �-galactosidase plasmids
express both �-galactosidase fragments. Lane 1:
�-galactosidase, 135 kDa. Lane 2: R-4 + ω, 100 kDa
and 35 kDa. Lane 3: R-4 + 1-ω, 100 kDa and 116
kDa. Lane 4: R-1 + 1-ω, 20 kDa and 116 kDa. Lane
5: R-1, 20 kDa. Lane 6: R-4, 100 kDa. Lane 7: 1-ω,
116 kDa. Lane 8: ω, 35 kDa.
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at room temperature for 1 h. Excess D-biotin was added after
1 h to block any remaining unbound streptavidin sites. The
resulting ligand complex was diluted in cell culture media.

When the cells were incubated at 37 °C with either the EGF
ligand complex or the Tf ligand complex, for 15 or 10 min,
respectively, enzymatic activity was successfully visualized

Figure 4. �-Galactosidase subunit association in solution. (A) Schematic of �-galactosidase activity assay. (B)
Comparison of �-galactosidase activity of full length enzyme prepared in the laboratory versus commercially available
standard. (C) Enzyme activity of �-galactosidase protein fragments. �-Gal fragments were added, either individually or
in complementing pairs, to uncoated 96-well microtiter assay plates in equal molar amounts and incubated at room
temperature on an orbital rocker for 30 min in the presence of �-galactosidase fluorescent substrate ONPG. Minimal
to no enzyme activity was observed for individual or complementing fragments in solution. (D) Enzyme activity of
�-galactosidase protein fragments over time. �-Galactosidase protein fragments were added individually or in
complementing pairs in the presence of ONPG over a 19 h incubation period. Full length �-galactosidase was
optimally active at 30 min. All fragment combinations were inactive in solution over a 3 h time period except the
combination R-4 and ω which gradually increased after 30 min.
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after X-gal staining (Figure 8A, top panel). More than 75%
of all the cells overexpressing the two human receptors were
labeled with either EGF-B-SA-B-�-gal or Tf-B-SA-B-�-gal.
In an attempt to capture the subpopulation of receptors
cycling together in vesicles illustrated in Figure 7B, indi-
vidual ligand complexes were generated with a �-gal reporter
fragment instead of the full length enzyme. Biotinylated EGF
was linked to biotinylated R-4 and biotinylated Tf was
linked to biotinylated ω. Live cells expressing both human
receptors were serially incubated with first one ligand
complex, washed, and then the other complementing ligand
complex. The cells were extensively washed and fixed with
4% paraformaldehyde. Enzymatic activity was visualized by
overnight X-gal staining (Figure 8B). Cells incubated with
individual ligand-reporter fragment complexes, EGF-B-SA-
B-R-4 or Tf-B-SA-B-ω, did not stain positive for enzymatic
activity (Figure 8A, bottom panel). As a control to demon-
strate that reassembly of the �-gal enzyme was driven by
receptor proximity (targeting) and not by spontaneous
reassembly of the reporter fragments, live cells expressing
both human receptors were incubated for 25 min simulta-
neously with complementing pairs of �-gal fragments; one
of each pair was targeted using ligand moiety while the other

was untargeted using biotin in place of the ligand: comple-
menting pairs [EGF-B-SA-B-R-4 and B-SA-B-ω] or [B-SA-
B-R-4 and Tf-B-SA-B-ω] (Figure 8C). After overnight
incubation with X-gal stain, no enzymatic activity was
observed. In other studies, sequential addition of the same
complementing control pairs of targeted and untargeted
complexes also resulted in no enzymatic activity (not shown).
Ligand-reporter fragment complexes did not adversely affect
cell viability after incubation or growth rate of cells after
complex removal as demonstrated by trypan blue cell staining
(Figure 9).

Discussion
Reporter fragmentation is a fundamental complement to

genomic applications and especially intriguing as an intrinsic

Figure 5. Bimolecular complementation of
�-galactosidase subunits in mammalian cells. Rat
glioma C6 cells were transiently transfected using
Lipofectamine 2000 as per the manufacturer’s
instructions with pcDNA3.1 plasmids containing either
full length �-galactosidase cDNA (1 µg) or individual
�-galactosidase fragment cDNA (1 µg each). Forty-eight
hours after transfection, the cells were rinsed, fixed in
paraformaldehyde, and incubated overnight with X-gal
staining buffer. Phase contrast images are shown. (A)
C6 cells expressing full length �-galactosidase. (B)
Cells transfected with �-galactosidase fragments R-1
and 1-ω, expressing enzyme activity. (C) Cells
transfected with �-galactosidase fragments R-4 and ω,
expressing enzyme activity. (D) C6 cells transfected
with �-galactosidase fragments R-4 and 1-ω,
expressing enzyme activity. Figure 6. Receptor overexpression in mammalian cells.

(A) The rat gliosarcoma cell line, 9L, was stably
transfected with no, one, or two human receptors.
Western-blot analysis using equal amounts of total
protein from the corresponding lysates was used to
determine human EGFR expression. The same blot
was stripped and reprobed to determine total human
TfR protein levels. (B) Immunolocalization of human
EGFR and TfR in cells overexpressing both EGFR and
TfR. Cell surface staining is indicated by white arrows.
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Figure 7. Receptor colocalization in mammalian cells. (A) Double labeling of EGFR and TfR with
fluorophore-conjugated ligand. Green arrow indicates EGFR localized at the cell surface. Red arrow indicates rapidly
internalized TfR. Photographs were captured at 40× magnification. Scale bar indicates 10 µm. (B) Serial addition of
fluorophore-conjugated ligands EGF and Tf increases internal receptor colocalization. Cells overexpressing both
EGFR and TfR were first preloaded with Alexa488-EGF (5 µg/mL) for 15 min and then incubated with Alexa594-Tf (50
µg/mL) over increasing time at 37 °C. Cells were washed, fixed, and mounted for fluorescent observation.
Photographs were captured at 40× magnification. Scale bar: 20 µm. (C) Representative cell with receptor
colocalization of EGFR and TfR. Photograph was taken at 100× magnification. Inset emphasizes receptor
colocalization.
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monitor of cancer development. Monitoring cancer could
easily incorporate imaging cellular and molecular processes
as well as tracking drug delivery. As a platform, for instance,

split reporter fragments can be used in therapeutic delivery
vehicles where one fragment is targeted to the therapeutic
candidate cell and the other fragment delivered by the

Figure 8. Bimolecular complementation of receptor-targeted complexes in mammalian cells. (A) Receptor-targeted
�-galactosidase complementation. Cells overexpressing human receptors, EGFR and TfR, were incubated with full
length �-galactosidase reporter (0.1 nmol) targeted to either the EGFR or TfR. X-gal staining reveals uptake of the
ligand-targeted reporter complex (top panels). (B) EGF was linked to the R-4 �-galactosidase fragment, and Tf was
linked to the ω �-galactosidase fragment. When serially incubated on live cells, enzymatic complementation was
observed after X-gal staining. Images were taken at 20× magnification. Scale bar represents 10 µm. (C) Cells
overexpressing human receptors, EGFR and TfR, were incubated with EGF linked to the R-4 �-galactosidase
fragment and biotin linked to the ω �-galactosidase fragment (left panel). Cells overexpressing human receptors,
EGFR and TfR, were incubated with biotin linked to the R-4 �-galactosidase fragment and Tf linked to the ω
�-galactosidase fragment (right panel). When simultaneously incubated on live cells, no enzymatic complementation
was observed after X-gal staining. Images were taken at 20× magnification. Scale bar represents 10 µm.
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delivery vehicle; only in the presence of both complementing
pairs would a positive response be observed, indicating
successful delivery of the therapeutic payload.

Split reporters, both nonenzymatic and enzymatic, have
been widely used to examine protein-protein interactions.
Nonenzymatic proteins, such as ubiquitin and green fluo-
rescent protein (GFP), have been effectively utilized in split
fragment reporter assays.41-44 However, the utility of
ubiquitin as an endogenous enzyme substrate and GFP as
an intrinsic fluorescent reporter does not reflect the ultimate
goal of our proposed platform, to create an exogenously
targeted self-amplifying reporter complex. Split ubiquitin
fragments act together as a single-domain protein substrate
which is rapidly cleaved by endogenous ubiquitin-specific
proteases. Since it is not an activity-based reporter, it does
not have amplification built into the assay design. Once the
substrate has been acted upon, the imageable signal is lost.
GFP split reporter fragments, on the other hand, do not
possess any enzyme activity and are inherently incapable of
amplification.

Enzymes like �-lactamase, dihydrofolate reductase (DHFR),
and firefly luciferase have all been successfully spliced into

smaller fragments and are more similar to our design
approach.20,22,45,46 The majority of these enzymes have been
used in a PCA designed-format. The basic concept is simple:
only when two enzyme fragments are brought together as a
result of interacting proteins is there enzymatic activity. The
extent of the protein-protein interaction is then evaluated
by measuring the magnitude of enzyme activity. These assays
are very different paradigms and differ significantly from
the one suggested in this study as outlined in Table 1. The
prevailing PCA system utilizes genetically engineered fusion
constructs. The site of fusion between the reporter fragment
and protein of interest is crucial. For instance, �-lactamase
does not have any clearly defined domains and requires
experimentation to select the proper fusion site.47 The
reporter is classically a monomeric enzyme with inactive,
nonspontaneously complementing subunits; the fused pro-
teins of interest are high affinity interacting proteins. The
resulting fusion chimera are then expressed in genetically
transformed bacterial or mammalian cells and potential
interactions are observed. Predictions of protein interactions
must, in some way, be exercised prior to evaluating the
interactions within the cell. Even more restrictive is the fact
that these reporter constructs require genetic manipulation
of the host cells, excluding them from functional translation

(41) Ozawa, T.; Takeuchi, T. M.; Kaihara, A.; Sato, M.; Umezawa,
Y. Protein splicing-based reconstitution of split green fluorescent
protein for monitoring protein-protein interactions in bacteria:
improved sensitivity and reduced screening time. Anal. Chem.
2001, 73 (24), 5866–5874.

(42) Lehming, N. Analysis of protein-protein proximities using the
split-ubiquitin system. Briefings Funct. Genomic Proteomic 2002,
1 (3), 230–238.

(43) Reichel, C.; Johnsson, N. The split-ubiquitin sensor: measuring
interactions and conformational alterations of proteins in vivo.
Methods Enzymol. 2005, 399, 757–776.

(44) Muller, J.; Johnsson, N. Split-ubiquitin and the split-protein
sensors: chessman for the endgame. ChemBioChem 2008, 9 (13),
2029–2038.

(45) Piwnica-Worms, D.; Luker, K. E. Imaging protein-protein interac-
tions in whole cells and living animals. Ernst Schering Res. Found.
Workshop 2005, (49), 35–41.

(46) Luker, K. E.; Smith, M. C.; Luker, G. D.; Gammon, S. T.;
Piwnica-Worms, H.; Piwnica-Worms, D. Kinetics of regulated
protein-protein interactions revealed with firefly luciferase com-
plementation imaging in cells and living animals. Proc. Natl. Acad.
Sci. U.S.A. 2004, 101 (33), 12288–12293.

(47) Michnick, S. W.; Remy, I.; Campbell-Valois, F. X.; Vallee-Belisle,
A.; Pelletier, J. N. Detection of protein-protein interactions by
protein fragment complementation strategies. Methods Enzymol.
2000, 328, 208–230.

Figure 9. Cell viability after incubation with ligand-targeted reporter complexes. �-Galactosidase reporter fragment
complexes were incubated on live cells for 1 h at 37 °C. The cells were washed, stained with trypan blue, and
counted. Cell counts were graphed as a percentage of total cells.
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into human subjects. Their utility is subsequently relegated
to biochemical in Vitro assays or genetically engineered small
animal in ViVo imaging.

In contrast, our targeted-reporter complex can evaluate
endogenous changes in multiple biomarker expression by
labeling external cell surface receptors using exogenously
added targeted-split reporter fragments. Several potential
enzymes undergo spontaneous reassembly to form active
enzyme, however, formation of protein aggregates is a major
drawback of the spontaneous reassembly of the protein
fragments.48 The �-gal fragments engineered for these studies
do not have sufficient affinity to drive enzyme activity unless
the targeted receptors are in close proximity either at the
surface or in internalized vesicles (Figure 8B). The further
development and eventual application of these techniques
in ViVo will allow surveying of cancer biomarkers over the
entire tumor surface (accessible via vascular delivery of the
components) rather than the limited sampling currently
obtained using biopsies and ex ViVo analysis.

In our study, we capitalize on the common endocytotic
internalization of the two receptors, EGFR and TfR. To
demonstrate that these receptors are good representatives of
the cancer signature, we first qualitatively measured the
endogenous expression level of these receptors in a variety
of different human cancer cell lines using immunofluores-
cence techniques and show that they are coexpressed at high
levels in many of the cell lines (Supplementary Figure 1 in
the Supporting Information). Representative human cancer
cell lines are shown that demonstrate unique, observable
expression patterns for the two receptors. Next, we examined
the expression of each receptor in the cell lines and graphed
the densitometric values. This underscores the validity that
our cell model does, in fact, represent cancer-associated
endogenous changes in receptor expression.

PCA techniques that rely on protein chimera to interrogate
cytosolic protein-protein interactions and receptor ligand-

induced dimerization have been useful for noninvasive
imaging of genetically modified cells where the components
are functionally related.49-51 In this study, we introduce the
technology to image dynamic alterations in cancer that are
not necessarily related functionally, but are related molecu-
larly for diagnostic purposes. Here, we show that it is possible
to visualize noninteracting receptors. To image noninteracting
biomarkers identified as diagnostically important by genomic
technologies, we exploit receptor proximity or common
internalization pathways to assay changes in expression that
may not be related functionally, but are implicated in the
malignant phenotype. Therefore, any number of potential cell
surface markers, whether interacting or not, are amenable
for imaging using our technology.

The two receptors observed, EGFR and TfR, are overex-
pressed in many cancers, but receptor-mediated internaliza-
tion appears to diverge along the endocytotic pathway.7

Studies have suggested that some receptors, like EGFR, are
diffusely distributed on the cell surface prior to ligand binding
and cluster within clathrin-coated pits after ligand binding
and receptor dimerization. TfR also binds ligand rapidly and
internalizes through clathrin-coated vesicles. Ultimately, TfR
is returned to the cell surface intact, while EGFR proceeds
to lysosomes where it is degraded.52-55 It remains unclear,
however, how much of a common pathway these two

(48) Shiba, K.; Schimmel, P. Functional assembly of a randomly
cleaved protein. Proc. Natl. Acad. Sci. U.S.A. 1992, 89 (5), 1880–
1884.

(49) Dibya, D.; Sander, S.; Smith, E. A. Identifying cytoplasmic
proteins that affect receptor clustering using fluorescence reso-
nance energy transfer and RNA interference. Anal. Bioanal.
Chem., submitted.

(50) Guo, C.; Levine, H. A thermodynamic model for receptor
clustering. Biophys. J. 1999, 77 (5), 2358–2365.

(51) Eglen, R. M.; Singh, R. Beta galactosidase enzyme fragment
complementation as a novel technology for high throughput
screening. Comb. Chem. High Throughput Screening 2003, 6 (4),
381–387.

(52) Stahl, P. D.; Barbieri, M. A. Multivesicular bodies and multive-
sicular endosomes: the “ins and outs” of endosomal traffic. Sci.
STKE 2002, 2002 (141), e32.

(53) Pastan, I.; Hanover, J.; Willingham, M. The cellular entry of EGF
and transferrin: a problem in intracellular sorting. Curr. Top. Cell
Regul. 1985, 26, 17–25.

Table 1. Comparison of our Targeted-Reporter Complex System to the Protein-Fragment Complementation Assay (PCA)

targeted-reporter complex assay
protein fragment complementation

assay (PCA)

genetic manipulation none engineered cell lines
chimeric fusion proteins

complementation driven by close proximity (i.e., receptor clustering
or vesicle internalization)

direct protein-protein interactions
of fusion proteins

spontaneous complementation low none

sensitivity reporter (enzyme) amplification most reporters: no amplification (i.e., GFP, ubiquitin)
exceptions: �-lactamase; Renilla luciferase

specificity ligand-driven known protein-protein interactions

detection modality optical optical
MRI
nuclear
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receptors share. As shown in Figure 7, the colocalization of
the two chosen receptors occurs in only 10-20% of the total
cells as evidenced by yellow overlay of independent fluo-
rescent channel image acquisitions using fluorophore-
conjugated ligands. This quantitative approximation is
mimicked by our visual observations shown in Figure 8; only
10-20% of the cells containing both EGFR and TfR in the
same location allow for �-gal fragment complementation.
Recent findings by Leonard et al. corroborate our findings
in that although TfR and EGFR follow distinct routes of
internalization under physiological conditions, for a short
period of time (6-20 min of simultaneous incubation with
EGF and Tf) the two receptors intersect at a common point
along the endocytic pathway representing 20-30% colocal-
ization in vesicles 300 nm from the cell membrane.56

The current study describes novel �-gal protein fragments
that allow directed (or targeted) complementation. By
creating a receptor-targeted reporter complex, we have
increased the latitude and functionality of the enzymatic
complementation assay. As described above, previous assays
required direct protein-protein interactions to maximize the
utility of the enzyme reporter fragments, but are limited in
use since they require genetic manipulations of target tissues.
Our approach utilizes cancer biomarker proximity and
clustering to reassemble active �-gal from exogenously added
components. This approach enables visualization of proteins
(receptors) near each other, but not necessarily interacting,
without genetically altering the target tissues.

We designed the ligand complex to deliver either EGF or
Tf with a �-gal fragment to the cell surface receptors to
maximize enzyme self-assembly at the cell surface or within
endocytotic vesicles. Biotin-�-gal fragments, streptavidin, and
biotinylated ligands were combined in molar ratios (3:1:1)
to take advantage of streptavidin’s four biotin binding sites.
This strategy allows us to amplify the probability of enzyme
reformation since the majority of streptavidin was bound by
biotin-�-gal fragments. Ultimately, it was critical to show
that the creation of the complex did not compromise
bioactivity or receptor functionality.

Our platform-based approach adds an element of inter-
changeability that is hampered by reporter fusion constructs.

Others, such as Gillies and colleagues, have also recognized
the importance of binding multiple targets simultaneously,
but have undertaken alternative methods. For example, the
Gillies laboratory has designed a single multimeric backbone
capable of targeting multiple receptors.1,57,58 To target a
signature of three markers, they exploit the specificity of low
affinity ligands to recognize only cells expressing three
surface markers. Steric hindrance associated with biomarker
order along the backbone, however, is a major constraint
for this schema.

By designing components and assembling them in a
modular fashion, our platform multifunctionalizes the ligand
complexes adoptable for imaging and therapeutics. These
complexes satisfy two main requirements: interchangeability
with new constituents as more specific cancer biomarkers
are discovered and independent reconfiguration or refinement
to meet evolving imaging needs. Our findings are not the
only biomarker combinations available. Using unrelated
receptor family members from the receptor tyrosine kinase
family (EGFR) and the transferrin receptor family (TfR), we
are able to prove the feasibility of our imaging constructs.
Other biomarkers will allow us to use these targeted-reporter
complexes across several different cancer types in a diag-
nostic manner in much the same way high throughput serial
(HTS) assays have revolutionized a more personalized
approach to epigenetic factors.
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