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Abstract: Delivery and expression of multiple genes is an important requirement in a range of
applications such as the engineering of synthetic signaling pathways and the induction of
pluripotent stem cells. However, conventional approaches are often inefficient, nonstoichiometric
and may limit the maximum number of genes that can be simultaneously expressed. We here
describe a versatile approach for multiple gene delivery using a single expression vector by
mimicking the protein expression strategy of RNA viruses. This was accomplished by first
expressing the genes together with TEV protease as a single fusion protein, then proteolytically
self-cleaving the fusion protein into functional components. To demonstrate this method in E. coli
cells, we analyzed the translation products using SDS-PAGE and showed that the fusion protein
was efficiently cleaved into its components, which can then be purified individually or as a
binding complex. To demonstrate this method in mammalian cells, we designed a differential
localization scheme and used live cell imaging to observe the distinctive subcellular targeting of
the processed products. We also showed that the stoichiometry of the processed products

was consistent and corresponded with the frequency of appearance of their genes on the
expression vector. In summary, the efficient expression and separation of up to three genes

was achieved in both E. coli and mammalian cells using a single TEV protease self-processing

vector.
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Introduction

The ability to introduce multiple genes into cells is
essential for a wide range of applications, for exam-
ple, the co-delivery of reporter or suicide genes, the
assembly of multiprotein complexes,' the engineer-

Additional Supporting Information may be found in the online
version of this article.

Grant sponsor: The Canadian Institutes of Health Research;
Grant number: #81262; Grant sponsor: Heart and Stroke
Foundation; Grant number: #NA6241.

*Correspondence to: Kevin Truong, Institute of Biomaterials and
Biomedical Engineering, University of Toronto, 164 College
Street, Toronto, Ontario, M5S 3G9, Canada. E-mail: kevin.
truong@utoronto.ca

Published by Wiley-Blackwell. © 2010 The Protein Society

ing of synthetic signaling pathways,? and the induc-
tion of pluripotent stem cells.> Conventionally, multi-
ple genes can be expressed in a cell through
simultaneous or sequential transfections of multiple
vectors. However, this method becomes tedious and
inefficient as the number of vectors increases. The
expression of multiple genes from a single vector can
be achieved by incorporating expression cassettes
each with its own independent promoter. Unfortu-
nately, this method is susceptible to gene suppres-
sion as a result of promoter interference.? The inter-
nal ribosomal entry site mediated polycistronic
vector is an improvement to the aforementioned
multiple expression vector as it expresses all its
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genes from a single open reading frame through a
translation reinitiation mechanism.? However, the
translations are uncoupled in the sense that they
are invoked from different translational initiation
events. Consequently, the proteins are not produced
in stoichiometric proportions, with a heavier bias on
upstream expression.’® To achieve stoichiometric
expression of multiple genes using a single expres-
sion vector, 2A sequences from picornaviruses have
been used because they can disrupt the formation of
the peptide bond during protein synthesis.»™® The
2A sequences, however, has not been shown to work
in bacterial cells,'® widely vary in their efficiency of
peptide bond disruption''2 and leave long residual
trailing sequences (20-30 residues) to proteins that
may perturb their function. Furthermore, in the
case of some proteins targeted to the exocytic path-
way, the cellular localization of proteins downstream
of the 2A sequences were dictated by their upstream
palrtners.13

In this study, we developed a multiple gene
expression system that instead mimics the proteo-
lytic processing of polyproteins found in tobacco etch
viruses (TEVs) of the Potyviridae family.'* TEVs
express all of their proteins in the form of polypro-
teins before they are processed by the TEV nuclear
inclusion o protease (TEV protease).!®'® TEV prote-
ase is able to cleave its substrate ENLYFQS between
QS with high specificity, leaving a 6-residue on the
upstream protein and a single Ser residue on the
downstream protein.!” TEV protease is widely used
in purification strategies to separate the passenger
proteins from affinity tags.'®*2° Several studies also
utilized TEV protease in eukaryotes to cleave engi-
neered fusion proteins and study subsequent biologi-
cal effects.2t"2* However, TEV protease has mostly
been expressed separately from the fusion protein
that it cleaves. To achieve genuine single vector
transfection, TEV protease can be delivered with the
genes of interest as a fusion, requiring TEV protease
to “self-cleave” within the same molecule. TEV prote-
ase self-cleavage was first demonstrated in plant
cells,?® but has only once been utilized to separate
two proteins expressed from E. coli cells.2® We
expanded the utility of TEV protease self-cleavage
by demonstrating the efficient and stoichiometric
separation of up to three functionally intact proteins
in both bacterial (E. coli) and mammalian cells. In
doing so, we have introduced a versatile approach
for the correlated expression of multiple gene prod-
ucts from a single vector.

Results and Discussion

Characterization of the TEV protease (TEVp)

The TEVp we used was a variant developed by
Kapust et al. which contains a S291V mutation.?’
This mutation has been shown to reduce TEVp auto-
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proteolysis and in turn enhance its proteolytic
activity on canonical substrates.2”?® To confirm the
activity of this TEVp, we constructed a fluorescence
resonance energy transfer (FRET) sensor, Ven-tevS-
Ceru consisting of the TEVp substrate tevS
(ENLYFQS) flanked by the acceptor Venus (YFP var-
iant?®) and the donor Cerulean (enhanced CFP®°).
We also constructed a control sensor, Ven-linker-
Ceru, with the TEV substrate tevS replaced by an
arbitrary linker (DAPVRSLNCT). We conducted the
activity assay in vitro by mixing Venus-tagged TEVp
(TEVpVen) and the sensors in a 1:1 ratio. The cleav-
age of the Ven-tevS-Ceru sensor was immediately
observed by a gradual decline in FRET efficiency
(Supporting Information Fig. S1). In contrast, Ven-
linker-Ceru remains unchanged in the experimental
time frame of 40 min.

TEVp expression has been previously shown to
be nontoxic in E. coli,®' yeast,?? Drosophila,?? and
mammalian cells.®® To confirm this, we expressed
TEVp in COS-7, HeLa, and HEK-293 cells. Cell mor-
phologies were unaffected, and the expression of
TEVpVen was robust with distribution in the cyto-
plasm, nucleus, and nucleolus of the cell. This indi-
cates the unlikelihood for the existence of endoge-
nous TEVp substrates in these cell types and
establishes the crucial prerequisite for using TEVp
as a tool in basic biology research.

TEVp self-cleavage in E. coli bacteria
The TEVp self-cleavage of fusion proteins in E. coli
effectively expressed multiple proteins which could
then be purified individually or in protein com-
plexes. TEVp self-cleavage refers to the cleavage of
TEVp substrates residing on the same molecule as
TEVp itself. The mode of interaction between TEVp
and its substrate in self-cleavage events can be both
intermolecular and intramolecular. Intramolecular
cleavages are more efficient due to the closer prox-
imity between the TEVp active site and its sub-
strate, albeit only possible in cases where the sub-
strate can be accessed by the active site through
molecular bending and rotation. A natural example
of intramolecular TEVp self-cleavage is the autopro-
teolysis of wild-type TEVp between residues 218 and
9192728

As an initial test for TEVp self-cleavage, TEVp
was fused to the N-terminal of both Ven-tevS-Ceru
and the control sensor Ven-linker-Ceru, creating
TEVp-tevS-Ven-tevS-Ceru and  TEVp-tevS-Ven-
linker-Ceru respectively. FRET measurements were
taken after 1 day of expression in E. coli cells. The
FRET ratio (Venus/Cerulean) in cells expressing
TEVp-tevS-Ven-linker-Ceru was 2.08 = 0.13 (n = 3),
comparable to the FRET ratio of 2.28 + 0.12 in cells
expressing Ven-linker-Ceru. However, cells express-
ing TEVp-tevS-Ven-tevS-Ceru recorded a much
lower FRET ratio than cells expressing Ven-tevS-
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Figure 1. TEVp self-cleavage in E. coli. (a) Schematic of construct used in b and c. Cleavage occurs at the sites containing
tevS (ENLYFQS). (b) SDS-PAGE analysis for post-translational products of the construct shown in a compared against
constructs encoding VenGST, Ceru, and RFPHisTEVp individually. The three panels, from top to bottom, are pictures of the
gel taken using Venus, mRFP, and Cerulean excitation/emission filters, respectively. Venus bands were detected under the
mRFP filter due to cross excitation of Venus by mRFP excitation wavelength. The relative intensities of the bands are not
indicative of the expression levels for their corresponding fluorescent proteins. (c) SDS-PAGE analysis of His-purified and
GST-purified samples of the construct shown in a. The three panels follow the same pattern as described in (b). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Ceru (2.68 *+ 0.07-1.56 * 0.04), indicating a separa-
tion of the two fluorescent proteins facilitated by
TEVp self-cleavage.

To further investigate TEVp self-cleavage, a
fusion protein was constructed with three separable
modules: RFPHisTEVp-tevS-Ceru-tevS-VenGST (RH
TEVpCVG) [Fig. 1(a)l. The three reporter genes
used (mRFP,?* Cerulean and Venus) have distinctive
spectral properties, allowing us to identify each sub-
unit visually. TEVp itself was tethered to mRFP so
that we could determine if it could excise itself
through an adjacent tevS site. The polyhistidine tag
(His) and glutathione S-transferase tag (GST)
allowed purification of the modules and served as
size fillers so that each module can be spatially dis-
tinguished on an electrophoretic gel. Lysate
extracted from E. coli cells expressing this fusion
protein was analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE).
The major products were matched up against the
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controls and identified as RFPHisTEVp at ~40 kDa,
Ceru at ~25 kDa, and VenGST at ~50 kDa [Fig.
1(b)]. We conducted both His-purification and GST-
purification to show that individual modules can be
isolated from RHTEVpCVG. The His-purified and
GST-purified samples produced the same bands as
RFPHisTEVp and VenGST, respectively [Fig. 1(c)].
While we expected to see some uncleaved (all three
modules) and intermediate cleavage products (two
modules) in both the lysate and purified samples,
they did not appear on the gel, suggesting a com-
plete or near complete cleavage of all TEV sub-
strates between the modules.

Many cellular processes involve enzymatic or
regulatory multiprotein complexes. It is often neces-
sary to purify these complexes for biochemical stud-
ies. The conventional approach relies on in wvitro
reconstitution of proteins after they have been indi-
vidually expressed and purified.?® This is a tedious
process and may not work in cases where chaperone
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Figure 2. TEVp self-cleavage and subsequent purification
of a binding complex. (a) Schematic of constructs used in
(b). An additional tevS was added at the cleavage points
compared to previous constructs. We anticipated that
having a double tevS site may improve cleavage efficiency.
(b) SDS-PAGE analysis of post-translational products of the
constructs shown in a together with their His-purified
samples, showing successful purification of the SH3-CB1
protein complex expressed from the TEVp self-cleavage
system. The two panels, from top to bottom, are pictures of
the gel taken using Venus and Cerulean excitation/emission
filters, respectively. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

proteins are required for proper complex formation.
Here we demonstrate a utility of the TEVp self-cleav-
age system by expressing and purifying a two-protein
complex from one TEVp self-cleavable fusion con-
struct. In this case, the complex is reconstituted
in vivo from the co-expressed proteins and only needs
to be purified once. The construct we used, HisSH3-
Ceru-tevS-VenCB1-tevS-TEVp [Fig. 2(a)l, contained
an N-terminal Src homology three domain of human
Crk2 (SH3) and its binding peptide CB1. SH3 and
CB1 were tagged with Cerulean and Venus respec-
tively for visualization purposes. The post-cleavage
products of HisSH3Ceru-tevS-VenCB1-tevS-TEVp
were identified as HisSH3Ceru at ~30 kDa and
VenCB1 at ~25 kDa by SDS-PAGE [Fig. 2(b)]. The
same bands were produced after His-purification,
suggesting that VenCB1 was co-purified together
with HisSH3Ceru. However, the control construct
HisSH3Ceru-tevS-Ven-tevS-TEVp in which CB1 was
not present [Fig. 2(a)l, only yielded the HisSH3Ceru
band after His-purification. This experiment demon-
strated the feasibly of purifying a protein complex
from a TEVp self-cleavable fusion protein.
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TEVp self-cleavage in mammalian cells

The TEVp self-cleavage of fusion proteins in mam-
malian cells expresses multiple proteins that were
localized into different subcellular compartments. As
with our work with E. coli cells, we utilized the dis-
tinctive fluorescent properties of Venus, Cerulean,
and mRFP to noninvasively and simultaneously vis-
ualize the expression of up to three proteins in mam-
malian cells. When plasmids encoding Venus, Ceru-
lean and mRFP were transfected into COS-7 cells, a
uniform cytoplasmic and nucleoplasmic distribution
was observed (data not shown). The size of these flu-
orescent proteins (~26 kDa) allowed them to cross
nuclear pores. To confine each fluorescent protein in
a specific cellular compartment, we introduced two
localization motifs: (1) NLS: the nuclear localization
sequence (RIRKKLR) derived from the p54 pro-
tein,?® and (2) DAGR: the Cysl domain of Protein
Kinase C B-isoform, which translocates from the
cytosol/nucleus to either the plasma or nuclear mem-
brane upon phorbol 12,13-dibutyrate (PDBu) stimu-
lation.?”3® We built a nuclear localizing module by
attaching two NLSs in tandem to the C-terminus of
Cerulean (CerulNLS), and a membrane localizing
module by attaching DAGR to the N-terminus of
Venus (DAGRVen). To demonstrate TEVp self-cleav-
age and the subsequent subcellular targeting of the
cleavage products, we constructed a four-module
fusion protein TEVp-tevS-CerulNLS-tevS-DAGRVen-
tevS-RFP (TEVpCNDVR) [Fig. 3(a)] which contained
mRFP as well as the aforementioned CeruNLS and
DAGRVen modules. The principle of differential
localization is illustrated in Figure 3(b), showing the
predicted targeting patterns of each module after
cleavage.

After transfection of TEVpCNDVR in COS-7
cells, the subcellular localizations of the processed
modules led to a distinctive fluorescence pattern as
predicted. CeruNLS was observed only in the nu-
cleus and nucleolus, whilst both DAGRVen and
mRFP were evenly distributed in the entire cell
(Fig. 4). The addition of 10 pM of PDBu led to the
migration of only DAGRVen to both plasma and nu-
clear membranes within 2 min (Fig. 4). Cytoplasmic
and nuclear boundaries were confirmed by bright
field microscopy. The same localization patterns
were observed when plasmids encoding CeruNLS,
DAGRVen and mRFP were individually transfected
(data not shown). The control construct CeruNLS-
tevS-DAGRVen-tevS-RFP, in which TEVp was not
present, produced intense Cerulean, Venus, and
mRFP fluorescence in the nucleus and was only
able to localize to the nuclear membrane in
response to 10 pM of PDBu (Fig. 4). The display of
all three fluorescent signals and the ability for
DAGR to correctly respond to its stimulus confirm
that all modules were properly folded and their
functionality preserved. The apparent fluorescent
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Figure 3. Differential localization of TEVp self-cleavage product in mammalian cells. (a) Schematics of the self-cleavage
construct (TEVpCNDVR) and its non-cleavable control (CNDVR). (b) Conceptual illustration of what is expected to happen
when the self-cleavage construct from (a) is expressed in eukaryotes. The CeruNLS module will enter the nucleus, while
DAGRVen will bind to membrane-bound diglyceride (DAG) molecules upon PDBu stimulation. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

intensities of both fusion constructs were compara-
ble to that of the single gene constructs, suggesting
that multiple genes can be transfected and
expressed as a fusion without a significant change
in expression levels. The localizations of the three
fluorescent modules also appeared to be mutually
exclusive, indicating that the cleavage was
complete within the detection capability of our
microscope. The transfection efficiency of the
TEVpCNDVR fusion construct was ~14% following
our standard transfection procedure (detailed com-
parison with the transfection efficiency of each of
its modules can be found in Supporting Informa-
tion Fig. S2). This low value is expected from con-
structs of its size, which may diminish its use in
applications requiring high transfection efficien-
cies. However, it is possible to improve the trans-
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fection efficiency by optimizing DNA to liposome
ratios or eliminate non-transfected cells by stable
selection.

We repeated the differential localization experi-
ment in HeLa and HEK-293 cells to show that TEVp
self-cleavage is not cell-type specific. The expression
of TEVpCNDVR was robust in both cell lines
with identical localization patterns as in COS-7 cells
(Fig. 5). The expression of the non-cleavable control
construct was also identical. This highlights the
advantage of having a self-contained cleavage sys-
tem rather than relying on endogenous mechanisms
for protein separation.

Stoichiometry of TEVp self-cleavage products

The single transfections of vectors encoding
TEVp cleavage protein products yielded a consistent
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Figure 4. Images of live COS-7 cells expressing fusion constructs introduced in Figure 3(a). The top 2 rows shows the
fluorescent patterns of the TEVp self-cleaving construct TEVp-tevS-CeruNLS-tevS-DAGRVen-tevS-RFP. The separate
modules were distinctively localized, with only the DAGRVen module able to respond to PDBu by migrating to the
membranes. The bottom two rows show the fluorescent patterns of the non-cleavable control CeruNLS-tevS-DAGRVen-tevS-
RFP. It is clearly locked in the nucleus by the strong NLS signal. PDBu induced migration could be barely observed as
intensely fluorescent pockets (of all three colors) were formed on the inner circumference of the nuclear membrane. Scale bar
is 30 um and applies to all panels. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

stoichoimetry in contrast to a standard co-trans-
fection of the separate protein products. To assess
the stoichiometry of the cleavage products, we con-
structed three self-cleaving TEV fusions, each con-
taining a combination of the Venus gene and the
nuclear localizing CerulNLS gene in different ratios:
TEVp-tevS-CeruNLS-tevS-Ven (TEVpCNV), TEVp-
tevS-CeruNLS-tevS-Ven-tevS-Ven (TEVpCNVV), and
TEVp-tevS-CeruNLS-tevS-CeruNLS-tevS-Ven (TEVp
CNCNYV) [Fig. 6(a)l. We anticipated that the molar
ratios of Venus and CeruNLS protein products will be
dictated by the frequency of representation of their
genes on the vector constructs. For example, if the
construct contains one CeruNLS gene to one Venus
gene, the protein products should be expressed in
equimolar ratio.

The transfection of the aforementioned con-
structs in COS-7 cells each resulted in an evenly
distributed Venus signal and an intense nuclear
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localized Cerulean signal [Fig. 6(b)]. To estimate
the expression levels of Ven and CeruNLS, we
measured the fluorescent intensities of cytosolic
Venus and nucleoplasmic Cerulean respectively.
For the TEVpCNV construct, the ratio between
CeruNLS and Venus (CeruNLS/Venus) was 1.03 *+
0.13 [Fig. 6(c)]. With an additional Venus gene
compared to TEVpCNYV, the TEVpCNVV construct
doubled its Venus expression as shown by its Cer-
ulNLS/Venus ratio of 0.51 = 0.04 [Fig. 6(c)]. Simi-
larly, TEVpCNCNYV doubled its CeruNLS expres-
sion with a CeruNLS/Venus ratio of 2.03 = 0.35
[Fig. 6(c)]. To compare against the TEV fusion con-
structs, we examined cells co-transfected with
Venus and CeruNLS. Unsurprisingly, Venus/Cer-
ulNLS expression ratio in the co-transfected cells
was 0.77 = 0.57, which was non-stoichiometric
and extremely inconsistent across the population
[Fig. 6(c)].

TEV Protease Self-Processing Gene Expression
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Figure 5. Images of live HEK-293 and Hela cells expressing TEVp-tevS-CeruNLS-tevS-DAGRVen-tevS-RFP [introduced in
Fig. 3(a)], showing identical localization patterns as COS-7 cells (Fig. 4). Scale bar is 30 um and applies to all panels. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Conclusion

Borrowing from a theme in RNA viruses, we have
described a single-vector multiple gene expression
strategy by utilizing TEV protease self-cleavage. We
have demonstrated the feasibility of this approach
for robust expression of up to three genes in both
bacterial (E. coli) and mammalian cells (COS-7,
HeLa, and HEK-293). We have also verified that the
stoichiometry of protein products was correlated
with the frequency of appearance of their genes on
the expression vector. We believe this work will find
compelling applications where the expression stoi-
chiometry is particularly important. For example,
using this approach in structural biology, the recon-
stitution of protein complexes can happen within the
bacterial host cell at the specific stoichiometry of its
components. In synthetic signaling pathways, the
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response of synthetic system can be optimized on
the relative concentration of multiple signaling pro-
teins. Last, in the induction of pluripotent stem
cells®>® or neuron cells,®® it might be possible to
improve the currently low induction rate of cells by
a better control over the stoichiometry of the tran-
scriptional factors.

Material and Methods

Construction of expression plasmids

All plasmids were built on the pTriEx-3 (Novagen)
vector backbone which allows expression in both
prokaryotes and eukaryotes (by a CMV promoter).
Plasmids encoding TEV protease (TEVp), TEV sub-
strate (tevS), fluorescent proteins (Cerulean,*’
Venus,*® and mRFP*!), purification tags (His*? and
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Figure 6. Stoichiometry of TEVp self-cleavage products. (a) Schematics of constructs used for (b) and (c). (b) Images of live
COS-7 cells expressing each of the constructs shown in a. (c) CeruNLS/Venus expression ratios as represented by the ratio
between nucleoplasmic Cerulean and cytoplasmic Venus fluorescence (n = 40). Error bars represent s.d. Scale bar is 30 um
and applies to all panels. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

GST*?), and localization signals (DAGR and NLS)
were used as the fundamental building blocks for all
fusion constructs. tevS and NLS were created by
amplifying the Venus gene with custom primers
(Invitrogen) containing tevS and NLS overhanging
sequences. DAGR and TEVp were subcloned by poly-
merase chain reaction from published plasmids
pRK1043 (Addgene)?” and DAGR (Addgene),®®
respectively. All constructs contain flanking Ncol-
Spel and Nhel-Xhol sites which allowed efficient
recombination using the fluorescent cassette-based
approach of Truong et al.*?

Bacterial expression

DH5a competent cells (Invitrogen) were transformed
with the plasmids and cultured overnight in Luria
Broth (LB) supplemented with 100 pg/mL ampicillin
at 37°C. The proteins were produced through leaky
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expression and extracted from the cells by sonication
in Tris-NaCl buffer (50 nM Tris pH 7.5, 100 mM
NaCl). The protein concentration in each lysate sam-
ple was normalized by fluorescence intensity
observed under Illumatool Tunable Lighting System
(Light Tools Research, Encinitas, CA). The lysate
samples were diluted with Tris-NaCl buffer to arrive
at a uniform fluorescence.

Affinity tag purifications and protein
electrophoresis

Equal amounts of fluorescence-normalized lysates or
purified protein solutions were mixed with NuPAGE
LDS sample buffer (Invitrogen) before they were
loaded on NuPAGE Novex 4-12% Bis-Tris precast
polyacrylamide gels (Invitrogen) and ran on a Verti-
cal Electrophoresis System (Thermo Scientific). His-
tag purifications were performed using a His-Mag

TEV Protease Self-Processing Gene Expression



Purification Kit (Novagen) following manufacturer’s
protocol. For GST-tag purifications, the lysate was
mixed with GST sepharose beads (Novagen), washed
several times and finally suspended in Tris-NaCl
buffer. We did not elute the proteins from the GST
sepharose beads because the commonly used gluta-
thione elution buffer quenches Venus fluorescence.
Instead, we loaded the beads suspension directly
onto the polyacrylamide gel. Gels were viewed using
Illumatool Tunable Lighting System, with 440/480
nm (excitation/emission) filters for Cerulean, 488/
520 nm filters for Venus, and 540/580 nm filters for
mRFP, to reveal only the fluorescent bands. Photo-
graphs of the fluorescent bands were taken by a
Canon A350 Powershot camera. Contrast and
brightness of the photographs were adjusted using
Adobe Photoshop CS3 software.

Cell culture

COS-7, HeLa and HEK-293 cells were cultured as
monolayers in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) supplemented with 10% fetal
bovine serum (FBS) (Invitrogen), at 37°C in a
humidified atmosphere containing 5% COs..

Imaging of transgene expression

Prior to transfection, cultured cells were passaged
and incubated overnight as monolayers on 35 mm
glass-bottom wells. Cells were transiently trans-
fected with 1.6 pg of DNA for each construct using
Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. After overnight incubation,
the monolayers were immersed in 1 mL phosphate
buffered saline (PBS) and studied under a fluores-
cence microscope (Olympus) for fluorescence expres-
sion. 438/458, 500/535, and 580/630 nm excitation/
emission filter pairs were used for Cerulean, Venus,
and mRFP imaging respectively. To stimulate mem-
brane localization of DAGR, 10 pM of PDBu (Sigma-
Alderich) was added. Images were captured by a
CCD camera and processed with QEDInVivo soft-
ware package.

Quantification of transgene expression

Using Image-Pro 6.0 software (MediaCybernetics),
the relative amount of fluorescent proteins in a
region of interest (Xgro1) was estimated by the follow-
ing formula with the assumption that the cells were
flat (2-dimensional):

Xror = Iror X Nror X € X @ x Tjer. (1)

The region of interest (ROI) for calculating Cerulean
and Venus fluorescence were the nucleus and the
cytoplasm respectively. Izor is the background cor-
rected average pixel intensity within the ROI and
Nror is the total number of pixels within the ROI.
The relative brightness of each fluorescent protein is

Chen et al.

represented by the product of its extinction coeffi-
cient (¢) and quantum yield (®). Tger is the trans-
mission efficiency of the respective filter set in the
microscope for each fluorescent protein. The g, ® and
Tgiter values for both Venus and Cerulean are listed
in Supporting Information Table S1.
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