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Abstract

The split green fluorescent protein (GFP) system was adapted for investi-

gation of the topology of ER-associated proteins. A 215-amino acid frag-

ment of GFP (S1–10) was expressed in the cytoplasm as a free protein

or fused to the N-terminus of calnexin and in the ER as an intraluminal

protein or fused to the C-terminus of calnexin. A 16-amino acid fragment

of GFP (S11) was fused to the N- or C-terminus of the target protein.

Fluorescence occurred when both GFP fragments were in the same intra-

cellular compartment. After validation with the cellular proteins PDI and

tapasin, we investigated two vaccinia virus proteins (L2 and A30.5) of

unknown topology that localize to the ER and are required for assembly

of the viral membrane. Our results indicated that the N- and C-termini

of L2 faced the cytoplasmic and luminal sides of the ER, respectively.

In contrast both the N- and C-termini of A30.5 faced the cytoplasm.

The system offers advantages for quickly determining the topology of

intracellular proteins: the S11 tag is similar in length to commonly used

epitope tags; multiple options are available for detecting fluorescence

in live or fixed cells; transfection protocols are adaptable to numerous

expression systems and can enable high throughput applications.
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Membrane protein topology provides important informa-
tion needed to understand protein function and inter-
molecular associations. Although great strides have been
made in predicting topology, experimental confirmation
is usually required (1). Assays based on glycosylation (2),
protease susceptibility (3), fluorescence (4,5) and luciferase
activity (6,7) have provided researchers with options to
determine the topology of transmembrane proteins. Here
we describe a rapid, broadly applicable approach that can
be used to determine the cytoplasmic and luminal locations
of the N- and C-termini of proteins that associate with the
endoplasmic reticulum (ER).

The green fluorescent protein (GFP), from the jellyfish
Aequorea victoria exhibits bright green fluorescence when

exposed to light in the blue to ultraviolet range. Many
modifications of GFP have been made including the
division into separate fragments that fluoresce upon asso-
ciation with one another (8). One version of the split-GFP
consists of self-assembling fragments of 215 amino acids
comprising β-strands 1–10 (S1–10) and 16 amino acids
comprising β-strand 11 (S11) (9). Recently, the system was
used for in vivo localization of proteins in protozoan and
plant plastids (10–12) and the Escherichia coli inner mem-
brane (13). A procedure for localizing proteins tagged with
S11 by incubating fixed and permeabilized mammalian
cells with purified S1–10 protein and visualizing fluores-
cence has also been described (14). A tripartite version of
split GFP was developed for detection of protein–protein
interactions (15). Here we show that the S1–10 domain
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can be selectively targeted to cytoplasmic and ER
compartments permitting rapid determination of the
topology of proteins fused to S11 at the N- or C-terminus
in live or fixed mammalian cells. This split-GFP method
for determination of topology differs substantially from
the procedure used by Wright and co-workers (5) in which
a cytoplasmic full-length fluorescent protein interacts
with an affinity-tagged cytosolic domain of an ER pro-
tein and from other approaches that uses redox-sensitive
(16) or glycosylatable (17) forms of GFP to differentiate
cytoplasmic and ER luminal compartments.

Results and Discussion

Construction of sensors
The schematic in Figure 1A illustrates the occurrence of
fluorescence when the S11 and S1–10 GFP fragments
interact. Sensors to detect fusion proteins with S11 tags
were constructed by expressing S1–10 as a soluble cyto-
plasmic protein (Cyto-S1–10) or an ER luminal protein
(ER-S1–10) (Figure 1B) or by fusing S1–10 to the N- or
C-termini of the transmembrane protein calnexin to pro-
duce CNX-S1–10(N) and CNX-S1–10(C), respectively
(Figure 1C). The structural features of the four sensors
are depicted in Figure 2A. Cyto-S1–10 is synthesized
in the cytoplasm as a free protein, whereas ER-S1–10 is
fused to an N-terminal signal peptide and a C-terminal
ER retention sequence so that it resides within the ER
lumen. The topology of calnexin dictates that the S1–10
fragment of GFP should be in the ER lumen when fused
to the N-terminus and in the cytoplasm when fused to the
C-terminus. Thus, Cyto-S1–10 and CNX-S1–10(C) are
cytosolic sensors and ER-S1–10 and CNX-S1–10(N) are
ER luminal sensors (Figure 2A).

Transfection experiments indicated that the split-GFP sys-
tem could be used in mammalian cells with CMV promot-
ers or in conjunction with a vaccinia virus (VACV) expres-
sion system (18). Using the latter system, the proteins were
detected by western blotting within 4 h and increased over
a 16 h period (Figure 2B). The Cyto-S1–10 and ER-S1–10
proteins localized to cytoplasmic and ER compartments
as shown by confocal microscopy (Figure 3A,B). Both the
CNX-S1–10(N) and the CNX-S1–10(C) were associated
with the ER (Figure 3A,B). Thus, GFP S1–10 did not per-
turb the localization of the sensor proteins.

Figure 1: Schematic showing application of the
split-GFP system for determination of the topology of
ER membrane proteins. A) The large S1–10 and small S11
fragments of GFP fluoresce upon association. B) Fluorescence
occurs if the S11 tag on the protein of interest is in the cytoplasm
when co-expressed with Cyto-S1–10 or in the ER lumen when
co-expressed with ER-S1–10. C) Fluorescence occurs when the
S11 tag on the protein of interest is in the cytoplasm when
co-expressed with CNX-S1–10(C) or in the ER lumen when
co-expressed with CNX-S1–10(N).

Validation of the system with cellular proteins
of known topology
To validate the system, we fused S11 to the N-terminus of
the luminal protein disulfide isomerase (PDI) (19), and
to the N- and C-termini of tapasin, a type I membrane
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Figure 2: Structure and expression of GFP S1–10 proteins. A) Cytoplasmic and ER S1–10 sensors. Diagrams of S1–10 without
(Cyto-S1–10) or with (ER-S1–10) signal peptide and ER retention sequence and S1–10 fused near the N-terminus of calnexin following
the signal peptide (CNX-S1–10(N)) and S1–10 fused to the C-terminus of calnexin (CNX-S1–10(C)). In each case transcription was
regulated by the VACV synthetic early/late promoter. B) Expression of S1–10 sensors by western blotting. RK-13 cells were infected
with VACV and transfected 1 h later with the expression plasmids diagrammed in panel A. At 4, 8 and 16 h after infection, the cells were
lysed and the proteins were resolved by SDS-polyacrylamide gel electrophoresis and detected by probing western blots with antibody
to GFP and actin. ER-S1–10 presumably migrates as a doublet because of incomplete signal peptide cleavage.

protein with N-terminal ER luminal and C-terminal cyto-
plasmic domains (20) (Table 1). Since previous studies
had shown that tapasin was functional even after fusion
of full-length GFP to the N- or C-termini (20,21), we
anticipated no difficulties with the short S11 fragment.
DNA encoding a PDI or tapasin S11 fusion protein was
co-transfected with either Cyto-S1–10 or ER-S1–10. A
fluorescence signal was obtained when PDI-S11(N) was
transfected with ER-S1–10 but not with Cyto-S1–10
(Figure 4A). A signal was obtained when tapasin-S11(N)
was expressed with ER-S1–10 and when tapasin-S11(C)
was expressed with Cyto-S1–10 but not the converse
(Figure 4A). Quantification of the fluorescence is shown
in Figure 5.

Corresponding results were obtained using CNX S1–10
constructs as sensors (Figures 4B and 5). PDI-S11(N) was
detected with CNX-S1–10(N) but not CNX-S1–10(C),
whereas tapasin-S11(N) and tapasin-S11(C) were detected
with CNX-S1–10(N) and CNX-S1–10(C), respectively.
Thus, the topology of PDI and tapasin deduced by the split
GFP method was consistent with the known topology of
these proteins (Figure 4C).

The above data were obtained using the VACV expression
system. The same results were obtained when tapasin-S11
and sensor constructs were expressed using CMV
promoters in uninfected cells (Figure 6), although the
expression levels at 24 h were not as high.
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Figure 3: Intracellular localization of GFP S1–10 proteins. A) Confocal microscopy of cells transfected with S1–10 expression
constructs. Infections and transfections were carried out as in Figure 1B. At 16 h the cells were fixed and stained with anti-GFP rabbit
polyclonal antibody followed by secondary staining with Alexa Fluor 488 (green). The ER luminal protein PDI was stained with anti-PDI
mouse monoclonal antibody and Alexa Fluor 594 (red). DNA in nuclei and cytoplasmic virus factories were stained with DAPI (blue).
Overlaps of S1–10 and PDI signals are shown as yellow in the merged images. B) Pearson’s colocalization coefficient values between
S1–10 and PDI signals. A value closer to 1 indicates higher colocalization. Bars indicate standard error determined from analysis of
five cells.

Table 1: List of GFP S11 tagged constructs tested for membrane
topology

Name of
construct Promoter

GFP S11
Tag location

Protein
origin

PDI-S11 (N) VACV E/La N-terminus Cellular
Tapasin-S11 (N) VACV E/L, CMVb N-terminus Cellular
Tapasin-S11 (C) VACV E/L, CMV C-terminus Cellular
L2-S11 (N) Naturalc N-terminus Viral
L2-S11 (C) Natural C-terminus Viral
A30.5-S11 (N) Natural N-terminus Viral
A30.5-S11 (C) Natural C-terminus Viral

aVaccinia virus synthetic early/late promoter.
bHuman cytomegalovirus (CMV) immediate-early promoter.
cNatural promoter of each specific gene.

Application of the system to investigate viral proteins
of unknown topology
Having validated their use with cellular proteins of known
topology, the split-GFP method was applied to VACV

proteins of undetermined topology. The small L2 and
A30.5 proteins, previously shown to associate indepen-
dently with the ER and with each other, are crucial for
formation of viral membrane structures (22,23). L2 was
predicted to have two transmembrane domains near the
C-terminus and a hydrophilic N-terminus in the cyto-
plasm (24). For the present study, L2 was tagged with
S11 at the N- or C-terminus (Table 1) and co-transfected
with S1–10 sensors to determine topology. Complemen-
tation of L2-S11(N) occurred with Cyto-S1–10 but not
with ER-S1–10 (Figures 7A and 8A). In contrast, com-
plementation of L2-S11(C) occurred with ER-S1–10 but
not with Cyto-S1–10 (Figures 7A and 8B). Correspond-
ing results were obtained with the CNX-S1–10(N) and
CNX-S1–10(C) (Figures 7B and 8C,D) indicating that the
N-terminus of L2 is in the cytoplasm and the C-terminus
is in the ER lumen (Figure 7C).
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Figure 4: Validation of split-GFP method
with cellular proteins of known ER mem-
brane topology. A) RK-13 cells were infected
with VACV and 1 h later were co-transfected
with plasmids expressing PDI-S11(N) or
tapasin–S11(N) or tapasin-S11(C) together
with either Cyto-S1–10 or ER-S1–10. At 16 h
after transfection, the cells were fixed and
stained with DAPI to visualize DNA in nuclei
and cytoplasmic virus factories. Fluorescence
was analyzed by confocal microscopy. Blue,
DAPI; green, GFP. B) Same as panel A except
that CNX-S1–10(N) or CNX-S1–10(C) was
used instead of Cyto-S1–10 or ER-S1–10. C)
Diagram showing topology of PDI and tapasin.

Figure 5: Quantification of GFP
signal of cellular proteins. A–F)
Quantification of GFP signal from each
combination of S1–10 and S11 con-
structs expressed in arbitrary units
(a.u.). The fluorescence was quanti-
fied from 6000 to 10 000 cells for
each combination. The bars indicate
the standard deviation of the mean
determined from analysis of 50 micro-
scopic fields.

Traffic 2015 5



Hyun et al.

Figure 6: Determination of tapasin topology with
split-GFP using the CMV promoter system. A) RK-13 cells
were co-transfected with plasmids expressing tapasin-S11(N) or
tapasin-S11(C) together with either Cyto-S1–10 or ER-S1–10,
all expressed by the CMV promoter. At 24 h after transfection,
the cells were fixed and stained as described in Figure 4A. B) The
procedures used were the same as in panel A except that the
sensors were CNX-S1–10(N) and CNX-S1–10(C). Blue, DAPI;
green, GFP.

The A30.5 protein was predicted to have a central
transmembrane domain of only 18 amino acids (23).
Both A30.5-S11(N) and A30.5-S11(C) (Table 1) were
complemented by Cyto-S1–10 but not by ER-S1–10
(Figures 7D and 8E,F). Consistent results were obtained
with CNX-S1–10(N) and CNX-S1–10(C) (Figures 7E and
8G,H) indicating that the N- and C-termini of A30.5 are
both cytoplasmic. Since the hydrophobic domain is too
short to pass through the ER twice, it must be embedded
in the ER membrane (Figure 7F).

Conclusions

The asymmetric self-assembling split GFP system offers
advantages for quickly determining the topology of
intracellular proteins: the S11 tag is similar in length
to commonly used epitope tags and therefore should

minimally perturb target proteins; multiple options are
available for detecting fluorescence in live or fixed cells;
transfection protocols are adaptable to numerous expres-
sion systems and can enable high throughput applications.
Here we described application of the split GFP system
for investigating the topology of ER proteins. Variations
of the system employing the soluble cytoplasmic sen-
sor together with additional sensors can likely be used
to probe the topology of proteins associated with other
cellular organelles such as the Golgi network, plasma
membrane, endosomes and mitochondria.

Methods

Cells and viruses
RK-13 cells were grown in Dulbecco’s minimum essential medium or in
essential medium with Earle’s balanced salts, containing 10% fetal bovine
serum (FBS; Sigma-Aldrich), 100 units penicillin and 100 μg streptomycin
per ml (Quality Biological). The VACV Western Reserve (WR) strain was
propagated as previously described (25).

Antibodies
Anti-GFP rabbit polyclonal antibody was obtained from Invitrogen (Cat.
A11122). The mouse monoclonal antibody to PDI was from Enzo Life
Sciences (Cat. ADI-SPA-891). Anti-actin rabbit polyclonal antibody was
from Sigma (Cat. A2066).

Construction of plasmids
pCMV-mGFP 1–10 and pCMV-mGFP Cterm S11 were obtained from
Sandia Biotech. The open reading frames (ORFs) of mGFP 1–10 (S1–10)
and mGFP Cterm S11 (S11) were amplified from the plasmids by PCR,
which were then used for cloning. Plasmid Cyto-S1–10 was constructed
by fusing the VACV synthetic early/late promoter (26) to the S1–10 ORF.
Expression of the other S1–10 fusion constructs was also regulated by
the VACV synthetic early/late promoter. Plasmid ER-S1–10 was made
by fusing the signal peptide sequence MGWSCIILFLVATATGAHS to
the N-terminus of S1–10 and the ER retention signal peptide SEKDEL
to the C-terminus. To construct calnexin-S1–10 fusion plasmids
(CNX-S1–10), cellular RNA was extracted from RK-13 cells using
TRIzol (Life Technologies). The extracted RNA was reverse transcribed
and PCR amplified with SuperScript III One-Step RT-PCR System with
Platinum Taq High Fidelity kit (Invitrogen). The template sequences
for PDI-S11 and tapasin-S11 constructs were acquired using the same
method except that HeLa cells were used for the tapasin sequence. The
N-terminal tags of CNX-S1–10(N), PDI-S11(N) and tapasin-S11(N)
were inserted 25, 18 and 20 amino acids after their start codons in order
to follow the signal peptides.

S11 fused viral gene constructs (L2-S11(N), L2-S11(C), A30.5-S11(N) and
A30.5-S11(C)) were made using genomic DNA of VACV WR strain as
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Figure 7: Determination of the ER membrane topology of viral proteins L2 and A30.5. A) The experiment was carried out
as described in Figure 4A a except that plasmids expressing L2-S11(N) and L2-S11(C) were co-transfected with plasmids expressing
Cyto-S1–10 or ER-S1–10. B) Same as panel A except that plasmids expressing CNX-S1–10(N) or CNX-S1–10(C) were used as sensors.
C) Diagram showing ER membrane topology of L2 deduced from GFP complementation. D) Same as panel A except that A30.5-S11(N)
and A30.5-S11(C) replaced the L2 constructs. E) Same as panel D except that CNX-S1–10(N) and CNX-S1–10(C) were used as sensors.
F) Diagram of ER membrane topology of A30.5 deduced by split GFP complementation.

template for PCR amplification with primers containing S11 sequences.
The natural promoter of each gene was added upstream of the ORF.

The CMV promoter driven constructs were made by inserting
tapasin-S11(N), tapasin-S11(C), Cyto-S1–10, ER-S1–10 ORFs and
CNX-S1–10(N) and CNX-S1–10(C) into pcDNA3.1D/V5-His-TOPO
(Invitrogen) vector through directional cloning.

Confocal microscopy
RK-13 cells were grown on coverslips in 24-well plates. The cells were
infected with 3 PFU/cell of VACV strain WR and transfected 1 h later with
split-GFP plasmids using Lipofectamine 2000 (Invitrogen) or with empty

vector plasmids. The transfection medium was replaced by fresh medium
after 6 h. At 16 h post-transfection, the cells were washed with PBS and
fixed with 4% paraformaldehyde for 15 min at room temperature). A sim-
ilar procedure was used for transfection of plasmids with CMV promoters
except that the uninfected cells were fixed at 24 h. The fixed cells were
permeabilized with 0.1% Triton X-100 for 15 min and then blocked with
10% FBS for at least 30 min at room temperature. Primary antibodies were
added at a 1:200 dilution in PBS containing 10% FBS for overnight at
4∘C. The cells were washed and treated with fluorescent dye-labeled sec-
ondary antibodies (Alexa Fluor, Molecular Probes) at 1:200 dilutions for
1 h at room temperature. Finally, the cells were stained with 300 nM DAPI
(4′,6-diamidino-2-phenylindole, Molecular Probes). The coverslips were
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Figure 8: Quantification of GFP signal of viral proteins. A–H) Fluorescence quantified in arbitrary units (a.u.) from each set
of transfections from Figure 7. The fluorescence was quantified from 2000 to 17 000 cells for each combination. The bars indicate the
standard deviation of the mean determined from analysis of 50 microscopic fields.

then mounted on a glass microscope slide with ProLong Gold Antifade
Reagent (Molecular Probes). Confocal images were taken using Leica TCS
SP5 microscope and processed with IMARIS X64 7.6.1 software including
calculation of Pearson’s colocalization coefficient. Fluorescence quantifi-
cation was also performed using IMARIS X64 7.6.1 by calculating the signal
from 2000 to 17 000 cells contained within 50 microscope fields in each
sample. The number of cells was kept consistent between the samples that
were directly compared to one another. Background from infected cells
transfected with empty vector plasmids was subtracted.

Western blotting
Proteins from infected/transfected cells were resolved by electrophoresis
on 4–12% NuPAGE Bis-Tris gels followed by transfer to a nitrocellulose
membrane using the iBlot system (Life Technologies). Membranes were

blocked with 5% nonfat milk in PBS containing 0.05% Tween 20 (PBSTM)
for 30 min. Blocked membranes were incubated with the primary anti-
body for 1 h at room temperature, and then were washed four times with
PBSTM. Secondary antibody conjugated with IRDye 800CW (Li-Cor Bio-
sciences) was incubated with the membrane (1:5000) for 1 h at room tem-
perature, followed by four washes with PBSTM. The membranes were then
developed using a Li-Cor Odyssey infrared imager (Li-Cor Biosciences).
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