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Understanding protein dynamics in living 
cells requires sensitive and quantitative tools 
for measuring spatiotemporal modifications 
of protein expression and/or localization. 
Fusion to green fluorescent protein (GFP) 
or its derivatives enables direct visualization 
of intracellular proteins without the need for 
secondary reagents or treatment of the cell 
(1). However, the large size of GFP may alter 
protein localization and behavior (2), and the 
permanent fluorescence of the reporter can be 
a hindrance to detect other markers. To detect 
native intracellular proteins, monoclonal 
or polyclonal antibodies are sometimes 
available, but they need to recognize an 
epitope conserved after fixation. Alternatively, 
various epitope tags (myc, His, HA, Flag) 
have been developed to specifically detect 
or isolate proteins in cells (3). Detection of 
such tags either involves specific monoclonal 
antibodies directly linked to a fluorochrome 
or successive steps of unlabeled antibody 
and fluorochrome-conjugated secondary 
reagents (4). Such protocols are often time-
consuming, as they require several washing 
steps to remove all unbound reagents between 
binding reactions. Moreover, low signal-to-
noise ratios are often observed, due to the 
presence of nonspecifically bound antibodies, 

especially for polyclonal antibodies, or due to 
endogenous expression of the epitope in the 
parent cell (5).

As a possible alternative, we have inves-
tigated whether we could use the split 
GFP tagging system for the intracellular 
detection of proteins (6), which is based on 
the auto-assembly capacity of two nonflu-
orescent portions of GFP—GFP 1-10 and 
GFP 11—to restore a fully fluorescent GFP. 
The GFP 11 tag, which is only 15 amino acids 
long, is fused to the N or C terminus of the 
coding sequence of the protein of interest 
and can then be expressed in eukaryotic 
cells. The GFP 1-10 detector fragment 
is produced separately in Escherichia  
coli and purified from inclusion bodies as 
previously described (7). After fixation and 
permeabilization of cells expressing the 
GFP 11–tagged protein, the refolded GFP 
1-10 protein is added in trans, allowing 
the two split GFP fragments to associate 
spontaneously and restore the GFP fluores-
cence (Figure 1A). Here, we describe the 
application of the split GFP protein 
complementation assay for detecting GFP 
11–tagged proteins in mammalian cells 
relative to antibody staining using FACS 
and microscopy analysis.

Materials and methods 
Plasmids
pcDNA 3.1 vector expressing human 
MeCP2e1-Myc-His was provided by Dr. 
Berge A. Minassian of the Hospital for Sick 
Children, Toronto, Ontario, Canada (8). For 
FK506 binding protein 12 and MeCP2e1, 
the respective coding sequences were 
inserted at the N terminus of GFP 11, in a 
vector derived from pEGFP_N3 (Clontech 
Laboratories, Saint-Germain-en-Laye, 
France) (see sequence of the mammalian 
GFP 11 cassette below). To generate GFP 
11–H-Ras, full-length GFP was replaced 
by the 15–amino acid mammalian GFP 11 
peptide (GFP11m) in the pEGFP-H-Ras 
plasmid kindly provided by J. Lippincot-
Schwartz (9).

DNA sequence of the GFP11m  
vector cassette
G F P11 m  N - t e r m i n a l  f u s i o n . 
5′-ATGGGCCGGGACCACATGGT-
GCTGCACGAGTACGTGAACGC-
CGCCGGCATCACAGACGGCG-
GCAGCGGCGGCGGCAGC-3′.

GFP11m C-ter m i na l f usion. 
5′-GGCGACGGCGGCAGCGGCG-
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GCGGCAGCCGGGACCACATG-
GTGCTGCACGAGTACGTGAACGC-
CGCCGGCATCACATAA-3′.

Recombinant GFP 1-10. Expression of 
GFP 1-10 detection reagent was performed 
in E. coli BL21 (DE3). Recombinant 
protein was purified from inclusion bodies 
as described previously (7). For each set of 
assays, 37.5 mg purified inclusion bodies 
were used to prepare 15 mL GFP 1-10 
solution (2.5 mg/mL) in 50 mM Tris, pH 
7.4, 0.1 M NaCl, 10% glycerol (TNG).

Cell culture
Neuro2A (N2A) cells were maintained in 
DMEM supplemented with 10% FCS, 100 
U/mL penicillin, 100 µg/mL streptomycin, 
10 mM HEPES, 0.1 mM nonessential 
amino acids, and 1 mM sodium pyruvate. 
Human embryonic kidney (HEK) 293 
cells were grown in RPMI-1640 medium 
supplemented with 10% FCS, 100 U/mL 
penicillin, 100 μg/mL streptomycin, and 
2 mM L-glutamine.

Transfection
Transfections were carried out using 
JetPEI (Polyplus Transfection, Illkirch, 
France) following the manufacturer’s 

instructions. Depending on the resis-
tance gene carried by the plasmid vector, 
stable clones were selected with either 
500 μg/mL G418 (Invitrogen, Cergy 
Pontoise, France) or 125 μg/mL Zeocin 
(InvivoGen, Toulouse, France) and there-
after maintained at these concentrations. 
Monoclonal cell lines were obtained by 
single cell dilution in 96-well plates. Cells 
used as negative control were untrans-
fected, and were thereby not cultured in 
the presence of selecting drugs.

Antibodies
Primary antibodies. Rabbit polyclonal 
anti-MeCP2 antibody (crude serum) was 
generated after immunization of a rabbit 
with a synthetic peptide corresponding to 
amino acids 465–478 of mouse MeCP2 
(C-PRPNREEPVDSRTP; performed 
by Millegen, Labège, France). Mouse 
anti-Myc IgG1 antibody was purified 
with protein A beads (Pierce, Thermo 
Scientific, Brebières, France) from clone 
9E10 hybridoma supernatants (purchased 
from ATCC, Manassas, VA, USA). Rat 
monoclonal anti–H-Ras antibody was 
purchased from Santa Cruz Biotechnology 
(Cat. no. sc-35; Santa Cruz, CA, USA). 

Secondary antibodies. Alexa Fluor 
488–conjugated goat anti-rabbit, Alexa 
Fluor 647–conjugated goat anti-rabbit, 
rhodamine-conjugated goat anti-rabbit, 
Alexa Fluor 488–conjugated goat anti-
mouse, Alexa Fluor 647–conjugated goat 
anti-rat, and rhodamine-conjugated goat 
anti-rat were obtained from Molecular 
Probes, Invitrogen.

Flow cytometry analysis
For each condition, 2 × 105 cells were 
trypsinized, washed three times with 
PBS, then fixed with 4% paraformal-
dehyde for 10 min at 4°C. After two 
washes with PBS, cells were permeabilized 
in 0.1% Triton-X 100 in PBS for 10 min  
at 4°C. Cells were then washed twice with 
2% FCS PBS before incubation with the 
primary antibody (rabbit anti-MeCP2 
serum, dilution 1/300, or mouse anti-Myc, 
dilution 1/300, home-purified solution 
at 4 mg/mL, or rat anti–H-Ras, dilution 
1/200) for 45 min at 4°C (dilution in 
2% FCS PBS). After three washes with 
2% FCS PBS, cells were incubated with 
secondary antibody (dilution 1/200) for 
30 min at 4°C. Cells were washed again 
three times with 2% FCS PBS buffer and 
then analyzed using a FACS Calibur 
cytometer and CellQuest software (BD 
Biosciences, Le Pont de Claix, France).

For GFP 1-10 detection, the recom-
binant protein solution was diluted to 
0.15 mg/mL in 2% FCS PBS and directly 
added to the fixed/permeabilized cells. 
After incubation at room temperature 
(RT) for 3 h, fluorescence was analyzed 
using a FACScalibur flow cytometer. For 
double staining, cells were labeled with 
GFP 1-10 for 3 h at RT, washed twice with 
2% FCS PBS buffer, and then incubated 
with the appropriate antibodies.

Immunofluorescence staining  
and microscopy
N2A cells (1 × 105 cells per well) or HEK 
293 cells (1 × 105 cells per well) stably 
expressing MeCP2, FKBP, or H-Ras 
tagged with either GFP 11 or GFP were 
plated overnight on glass coverslips in 
24-well plates. Cells were washed twice 
with PBS and fixed with 3.7% paraform-
aldehyde (PFA) in PBS for 30 min at RT. 
After two washes with PBS, cells were 
permeabilized in 0.3% Triton-X 100 for 
10 min at RT. For GFP fusions, cells 
were washed twice with 2% FCS PBS, 
and after a final wash with PBS, cover-
slips were mounted in 4′,6-diamidino-
2-phenylindole (DAPI)–containing 
ProLong Gold antifading reagent 
(Molecular Probes, Invitrogen). For 
GFP 1-10 detection, GFP 11–expressing 

Figure 1. Characterization of the GFP 1-10 in vitro assay in mammalian cells. (A) Cells expressing GFP 
11–tagged protein are fixed and permeabilized. Reconstituted GFP 1-10 protein solution is added 
and incubated at RT for 3 h. Fluorescence is measured and compared with control cells. (B) Kinetic 
profiles of complementation reaction of N2A-MeCP2–GFP 11 cells incubated with GFP 1-10 at three 
temperatures: 4°C (●), 20°C (■), and 37°C (▴). FACS measurements of fluorescence intensity were 
performed at various time intervals. (C) Using the GFP 1-10 complementation assay to evaluate the 
amounts of protein in cell extracts. Cell extracts (left graph) and peptide dilutions (right graph) were 
complemented with recombinant GFP 1-10 in solution in a 96-well plate, and fluorescence was 
measured after an overnight incubation at 4°C. The quantity of GFP 11–tagged protein in cell extract 
dilutions was then deduced from a standard calibration curve with GFP 11 peptide solution (right 
graph). a.u., arbitrary units.
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cells were incubated for 3 h at RT with 
GFP 1-10 protein solution diluted to 
0.15 mg/mL in 2% FCS PBS. Cells were 
washed with PBS and mounted in DAPI-
containing ProLong Gold antifading 
reagent. For double staining, cells were 
labeled with GFP 1-10, washed twice with 
2% FCS PBS and then incubated with 
primary antibody (rabbit anti-MeCP2 
diluted to 1/300 and rat anti–H-Ras 
diluted to 1/200) for 1 h at RT. After 
three washes with 2% FCS PBS, cells were 
incubated with secondary antibodies 
(anti-rabbit IgG, rhodamine, and anti-rat 
IgG, rhodamine, diluted to 1/400) for 1 h  
at RT. Cells were washed with PBS and 
mounted in DAPI-containing ProLong 
Gold antifading reagent. We used a 
DM-RB f luorescence microscope (Leica, 
Nanterre, France) with a 40× and 100× 
oil immersion objective to visualize the 
stained cells. Images were acquired with 
a CoolSNAP HQ camera (Photometrics, 
Roper Scientific, Evry, France) and 

analyzed with MetaMorph (Molecular 
Devices, Sunnyvale, CA, USA) or ImageJ 
(http://rsbweb.nih.gov/ij).

Microplate assay
Cells (5 × 106) were trypsinized and 
washed three times with PBS. The cell 
pellet was f lash-frozen in liquid nitrogen. 
The frozen pellet was resuspended in 40 
μL extraction buffer (25% glycerol, 0.42 
M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 
20 mM HEPES, pH 7.9, 0.5 mM DTT). 
In a 96-well f luorescence plate, 50 μL total 
cell extracts were serial diluted in 100 
μL final volume of TNG buffer. These 
dilutions (50 μL) were mixed with 100 
μL 0.3 mg/mL GFP 1-10 protein solution. 
The plate was incubated overnight at 
4°C. Fluorescence was measured using a 
FLx800 Fluorescence Microplate Reader 
(BioTek, Colmar, France). For titration 
curves, starting concentrations of GFP 
11 peptide (0.03 mg/mL) were used and 
diluted serially in 50 μL TNG buffer.
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Figure 2. GFP 1-10 staining assay for FACS analysis. (A) Comparison with MAb staining. FACS detection of MeCP2-myc-His and MeCP2–GFP 11 in N2A 
cells using anti-myc MAb (left), anti-MeCP2 polyclonal (middle), or recombinant GFP 1-10 (right). Negative controls are shown on the top row. Posi-
tive signals obtained from transfected N2A cells expressing MeCP2 are shown in the bottom row: MeCP2-myc-His (gray) or MeCP2–GFP 11 (black).  
(B) Signal-to-noise ratio for FACS detection of MeCP2 using staining with either anti-myc, anti-MeCP2 antibody, or recombinant GFP 1-10, in N2A and 
HEK cells. (C) FACS detection of FKBP–GFP 11 and GFP 11–H-Ras in N2A and HEK cells. Nontransfected N2A or HEK cells, dashed line; N2A or HEK 
cells expressing GFP 11–tagged proteins, black. (D) Double staining with antibodies (far red, FL4, x axis) and GFP1-10 (green, FL1, y axis). (Top row) 
N2A stably expressing MeCP2–GFP 11 or not. (Bottom row) HEK cells transiently transfected with GFP 11–H-Ras or not. Left panel, fluorescence of 
secondary antibodies on control cells; middle panel, anti-MeCP2 or anti–H-Ras signals on nontransfected control cells; right panel, double staining of 
transfectants.
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Results and discussion 
Characterization of the GFP 1-10  
staining assay for FACS
We initially developed this method for the 
detection of the nuclear methyl-CpG binding 
protein 2 (hMeCP2e1) in mammalian 
cells (8). The results shown in Figures 1 
and 2 were obtained with a monoclonal 
cell line that expresses homogenous levels 
of MeCP2-GFP 11, as detected with an 
anti-MeCP2 polyclonal antibody. Cells in 
suspension were fixed in 4% PFA, permeabi-
lized with 0.1% Triton, and then incubated 
in a solution of 0.3 mg/mL GFP 1-10 protein 
at 4°, 20°, and 37°C. Fluorescence increase 

was followed by flow cytometry (FACS) at 
different time intervals for 24 h. Kinetic 
plots demonstrated a first order reaction 
with temperature-dependent rates (Figure 
1B). A slower kinetic of complementation 
was observed at 4°C, reaching a plateau after 
overnight incubation (Figure 1B and Supple-
mentary Table S1). At 37°C, a faster reaction 
rate was observed, but final fluorescence 
value was considerably reduced, probably 
because of unfolding of the renatured GFP 
1-10 protein. Our optimal condition was 
obtained at RT, in which maximum fluores-
cence was reached after 12 h, similarly to 
what had been observed previously in E. coli 
(6). Background fluorescence, determined by 

incubating nontransfected N2A cells with 
GFP 1-10 was very low, but increased slightly 
over time, and the best signal-to-noise ratios, 
in excess of 130, were thus attained after 3–4 
h of staining (Supplementary Table S1).

Sensitivity of the GFP 1-10 
staining in microplate assay
To evaluate the sensitivity of the split GFP 
assay with eukaryotic cell extracts, we 
performed the complementation in 96-well 
plates. N2A cells (6 × 106) expressing 
MeCP2–GFP 11 were used to obtain a 
final volume of 100 μL total cell extract. 
Serial 2-fold dilutions of the sample were 
performed in 50 μL TNG buffer and then 
incubated with GFP 1-10 at 4°C. Fluores-
cence was measured on a microplate reader 
after overnight incubation. As a control, cell 
extract from N2A cells was also measured 
in the same dilution range and was 
substracted from the signal. As observed 
previously with bacterially produced 
proteins (7), sensitivity plots showed an 
excellent linear relationship between 
fluorescence and protein quantity (Figure 
1C, left). To evaluate protein concentration 
of MeCP2-GFP 11, a standard titration 
curve was performed using GFP 11 peptide 
(Figure 1C, right). From this, we evaluated 

Figure 3. GFP 1-10 staining for studying protein localization by fluorescence microscopy. Three proteins—MeCP2, FKBP, and H-Ras—were expressed in (A) 
N2A cells or (B) HEK 293 cells, as GFP fusions (left panels) or GFP 11 fusions (right panels). MeCP2–GFP 11, FKBP–GFP 11, and GFP 11–H-Ras were 
stained with recombinant GFP 1-10 reagent before mounting on microscope slides. Left image, green fluorescence at 488-nm excitation. Right image, 
overlay of green fluorescence and DAPI nuclear staining (blue). Scale bars, 10 μm. Double staining experiments are shown in panels C and D. Fluorescein iso-
thiocyanate (FITC) emission channel at 530 nm with excitation at 488 nm (left), rhodamine emission channel detected at 590 nm with excitation at 545 nm 
(middle), superimposition of both images (right). (C) Anti-MeCP2 sera and GFP 1-10 staining were performed on N2A-MeCP2-GFP 11 cells and compared 
with N2A cells expressing MeCP2-GFP fusions. (D) Anti–H-Ras MAb and GFP 1-10 staining on HEK–GFP 11–H-Ras and GFP–H-Ras HEK cells.
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that this particular clone of N2A transfec-
tants contained, on average, 1.5 × 106 copies 
of GFP 11–tagged MeCP2 protein of the 
same order of magnitude as levels reported 
in physiological conditions (10). The limit 
of sensitivity of the plate-based assay was 0.5 
pmol GFP 11 peptide, as previously observed 
with bacterially produced proteins (6), and 
this corresponded to a 1/100 dilution of the 
starting cellular extract (8 μg total protein) 
(Figure 1C). These results demonstrate that 
the linearity and the sensitivity of the assay 
are suited for monitoring protein expression 
in mammalian cells.

Comparison with MAb staining
Using FACS, we then compared the sensi-
tivity of the split GFP detection system with 
antibody staining (5) (Figure 2A). We used 
another clone of N2A cells transfected with 
a vector coding for MeCP2 tagged with the 
myc-His double epitope, which expresses 
protein levels similarly to the MeCP2-GFP 
11 clone, as detected by anti-MeCP2 
antibody (Figure 2A, bottom row, middle 
panel). As expected with polyclonal 
antibodies, staining with the rabbit 
pre-immune serum gave some background 
compared with cells reacted solely with the 
secondary anti-rabbit antibody. Staining 
with immune anti-MeCP2 serum resulted 
in a higher signal than the pre-immune 
serum from the same rabbit, although 
undifferentiated N2A cells do not express 
detectable levels of endogenous MeCP2 
protein (Reference 11 and our own obser-
vations). Detection of the myc epitope using 
the 9E10 MAb (mouse anti-myc; ATCC) 
gave higher levels of staining than its isotype 
control on N2A control cells, presumably 
because of the binding of the antibody to 
the endogenous myc protein (Figure 2A, top 
left panel). Nevertheless, specific staining 
with anti-myc or anti-MeCP2 on N2A cells 
transfected with the MeCP2-myc-His vector 
resulted in 3- to 5-fold higher signal values 
relative to nontransfected N2A cells (Figure 
2A). With the GFP 1-10 assay, no detectable 
difference was observed in fluorescence inten-
sities between unstained and stained N2A 
control cells (Figure 2A, top right panel). 
In cells expressing MeCP2-GFP 11, fluores-
cence signal was clearly separated from the 
negative control, resulting in signal-to-noise 
ratios >60 (Figure 2B). Similar results were 
obtained after stable expression of the same 
constructs in HEK 293 cells (Supplementary 
Figure S1 and Figure 2B).

Validation of the GFP 1-10 staining 
assay for FACS measurements
To further document the versatility of this 
system, we fused the GFP 11 tag to the N 
terminus of the H-Ras oncogene protein 

[localized mostly at the plasma membrane 
(12)] and to the C terminus of the nucleo-
cytosolic immunophilin FK506 binding 
protein 12 (FKBP) (13). We established 
stable populations for these constructs in 
N2A and HEK cells and stained them using 
GFP 1-10 protein for FACS analysis. For 
both proteins tagged with GFP 11, although 
the levels of expression were considerably 
lower than for MeCP2, the very low levels 
of background fluorescence of GFP 1-10 
on nontransfected cells resulted in well-
separated peaks (Figure 2C). To verify that 
the split GFP method can be combined 
with antibody staining, we then performed 
double staining on N2A-MeCP2–GFP 11 
and HEK 293–GFP 11–H-Ras cells. The 
procedure involved a first step using the GFP 
1-10 assay, followed by immunostaining 
using rhodamine-conjugated antibodies 
(see the “Materials and methods” section). 
FACS analysis allowed the detection of 
both epitopes in the green (GFP) and red 
(anti-MeCP2 or anti–H-Ras) fluorescence 
(Figure 2D). Similar levels of detection 
were obtained for GFP 11 and MeCP2 
(Figure 2D, top right graph), suggesting a 
good sensitivity of the split GFP method. 
Moreover, a clear correlation was observed 
between monoclonal anti–H-Ras Ab 
detection and GFP 1-10 staining for HEK 
cells transiently transfected with GFP 
11–H-Ras, in which only 25% of the cell 
population expressed significant levels of 
the GFP 11–H-Ras protein (Figure 2D). We 
noticed that background on control cells 
with monoclonal anti–H-Ras antibody was 
very low (Figure 2D, middle panel). Even in 
these conditions, although the difference 
was less striking than for the anti-myc and 
anti-MeCP2 antibodies presented above, we 
found that GFP 1-10 staining of transiently 
transfected HEK cells still yielded better 
signal-to-noise ratios than antibody staining 
(50 versus 13) (Supplementary Figure S2).

GFP 1-10 staining for microscopy
We next compared cellular localization 
of the three proteins tagged either with 
full-length GFP or with GFP 11 (Figure 
3). In N2A cells stably expressing either 
MeCP2-GFP or MeCP2–GFP 11, fluores-
cence revealed a typical punctuated nuclear 
pattern seen in murine cells, due to the 
binding of MeCP2 to heterochromatin foci 
(14) (Figure 3A, top row). In HEK cells, 
heterochromatin is less condensed, and 
fluorescence was thus diffused throughout 
the nuclei (15) (Figure 3B, top row). The 
FKBP protein is generally distributed 
through the nucleus and the cytosol, but 
may be predominantly nuclear when it 
dimerizes (16). In N2A and HEK cells, 
both FKBP-GFP and FKBP–GFP 11  
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fusions were found mostly localized in 
the perinuclear region (Figure 3, A and B,  
middle rows). Finally, both GFP–H-Ras  
and GFP 11–H-Ras fusions were found 
mostly associated with the plasma 
membrane. For GFP–H-Ras however, we 
noticed the presence of additional intracel-
lular vesicular structures in both cell types 
[Figure 3, A and B (lower rows) and D]. 
This observation is reminiscent of previous 
reports showing that fusion of H-Ras to 
the whole GFP molecule resulted in its 
redistribution toward the ER and Golgi 
membrane, whereas unmodified H-Ras 
was found mostly at the plasma membrane 
(17). Our results thereby suggest that the 
smaller size of the GFP 11 tag may alter the 
natural distribution of the tagged protein 
less than full-length GFP. To confirm that 
staining with split GFP is nonperturbing 
and correlates accurately with true protein 
localization, we performed double staining 
experiments, using specific antibodies 
against MeCP2 and H-Ras followed by 
rhodamine-coupled secondary antibody, 
for both GFP 11–tagged and GFP-tagged 
fusions of MeCP2 and H-Ras; this resulted 
in perfect co-localization of the red and 
green signals (Figure 3, C and D). Impor-
tantly, for both MeCP2 and H-Ras fusions, 
no background fluorescence was observed 
in the other channel when only one of the 
stainings was performed (Supplementary 
Figures S3 and S4).

The split GFP detection system is partic-
ularly well-suited for protein tagging and 
detection in eukaryotic cells using multiple 
formats. Expression and localization can be 
simultaneously performed either in fixed 
models or in living cells with transient or 
stable expression of GFP 1-10 (18). The 
main advantages over existing epitope 
tags (19,20) are the high specificity and 
quantitative recognition between GFP 11 
and GFP 1-10 fragments and the absence of 
fluorescence of the GFP 1-10 protein. This 
confers very low background signals and 
facilitates staining procedures, as it does not 
require extensive washing steps compared 
with classical immunostaining methods. 
The small size of the GFP 11 fragment (15 
amino acids) should be less perturbing than 
the bulky GFP, and GFP 1-10 staining can 
be performed in combination with other 
immunostaining procedures as for GFP. 
The versatility of the system will be further 
enhanced by the possibilities of combining 
the split GFP method with chromatic 
variants of GFP, such as cyan and yellow 
1-10. Engineering red autofluorescent split 
proteins would expand the color repertoire 
of the split GFP system to perform simul-
taneous detections in vitro and ultimately 

in vivo, for example, in mice expressing the 
1-10 fragment ubiquitously. Both possi-
bilities are currently being pursued in our 
laboratories.
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