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Enhancing protein expression in single HEK 293 cells
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Abstract

Recombinant proteins are routinely expressed in heterologous expression systems such as human embryonic kidney 293 (HEK 293) cells.
The efficiency of the expression is critical when the expressed protein must be characterized at the single-cell level. Here we describe a simple
method by which the protein expression efficiency in single HEK 293 cells is enhanced by coexpressing simian virus 40 large T antigen (TAQg),
a powerful oncoprotein. Using the GIuR2 ionotropic glutamate receptor as an example, we found that the receptor expression in single HEK
293S cells increased approximately seven-fold. The ratio of the plasmid amount of TAg to that of the receptor was optimized at 1:10, while the
receptor function was unaffected in the presence of TAg. We further used fluorescence imaging from a population of cells as an independent
detection method and found a similar increase in expression of green fluorescent protein (GFP) by TAg coexpression. This method is thus
applicable for enhancing the expression of both membrane and soluble proteins at the single-cell level. More importantly, the function of a
protein can be studied directly in intact cells, a feature particularly useful for studying membrane proteins.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction recording. This is because the number of protein molecules
expressed per cell is generally proportional to the signal
The use of human embryonic kidney 293 (HEK 293) strength. For instance, ion channel proteins are expressed
cells has been one of the most popular ways for expressionroutinely in HEK 293 cells and assayed directly using a
of recombinant proteinsGraham et al., 19797 There are single cell, either entirely (e.g., for whole-cell recording) or
a variety of transfection protocols to deliver a recombinant partially (e.g., for recording with membrane patches and for
gene to those cellsShen and Okayama, 1987; Corsaro and single-channel recordingHamill et al., 198). As such, the
Pearson, 1981; Graham and van der Eb, 1973; Luthmannumber of ion channels expressed per cell is critical to their
and Magnusson, 1983; Washbourne and McAllister, 2002 detection. Furthermore, in the presence of inhibitors, the pro-
Generally, those protocols provide a reasonable proteintein signal is adversely reduced. Thus, these and many other
expression yield, especially when the culture volume is types of studies will benefit from a method by which the effi-
not restricted. In such a case, a larger volume of culture ciency of protein expression in single cells can be enhanced.
from which more cells can be harvested compensates for aDeveloping such a method was the goal of the present study.
low efficiency of protein expression at the single-cell level. The method we established originated from our interest
However, a low efficiency of single-cell protein expression of ionotropic glutamate receptorBifigledine et al., 1999
can be an insurmountable problem when the protein mustThese receptors are transmembrane channels that can
be characterized by single-cell imaging and/or single-cell open upon binding of glutamate, a neurotransmitter in the
central nervous systenb{ngledine et al., 19909 Glutamate
- _ receptors play special roles in brain activities, such as
* Corresponding author. Tel.: +1 518 442 4447; fax: +1 518 442 3462. . . . . .
E-mail addressiniu@albany.edu (L. Niu). memory anq Iear.nmg, and have been implicated in a varlgty
1 present address: SUNY Downstate Medical Center, 450 Clarkson Av- Of neurological diseases, such as post-stroke cellular lesion
enue, Brooklyn, NY 11203-2098, USA. and amyotrophic lateral sclerosiBifigledine et al., 1999;
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Heath and Shaw, 2002To study the structure—function propagated in a&scherichia colhost (DH%x) and purified

relationship, glutamate receptors are commonly expressedusing a kit from QIAGEN (Valencia, CA).

in HEK 293 cells and characterized directly in single cells. The cell lines used in this study were regular HEK 293

By our method, the receptor expression efficiency in single cells (from Prof. Robert Oswald at Cornell University),

cells can be increased by about seven-fold, compared with293S cells (from Prof. Gobind Khorana at MIT) and

a popular expression protocol using calcium phosphate in293T cells (American Tissue Culture Collection, Cat. No.

transfection Chen and Okayama, 1987The key to our CRL-11268, Manassas, VA). All cell lines were maintained

method is to coexpress simian virus (SV) 40 large T antigen in Dulbecco’s modified Eagle’s medium supplemented with

(TAg), a powerful oncoproteinAli and DeCaprio, 2001; 10% fetal bovine serum, 100 U/ml penicillin and 106/ml

Chen and Hahn, 2003; Simmons, 2000; Sullivan and Pipas,streptomycin in a 37C, 10% CQ, humidified incubator.

2002, with the protein of interest. Specifically, the gene of A standard calcium phosphate metho@€hén and

the protein of interest is harbored in a plasmid containing Okayama, 198/was used in most of transient transfections

the SV40 replication origin, and the TAg gene is encoded in for gene delivery, although lipofectamine (Invitrogen, Cat.

a separate vector. Transient coexpression of TAg producesNo. 18324-111, Carlsbad, CA) was used in some transfec-

more proteins of interest per cell. This is because, amongtions (see text). The GIuR2 plasmid used w&-6u.g (the

its functions, SV40 TAg disrupts the cell-cycle checkpoints plasmid amount used here and below was for a culture in the

by binding to and inactivating key tumor suppressors and 35 mm dish). As a cell marker, the GFP plasmid that lacked

cell-cycle regulatory proteins such as p53 and pRB#nd the SV40 replication origin was cotransfected with the GIuR2

DeCaprio, 2001; Sullivan and Pipas, 2002onsequently,  with the ratio of the plasmid of GFP to that of GIuR2 by

the cell turns into a growth-deregulated protein-making weight being 1:10L( et al., 2003h. The amount of the TAg

factory. Specifically, we characterized TAg enhancement plasmid varied in experiments (see Sect8®)nThe amount

of the single-cell expression of GIuR2, a key glutamate of pEGFP plasmid was 148y whereas the weight ratio of

receptor subunitl( et al., 2003b, to establish the optimal pEGFP plasmid to TAg plasmid varied from 2:1 to 15:1. All

plasmid ratio and the most complementing cell line. We the cells used for recording or imaging were those that grew

further characterized the function of the GIUR2 receptor with in between 48 and 58 h after transfection.

intact cells, without removing TAg. In addition, using green

fluorescence protein (GFRJfalfie et al., 199Yas areporter ~ 2.2. Whole-cell current recording

gene and fluorescence imaging of a population of HEK

293 cells as an independent detection method, we showed Because the expression of the GIuR2 gene leads to the

that the GFP expression in these cells increased similarly.formation of functional channel86ulter et al., 199)) both

Together, our results demonstrate that this method representshe expression and the functional properties of this receptor

a significant improvement over conventional protein expres- are testable by measuring the magnitude and the time course

sion protocols. Furthermore, the method should be generalof the glutamate-induced whole-cell current from an entire

for expressing both soluble and membrane proteins, and forcell. The ratio of the current amplitude in the absence and

characterizing the protein function directly in single cells.  presence of TAg, but at a constant glutamate concentration,
was therefore used to represent the effect of TAg in enhancing
the receptor expression.

2. Materials and methods The procedure for recording the GIuR2 channel activ-
ity was previously describedL{ et al., 20030. Briefly,
2.1. Expression of plasmid DNAs and cell culture the recording electrodes were pulled from glass capillaries

(World Precision Instruments, Sarasota, FL). The electrode

The cDNA encoding GIuR2 (unedited at the Q/R site, and resistance was-3 MQ when filled with the electrode solu-
flip isoform) in a pBlueScript vector (from Prof. Steve Heine- tion. The electrode solution contained (in mM) 110 CsF, 30
mann at Salk Institute) was cloned into the pcDNA3.1 vector CsCl, 4 NaCl, 0.5 CaG| 5 EGTA, and 10 HEPES (pH 7.4
(Invitrogen, Carlsbad, CA) that contained the SV40 repli- adjusted by CsOH). The external bath solution contained (in
cation origin (8.6 kb). To identify cells that might express mM) 150 NaCl, 3 KCI, 1 CaGl, 1 MgCl,, 10 HEPES (pH
the GIuR2 receptor for recording, the GIuR2 plasmid was 7.4 adjusted by HCI). Whole-cell recordings were done at
cotransfected with a GFP plasmid lacking the SV40 repli- —60mV, and 22C. Specifically, a cell that expressed the
cation origin (from Prof. Ben Szaro at SUNY-Albany). As GIuR2 receptor was bathed in the external solution. Gluta-
a result, the GFP expression in cells or the resulting greenmate was applied from a cell-flow devicedgaonkar and
color intensity was not affected by coexpression of TAg (see Hess, 198Yto the cell, and the resulting whole-cell current
the text). However, a different GFP construct (pEGFP-C3, was recorded using an Axopatch-200B amplifier at cutoff fre-
4.7 kb) (Clontech, Palo Alto, CA) that did contain the SV40 quency of 2 kHz by a built-in, 8-pole Bessel filter, and dig-
replication origin was used in the enhancement of GFP ex- itized at 5 kHz sampling frequency using a Digidata 1322A
pression by TAg (the TAg plasmid, 6.0 kb, from Prof. Jeremy from Axon Instruments (Union City, CA). The data were ac-
Nathans at Johns Hopkins University). All the plasmids were quired using pCLAMP 8 (also from Axon). The rise time of
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the glutamate-induced whole-cell current response (10-90%)
was 2.3+ 0.1 ms, an average of the measurement from >100
cells. Each data point was an average of at least three mea-
surements collected from at least three cells unless otherwise
noted. Origin 7 (Origin Lab, Northampton, MA) was used
for plotting. Uncertainties refer to standard error of the fits
unless noted otherwise.
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The GFP fluorescence in cells was imaged using a con- 293 2937 2938
focal laser scanning microscope (ZEISS LSM510 META, o
Carl Zeiss, Thornwood, NY), and recorded using a RETIGA Fig. 1 TAg enhances the GIuR2 receptor expression in different HEK 293
.. . . . cell lines, detected by whole-cell recording. The whole-cell current response
Ex d'g'tal camera (leaglng, Burnaby, BC, Canada) with to 200uM glutamate with (dashed column) and without (open column) the
the QCapture software (Suite 2.66 from Qimaging, Burnaby, coexpression of TAg (the inset is a representative current response) is shown.
BC, Canada). For bright-field images, 1 ms exposure time The height of each column represents the average of the current amplitudes
was used at gain 3000 and offset 0. For fluorescence imagesf’rom >40 cells, and the bar represents the range of the current observed for
15 ms exposure time was used at gain 3500 and offset 2000.10—90% of the cells. As compared to the contro! (open cglumn), the receptor
L . . current response, enhanced by TAg coexpression, was increased by 4.5-fold
Images were d'g't'zed using Image J software (verS|on 1.30 in the regular 293 cell line, 2.1-fold in the 293T cell line and 6.9-fold in the
from http://rsb.info.nih.gov/i). 293S cell line. In these experiments, the amount of TAg, GFP and GIuR2
The fluorescence intensity in a single cell was assumed toplasmids used for transfection was 0.4, 0.4 apdjdrespectively.
be linearly proportional to the amount of the GFP expressed
in the cell. Likewise, the accumulated fluorescence intensity cotransfected with TAg than the control or the cell trans-
per image that included many cells was assumed to be thefected with only GIuR2 [fig. 1). This result suggested that
averaged measure of the GFP expression in those cells. Fothe GIuR2 expression in single cells was higher when the
each 35 mm Petri dish used to express GFP, three bright-fieldcells coexpressed TAg. Moreover, we identified 293S cells
images were taken from three randomly chosen locations, and(Stillman and Gluzman, 198%s the most complementing
each image contained about 2000 cells. For the correspond<ell type among all three HEK 293 cell lines tested. This was
ing area, three fluorescence images were also recorded. Eachvidenced by a seven-fold increase in glutamate-induced cur-
fluorescence image contained 136Q036 pixels, and each  rent response in 293S cellSt{iman and Gluzman, 1985
pixel was scored to a value possibly ranging from 7 to 220 compared with a two- and five-fold increase in 293T cells
(on 8-bit digital scale using Image J). The background value (Sena-Esteves et al., 19%nd regular 293 cells3raham et
was set to be 35 on this scale; below this value, no cell could al., 1977, respectively Fig. 1).
be visually recognized. This value was then deducted from The 293S cell line is a suspension-adapted cell type
the value of each pixel in calculating the fluorescence inten- (Stillman and Gluzman, 1985whereas the regular 293 and
sity of a green cell. On average, a green cell was represente®93T cell lines are known to be suitable for static culture. The
by >1000 pixels. The accumulated fluorescence intensity per293S cellline, like the regular 293 cell line but unlike the 293T
image was tabulated into a histogram with the bin width of 10. cell line, does not constitutively express TAgti{lman and
The fluorescence intensity from 85 to 15% range in the his- Gluzman, 198h Thus, without introduction by transfection
togram was chosen for comparison of the TAg enhancementof the TAg gene to these cells, it would be expected and in-
in 293S cells, excluding those that were too bright and too deed was found (see control values: open columiégnl)
dim. This was the same practice used qualitatively in choos- that the efficiency of the receptor expression was higherin the
ing green cells for whole-cell recording. The corresponding 293T cell. This observation was consistent with the presumed
range of the fluorescence intensity of the cells cotransfectedfunction of TAg, which is to increase the protein expression
with the TAg gene was compared to that of the control. The in that same cell. When TAg was cotransfected with all these
ratio of these values was used as the measure of the TAgcell types, the receptor expression was higher than the corre-
enhancement of the GFP expression in HEK 293S cells. sponding control, as expected, but was the highestinthe 293S
cell (Fig. 1) for reasons yet not clear. The 293S cells used in
our experiments were grown in static culture like other 293
3. Results cell lines, rather than in suspension. We found that the 293S
cells in static culture were suitable for electrophysiological
3.1. TAg enhancement of glutamate receptor expression  recording where only the dish-attached cells were picked to
in single HEK 293 cells assayed by whole-cell recording make gigaohm seals. In static culture, the majority of 293S
cells were indeed attached to Petri dishes, albeit more loosely
The whole-cell current response of the GIuR2 receptor to than regular 293 or 293T cells. Based on these redtitis1),
200uM glutamate was higher from single HEK 293 cells we decided to use 293S cells for the rest of the experiments.

Whole-Cell Current (nA)

2.3. Fluorescence imaging and quantification
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higher expression of the receptor in the cells was observed,
compared to the control. Thus, it was assumed that a greater
quantity of plasmid proportionally increased the amount of
the TAg protein expressed in cells. As an empirical method,
using the exact amount of the TAg plasmid for transfection
seemed to enable us to control the level of the enhancement
1 2, of the receptor expression by TAg. Finally, the amount of
7 TAg required to effectively deregulate the cell-cycle control,
// / although unknown, may be low. Such a minimal amount of
oL L1 / . . TAg synthesized in the cell presumably at the early stage
control 1:15 1:10 1:5 of gene expression should be sufficient for the cell to be in a
Ratio of TAg to GIuR2 growth-deregulated state, before the expression of the protein

of interest is peaked.
Fig. 2. Enhancement of the GIuR2 expression by TAg in HEK 293S cells

reaches seven-fold at the 10:1 ratio for the amount of the TAg DNA plas- . .
mid used compared to the GIuR2 plasmid in transient transfection. Different 3.3. Whole-cell I’ECOI’dlng assay of the functional

receptor expression in 2935 cells was observed, as shown by the receptor curProperties of glutamate receptors

rentresponse to 2QOM glutamate, at different ratios of TAg plasmid amount

used for transient transfection, compared to the GIuR2 plasmid amount. The ~ A method to improve single-cell protein expression should
GIuR2 DNA plasmid was kept to beydy per 35 mm dish. The controlwas — he jdeally amenable to the condition where the function of

from cells expressing GIuR2 only, shown as open column. The height of each f . . . .
column represents the average of the current amplitudes from >40 cells, andthe protein can be assayed ina smgle dEﬂCtIyor without

the bar represents the range of the current observed for 10-90% of the cells..remOVing TAg: This is particularly advantageous for StUdy"
ing glutamate ion channels because glutamate channels, like

3.2. Optimal ratio of TAg plasmid used for transient many other membrane proteins, are routinely characterized
transfection using electrophysiological recordings in the cell where they
are expressed. To test whether our method offered this ad-
Next, we varied the amount of the TAg plasmid relative ditional benefit, we measured the properties of the GIuR2
to that of GIUR2 to determine the optimal ratio of TAg for channel in the absence and presence of TAg. Our results
transient expression with HEK 293S cells. This ratio would showed that the coexpression of TAg did not affect GIuR2
correspond to a minimal amount of the TAg plasmid that function, as evidenced by identical desensitization rate con-
must be used to reach the maximal enhancement of the proteirstants Fig. 3A) and current—voltage relationshigsig. 3B).
expression. The result of this experimerity. 2 showed that,  This finding was also consistent with the identical gluta-
to reach the seven-fold increase in the receptor expressionmate dose—response relationship we reported eatliest (
the optimal ratio of the amount of the TAg plasmid to the al., 2003 for this receptor. Separately, we further tested
amount of the GIuR2 plasmid used in transfection was 1:10. the desensitization rate constant and the dose—response re-
Notice that we used the amount of the TAg plasmid in lationship for other glutamate receptors, such as GluR1 and
microgram f{Lg) for transient transfection, rather than the GIluR4 receptors (data not shown). All the results showed that
amount of the TAg protein actually expressed in the cell, to the presence of TAg in the cell expressing the corresponding
represent the magnitude of the enhancement of the receptoglutamate receptor did not affect the kinetic properties of the
expression per cell. This is because both the exact amount ofreceptor.
TAg sufficient to influence the protein expression in cells and
the time it took for the cell to synthesize that amount of TAg 3.4. TAg enhancement of GFP expression visualized by
after the transient transfection are difficult to assess. After the fluorescence imaging
TAg plasmid was co-introduced into the cell by transfection,
the expression of both GIuR2 and TAg would presumably  We demonstrated, using the GIuR2 receptor, that protein
occur concomitantly. Given that the presence of TAg led to expression efficiency was increased at the single-cell level.
enhancing the receptor expression in the same cell, we asBy inference, protein production efficiency should likewise
sumed that the expression of TAg must have reached a levelimprove in a population of cells. Therefore, testing the en-
sufficient to deregulate the cell-cycle control prior to a sig- hancement of protein expression from a large population
nificant production of the GIuR2 receptor. This assumption would serve as a control to validate the conclusions of the
was supported by the observation that without TAg, receptor single-cell studyigs. 1 and 2 For this purpose, we exam-
expression was lower at the single-cell level (in both regular ined the TAg enhancement of GFP expression in HEK 293S
293 cells and 293S cells), compared with the yield in the pres- cells by fluorescence imagingif. 4). There were two no-
ence of TAg (eitherin 293T cells that constitutively expressed table features in the design of this control experiment using
TAg orinallthree cell types, i.e., regular 293, 293T and 293S GFP. First, unlike the GIuR2 receptor, GFP is a soluble pro-
cells, but with TAg coexpression-igs. 1 and 2 When the teinand is widely used as a gene expression matieilfie et
plasmid amount of TAg in cotransfection was increased, a al., 1994. Second, the use of fluorescence imaging to quan-

Whole-Cell Current (nA)
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Fig. 3. Coexpression of TAg does not affect the functional properties of the
GluR2 receptor expressed in HEK 293S cells. (A) Using whole-cell record-
ing, the desensitization time constanidy was measured at different ratios

of the amount of the TAg plasmid used in transient transfection, compared to
the amount of the GIuR2 plasmid. The desensitization of the GIuR2 channel
induced by the continuous binding of glutamate at g80was fitted by a
single-exponential rate (an example of the receptor desensitization, seen as
the fall of the current, is shown in the insetfeify. 1). (B) Current—voltage
relationship, as determined using 300 glutamate and whole-cell record- 1 - - -
ing. Each symbol reflects an average of at least three measurements from at 1:15 1:10 15 1:2
least three cells expressing the GIUR2 receptor withaind without () the ;

coexpression of TAg. The ratio of the amount of TAg plasmid (0y%to ® Ratio.of Thg s GER
that of GIuR2 plasmid was 1:10.

Fluorescence
Intensity Ratio
[6)]
_|

Fig. 4. Coexpression of TAg enhances GFP expression in HEK 293S cells

determined by fluorescence imaging and quantification. (A) Comparison of
tify the GFP expression in a |arge number of cells was a the bright-field (left panel) and green fluores_cence imag(_as (right panel) for
different detection method compared to the use of whole- the same number of cells expressing GFP with (lower pair, GFP + TAg) and

. ’ .. . without (upper pair, GFP- TAg) TAg coexpression. The image acquisition

cell recordlng to assay the GIluR2 activity from smgle cells. and quantification were described in detail in Sectbrspecifically, the
Analysis of the fluorescence intensity of GFP expressed in images shown here were from cells transfected witly IGFP and 0.ug
293S cells with and without TAg showed that TAg enhanced TAg plasmid. (B) The ratio of the fluorescence intensity, as compared to the
GFP expressionF{g. 4A), as expected, to the maximum of  control (without TAg coexpression), at different ratios of the amount of TAg

_ f . : _ usedtothat of the GFP plasmid. The GFP plasmid used for transfection (i.e.,
about seven fOIdF{Ig. 4B)’ althoth at the 1:10 plasmld ra pEGFP-C3) was kept to beulg per 35 mm dish. The absolute fluorescence

t'_o’ the enhancement_was Sllghtly less than that obtained byintensity was determined from the accumulation of about 2000 cells counted
single-cell recordingKig. 1). from the bright-field image. Three images were taken from each dish, and a
It should be noted that GFP was also usedealanarker total of three dishes were used for image analysis as shown for each column.

in the whole-cell recording experimentigs. 1-3 because The fluorescence intensity was averaged and plotted as a ratio to the control,
a green-colored cell was easily identifiable, and such a cell i.e., the fluorescence intensity from the cells expressing GFP without TAg.
would likely express the GIuR2 receptor (the ratio of the

plasmid used for GFP to GluR2 was 1:10). The plasmid that replication origin in the single-cell experimentsidgs. 1-3
harbored the GFP gene used in those experiments did noensured that only the expression of the GIuUR2 gene, rather
contain the SV40 replication origin, unlike the GFP con- than the expression of both the GIluR2 and GFP genes, was
struct used for the GFP enhancement experimeitt. (@). affected by the coexpression of TAg. Thus, this experimental
Consequently, the GFP intensity was about the same in thedesign permitted a quantitative comparison of the results of
absence and presence of TAg (the fluorescence images aréuorescence imaging of GFP with that of whole-cell record-
not shown). The use of the GFP plasmid lacking the SV40 ing of GIuR2. The lack of the SV40 replication origin in the
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GFP plasmid construct used in recordinégé. 1-3 and cells observed by fluorescence imaging in the total number
consequently the invariant fluorescent intensity of the cells of cells observed by bright-field microscopy for the same
in the absence and presence of TAg confirmed the function of sample (see the comparison of these imag&sgndA). One
TAg in deregulating cell growth through the SV40-controlled explanation for these results might be that the GFP level in
pathway Ali and DeCaprio, 20011 some cells became high enough to be detected but only in
In designing the GFP enhancement experiment by TAg, the presence of TAg. Together, these resiiig.(4) indicate
we considered the difference in assaying protein expressionthat the major TAg enhancement can be accounted for by
by different techniques. This was because in the whole-cell the increase in protein production at the single-cell level, and
recording assay, only the GIuR2 receptor molecules embed-such a conclusion agrees with the one previously described
ded on the surface of the cellular membrane were detectablefor the single-cell assay of the GIuR2 receptor expression
In contrast, the GFP expressed was detectable by fluores{Figs. 1 and 2
cence imaging regardless of its location because GFP is a
soluble proteinFleck et al. (2003%tudied glutamate recep-
tor expression/trafficking and reported that oni§0% of the 4. Discussion
glutamate receptors (e.g., GIuR6 kainate receptor subunit) are
on the surface of the membrane of HEK 293 cells, whereas We described a method for improving the single-cell
60% of the receptors, once made, are sequestered in the erexpression efficiency of recombinant proteins by about
doplasmic reticulum (ER). For the same receptor, we found seven-fold, compared to the efficiency from a popular trans-
previously that the green fluorescence intensity is linearly fection protocol Chen and Okayama, 19870 achieve this
proportional to the amplitude of the receptor currdritet enhancement, a powerful oncoprotein, SV40 TAg, was co-
al., 20033 This means that the greener the cell, the larger the expressed with the gene of interest in HEK 293S cells at the
currentis at a given glutamate concentration. Based on thoseoptimal ratio of 1:10 in weight for the plasmid amount of TAg
results, we used 3+6g of plasmid encoding the GIuR2 gene used to that of the protein of interest. We demonstrated this
for transfection in the single-cell experimensgs. 1-3. We method by using two proteins and two detection techniques:
assumed that 40% of the plasmid amount, or Lg3would a membrane-bound glutamate receptor whose expression
be responsible for producing surface-embedded GIuR2 re-level was assayed by electrophysiological recording with
ceptors (since glutamate was applied extracellularly and thesingle 293S cells, and soluble GFP whose expression was
glutamate-binding site was located in the extracellular face visualized by fluorescence imaging of a population of cells.
of the receptor)Armstrong and Gouaux, 20Ddn the GFP- We further demonstrated that the function of the protein
enhancement experiment, we used jLgf the GFP plas-  of interest can be assayed directly, if desired, by using an
mid (Fig. 4). Although a smaller amount of GFP plasmid intact cell without removing TAg. Therefore, this method is
was used, compared to the total amount of the GIuR2 plasmidexpected to be useful for single-cell characterization of the
used for transfection, the entire amount of GFP expressed wagprotein signal by recordings and/or imaging, because the

detectable by fluorescence imaging. As observg. @A), level of protein expression by a single cell may become high
GFP lit up an entire cell with its characteristic green fluores- enough to be detected or augmented to achieve a stronger
cence color. signal. Finally, this method is simple to implement.

The transient transfection method using calcium phos-
3.5. Effect of TAg coexpression on cell growth phate precipitation is a very popular method to deliver gene

to cells, such as HEK 293 cells. This method is considered

The imaging of the GFP fluorescence from a population a benchmark, compared with many other alternatives, non-
of cells enabled us to acquire additional information about viral transfection protocols, because of its relative high trans-
the effect of TAg coexpression by transient transfection on fection efficiency Chen and Okayama, 1987The method
cellular morphology, viability and growth. First, the cellmor- we described takes advantage of the high transfection effi-
phology Fig. 4A) was unaffected in the presence of TAg. This  ciency by using the calcium phosphate precipitation for gene
was true for all 293 cell lines tested. Second, the green fluores-delivery, but further improves the yield of protein expression
cence intensity peaked on day 2 after transfection, althoughby increasing the expression efficiency per transfected cell.
on day 1 the fluorescence intensity of the cell culture subject In the presence of TAg, the transfected cell makes more pro-
to the TAg coexpression was visibly higher than controls. Af- teins because TAg deregulates the control of the cell growth
ter cotransfection of the TAg gene, the doubling time and the cycle. Therefore, our method is expected to work in other
cell viability of the culture were no different from controls. permissive cell lines, provided that the gene of interest, to-
These results are consistent with the conclusion that addi-gether with the TAg gene, is first delivered to the host cell.
tional amount of protein was made at the single-cell level per We postulate how the genes are delivered to the host cell may
unit time in the presence of TAg. Third, the transfection ef- have little influence on the ratio of the enhancement when
ficiency was slightly higher than control (13% versu20% the TAg is coexpressed. As a test, we alternatively used the
based on 15 transfections and 100% cell count). The trans-lipofection method Washbourne and McAllister, 20D20
fection efficiency was determined by the percentage of greentransfect HEK 293S cells with the GIuR2 and TAg genes.
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