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The human embryonic kidney 293 (HEK-293) cells are commonlysed as host for the
heterologous expression of membrane proteins not least bemuse they have a high
transfection ef ciency and faithfully translate and procss proteins. In addition, their
cell size, morphology and division rate, and low expressiomf native channels are
traits that are particularly attractive for current-volige measurements. Nevertheless,
the heterologous expression of complex membrane proteinsch as receptors and ion
channels for biological characterization and in particutefor single-cell applications such
as electrophysiology remains a challenge. Expression of ffigtional proteins depends
largely on careful step-by-step optimization that include the design of expression
vectors with suitable identi cation tags, as well as the salction of transfection
methods and detection parameters appropriate for the apptiation. Here, we use the
heterologous expression of a plant potassium channel, thérabidopsis thalianaguard
cell outward-rectifying K channel, AtGORK (At5G37500) in HEK-293 cells as an
example, to evaluate commonly used transfection reagentsrad uorescent detection
methods, and provide a detailed methodology for optimizedransient transfection and
expression of membrane proteins forin vivo studies in general and for single-cell
applications in particular. This optimized protocol willafilitate the physiological and
cellular characterization of complex membrane proteins.

Keywords: transfection, heterologous expression, membrane p
uorescent imaging, electrophysiology

roteins, human embryonic kidney 293 cells,

INTRODUCTION

Mammalian cells such as the human embryonic kidney 293 (HEB)}2nd the Chinese hamster
ovary (CHO) cells are widely used as hosts to express recamiynoteins to study their structural,
biophysical, and pharmacological propertiési(di et al., 2007; Dalton and Barton, 2).J4EK-293
cells in particular are an attractive heterologous systenekpression of membrane proteins not
least because they have post-translational modi cationtraaries required for the proper folding
and/or optimal biological activity of target proteins. Thegalexhibit high transfection e ciency,
faithful translation, and processing of proteing/(rm, 2009 that will result in higher protein
yields Backliwal et al., 2003as compared to other mammalian cells, e.g., CHO cé&tsli

et al., 201). These attributes together with the cell size, morpholagypid division rate, the
ease of maintenance, and the low expression of native cheasealell as the capacity to express
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transgenic receptor proteins and ion channels with high deli variable. Recent methods using uorescent tags such as a dye-
(Thomas and Smart, 20pShave established HEK-293 cells as asensitive epitopeTour et al., 2003; Rudner et al., 20Gr a
host of choice for transient heterologous expression of mamé  uorescent protein fusion £napp, 2006provide a direct and
proteins for structural studies\(ettleship et al., 2008; Chaudhary better correlation between uorescent signal and trantfec
etal., 2011; Andrell and Tate, 2Q1Biopharmaceuticallhomas e ciency and protein expression level although fusion tags
and Smart, 2005; Jager et al., 201&nd electrophysiology such as uorescent proteins may cause structural constrains
applications (emtiri-Chlieh and Ali, 201R that interfere with protein function. These uorescent detien
Despite these advantages, high-level expression of complegproaches have enabled successful expression of a number of
membrane proteins such as ion channels and trans-membramaembrane proteins including the connexin-4&dietta et al.,
receptors originating from a di erent species for current-tage 2009, the AMPA receptors Ju et al., 2004 the G protein-
measurements has remained a challengsarn( et al., 2006; coupled receptors Ho mann et al., 200 and the human
Allen et al., 200R For electrophysiology in particular, a high ether-a-go-go-related gene (hERG) chann€la@gssen et al.,
expression of proteins is critical for single-cell currertoedings  2008; Huang et al., 20)1that were subsequently used for
in the whole-cell mode. Membrane protein biosynthesis in theprotein localization and tra cking as well as current-voltag
host is limited by the di erent composition of lipid bilayers measurement studies.
between human and other species that may prevent proper Although the expression of several membrane proteins
folding of expressed proteins into their functional nativeédh- and ion channels in HEK-293 cells have been reported
dimensional conformations. As such, optimization of plassid previously, a detailed authoritative protocol that descrities
culture media, growth conditions, or combinations theréaive key stages in the transient transfection and in-cell dédect
been undertaken in the past to enhance the expression of recombinant proteins optimized for single-cell applications,
membrane proteins (for review, seéger et al., 20).5These is currently lacking. Here, we use the transient expression
include the introduction of mild hypothermia\Wulhfard et al., of an A. thaliana guard cell outward-rectifying K channel,
2008; Lin et al., 20)%nd the addition of inhibitors of histone AtGORK (At5G37500) in HEK-293 cells as an example to assess
deacetylase to the culture medigaf et al., 2005; Backliwal current commonly used transfection reagents and the uoesg
et al., 2008p In addition to the essential elements requireddetection methods, and provide a speci ¢ protocol that is gasil
for the expression of recombinant protein, vectors can alsaccessible for the general expression of membrane proteins in
be synthetically engineered to include optimized intronsddan HEK-293 cells suitable for biological characterizatiors @&n
codon usageGustafsson et al., 20p&nd post-transcriptional example, AtGORK represents: (1) a di cult to express multi-pass
regulatory elementsMariati et al., 201pto increase yields by membrane protein, (2) originates from a di erent species, and
stabilizing recombinant transcripts. (3) needs to assemble into a heteromeric complex to achieve
The delivery of the recombinant vector into the host cellfunctionality. These three characteristics can hamper oatim
and the detection of expressed proteins are the two criticadxpression of membrane proteins in HEK cells. In addition
stages crucial to the expression and study of recombinarb this authoritative step-by-step protocol, we also include
proteins in HEK-293 cells. Recombinant proteins expressed icautionary measures, and propose optimization strategies and
transiently transfected cells can be identied with a matho recommendations extendable and amendable for dierent
that requires the simultaneous co-transfection of a lympftec applications or proteins.
surface marker antigen (CD8-alpha) or a uorescent protein
plasmid in addition to a second expression vector that corgain

the gene of interest.emtiri-Chlieh and Ali, 201} This method MATERIALS AND EQUIPMENT
enables visual identi cation of individual cells decomteith Cell Line

anti-CD8 antibody coated polystyrene beadsir(nan et al, Human Embryonic Kidney 293 (293FT) cell line (Cat. no.

1994; Fortin and H.UQO’ 199under the I|gh_t microscope or R70007, Life Technologies, Carlsbad, CA). The 293F cell line
uorescence detection of cells co-expressing the uorescen . . . . - .
is a fast-growing variant of the 293 cell line originally ah&tl

E;z[g:%?tﬁ::xztegf?éna;’];?:;; ;I;Ir?d?;:el”t?a:)?eihnassint'geg from Robert Horlick at Pharmacopeia while the 293T cell line
y prorp 9 is a variant of 293 cells that harbors the SV40 large T antigen

tlhgegén an:nglllaa?ml:;gﬁ]hﬂ-rg—(aip_ ?Tr]teatt: IST_’:QE&Q;T;SLSHC which can bind to SV40 enhancers of expression vectors to
Y Y Y increase protein production. Here, we use the 293FT cell line

acid (AMPA) receptors $wanson et al., 1997; Lin et al., 2))15 . A .
. . . . . . to leverage on both the “fast growing” and “increased protein
the Arabidopsis thalianacyclic nucleotide-gated ion channels 2
production” bene ts.

(AtCNGCs) (Leng et al., 2002; Hua et al., 2)@ad Arabidopsis
KC transporters (AKTs) [(acombe et al., 2000; Cherel et al.,
2002. While simple, rapid and inexpensive, expression of th&Culture Media

CD8-alpha marker antigen or the uorescent protein in the - Dulbecco's Modied Eagles medium, DMEM (1X)C
transfected cells has no direct correlation with the tracsbn GlutaMAX™-| (Cat. no. 31966021, Life Technologies Europe
e ciency and expression of the recombinant protein as the BVM, Bleiswijk, Netherlands).

success rate of the introduction of both these marker and 10% (v/v) Fetal Bovine Serum (Cat. no. 16000044, Life
target gene expression vectors into the cells may be highlyTechnologies, Carlsbad, CA).
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1 (viv) % Penicillin-Streptomycin (10,000 U/mL; Cat. -

no. 15140122, Life Technologies Europe BVM, Bleiswijk,
- Acetone (Cat. no. 320110, Sigma-Aldrich, St. Louis, MO).

Netherlands).

Dimethyl sulfoxide (Cat. no. D8418, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany).

- Opti-MEM ® | Reduced Serum medium (Cat. no. 31985062; Absolute ethanol (Cat. no. 32205, Sigma-Aldrich, St. pui

Life Technologies, Carlsbad, CA).

MO).

- Freezing medium consisting of 95% (v/v) complete medium Chloroform (Cat. no. 528730, Sigma-Aldrich Chemie GmbH,

and 5% (v/v) DMSO.

Cloning Cells

Vectors

One Shof MachI™ T1 phage-resistant chemically -
competentE. colicells (Cat. no. C862003, Life Technologies,
Carlsbad, CA).

Gateway® pDONR™221Vector (Cat. no. 12536017, Life
Technologies, Carlsbad, CA).

pcDNA™6.2/cLumidV-DEST (Cat. no. 12589016, Invitrogen
Corporation, Carlsbad, CA).
pcDNA™6.2/nLumio™-GW/p64 (Cat.
Invitrogen Corporation, Carlsbad, CA).
Vivid Colors™ pcDNA™6.2/EmGFP-DEST Gatewayvector
(Cat. no. V35520, Life Technologies, Carlsbad, CA).

Vivid Colors pcDNAG6.2/C-terminal taggeEmGFP/GW/CAT
plasmids (Cat. no. V35520, Life Technologies, Carlsbad, CA).

no. 12589016,

Chemicals/Reagents

Lipofectaming€® 2000 (Cat. no. 11668019, Life Technologies,
Carlsbad, CA).

Lipofectaming® 3000 (Cat. no. L3000015, Life Technologies,
Carlsbad, CA).
FUGENE® HD formulation (Cat. no. E2311, Promega, -
Madison, WI).

0.25% Trypsin-EDTA solution (Cat. no. T4049, Sigma-Aldrich-
Chemie GmbH, Steinheim, Germany).

b)

Steinheim, Germany).

2-Propanol (Cat. no. 19516, Sigma-Aldrich Chemie GmbH,
Steinheim, Germany).

DEPC-treated water (Cat. no. 95284, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany).

Buffer Preparation
a) Intracellular solution consisting of 100mM KCI, 25mM

N-methyl-D-glucamine, 10mM HEPES, 10mM EGTA,
1mM CaChp. and 4mM MgCh at pH 7.30 and at 280

5 mOsm (osmolarity is adjusted by adding sorbitol). This
solution is prepared a day before the patch-clamp experiment,
Iter sterilized through a 0.22m Stericup-GP and stored
at4 C.

External bath solution contained 10mM KCI, 145mM
N-methyl-D-glucamine, 20mM HEPES, 10mM glucose,
0.5mM CaC}. and 1 mM MgC}p at pH 7.30 and at 310

5 mOsm (osmolarity is adjusted by adding sorbitol). This
solutionis prepared a day before the patch-clamp experiment,
Iter sterilized through a 0.22m Stericup-GP and stored
at4 C.

Apparatus/Equipment

75cn?, 250mL Cellstaf cell culture ask (T-75; Cat. no.
658175, Greiner Bio-One GmbH, Frickenhausen, Germany).
Corning® Costar® 6 well cell culture plates (Cat. no. 64705-01,
Corning Inc., Brooklyn, NY).

0.4% Trypan Blue stain (Cat. no. T10282, Life Technologies, 15 mL Falco conical centrifuge tubes (Cat. no. 14-959-70C,

Carlsbad, CA).

50mg/mL poly-D-lysine hydrobromide (Cat. no. P0899, -
Sigma-Aldrich, St. Louis, MO). -
Gateway' LR Clonasé Il Enzyme Mix (Cat. no. 11791100,
Invitrogen, Carlsbad, CA). -
Invitrogen™ PureLink® HQ Mini Plasmid Puri cation kit
(Invitrogen™, ThermoFisher Scienti ¢, Carlsbad, CA). -
LB broth (Lennox) (Cat. no. L3022, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany). -
Carbenicillin disodium salt (Cat. no. C3416, Sigma-Albric
Chemie GmbH, Steinheim, Germany). -
Lumio™ Green In-Cell Detection kit (Cat. No. 12589057, Life
Technologies, Carlsbad, CA). -

10X Phosphate Bu ered Saline (PBS) solution (Cat. No. P5493,P-1000 FLAMING/BROWN micropipette puller

Sigma-Aldrich, St. Louis, MO).
TRIzol®?
Carlsbad, CA). -
Applied Biosystem®' High-Capacity cDNA Reverse
Transcription Kit (Cat.no. 4368814, Life Technologies;
Carlsbad, CA).

KAPA Taq PCR kit (Cat. no. KR0352, KAPA Biosystems;
Wilmington, MA).

reagent (Cat. No. 15596026, Life Technologies,

Corning Inc., Brooklyn, NY).

Cryovials (Thermo Fisher Scienti c, Waltham, MA).
Stericup-GP, 0.28m, polyethersulfone, radio-sterilized (Cat.
no. SCGPUO5RE, Merck Millipore, Danver, MA).

Countes$ Il Automated Cell Counter (Cat. no. AMQAX1000,
Life Technologies, Carlsbad, CA).

5004 MICRO-OSMETTE" automatic high sensitivity 50L
osmometer (PSi Precision Systems Inc., Natick, MA).
Fisherbrand" 12 mm circle cover glasses (Cat. no. 12-545-80,
Fisher Scienti c, Marietta, OH).

Thick/standard wall borosilicate glass capillaries (Cat. no.
B150-86-10, Sutter Instrumeht Novato, CA).

Fluorescence microscope (Nikon Eclipse TS100, Melville, NY).
(Sutter
instrument, Novato, CA).

Microforge (Cat. no. MF-830, Narishige Group, Japan).
Inverted microscope Carl Zeiss Axio Observer.Al (Carl Zeis
Oberkochen, Germany).

MultiClamp™  700B  microelectrode amplier
Instruments, Molecular Devices, Sunnyvale, CA).
Veriti ® 96-Well Thermal Cycler (Cat. no. 4375786, Applied
Biosystem®', ThermoFisher Scienti ¢, Carlsbad, CA).

(Axon
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shaker (Eppendorf AG, Hamburg, Germany).
- 5% carbon dioxide (C@) humidi ed growth incubator (Series
CB, BINDER, Tuttlingen, Germany).

Water bath (VWR International, Radnor, PA).
Precisiori™

compact ovens (Thermo Fisher

Marietta, OH).

PROCEDURE
Design of Plasmid Construct (2—3 Days)

1.

Cloning, Transformation and Plasmid
Puri cation (4-5 Days)
. Clone the optimizedAtGORK fragment into a Gatewdy/

6

7.

. Assemble the codon optimizedtGORK sequences from

. Transform

Nanodrop (Thermo Fisher Scienti ¢, Marietta, OH.

Scientic, 11.

New Brunswick™ Excelld® E23/E24R benchtop incubator 10. Isolate and purify high quality plasmid DNA using the

Invitrogen™ PureLink® HQ Mini Plasmid Puri cation kit
according to the manufacturer's instructions.CRITICAL
STEP This step provides a good yield of high-quality plasmid
DNA for use in mammalian cell transfections.

Analyze both the plasmid constructs by sequencing toyerif
that the insertion ofAtGORKinto the expression vectors is
in-frame and error-free.

Growth and Maintenance of the 293FT Cell

Both pcDNAM6.2/cLumid“-DEST and Vivid Color8"
pcDNA™6.2/EmGFP-DEST Gatew8y vector Figure SJ

Line (2-3 Days)
MCRITICAL STEP Culture media and trypsin-EDTA solution
should be pre-warmed in the water bath at &7

CAUTION Handle the cell line as potentially bio-hazardous

are selected as the expression vectors to heterologoushaterial under at least Biosafety Level 2 containment.
express the full-length. thalianaGORK channel (AtGORK) 12. Remove the vial of frozen cells froml40 C freezer and

(At5G37500) in HEK-293 cells.

. The Lumid™ tag consisting of 6 amino acids is located at

27 amino acid residues downstream of the C-terminal o
AtGORK (Figure S1A. The Lumid™ tag contains a tetra-
cysteine motif (Cys-Cys-Pro-Gly-Cys-Cys) that forms an
arsenical hairpin detectable by interactions with biarsahi
labeling reagents (e.g., Lunitb Green or LumidV Red;
Grinetal., 1998; Adams et al., 2002

. The Emerald Green Fluorescent Protein (EmGFP) derived

from Aequorea victoriaGFP (Tsien, 1998 is C-terminally

tagged at the end of the AtGORK sequence in the mammaliaT4

expression cloneq{gure S1B. v Troubleshooting Table 2.

. Perform codon optimization oAtGORK sequences using

the GeneOptimizef software MCRITICAL STEP This step
maximizes the expression of AtGORK in the mammalian
expression systena. Troubleshooting Table 2.

synthetic oligonucleotides and/or PCR products using the
GeneArf™ Gene Synthesis service o ered by ThermoFisher
Scientic. OPTIONAL Alternatively, this step can be carried
out using the conventional PCR cloning method.

pDONR™ 221 entry vector.
Perform a LR recombination reaction between the entry
vector and the pcDNA"6.2/cLumid“-DEST or the Vivid
Colors™ pcDNA™6.2/EmGFP-DEST Gatew&y vector
using the Gateway LR Clonasé& Il Enzyme Mix following
the manufacturer's protocol.

the  pcDNAY6.2/cLumid™-DEST  and
Vivid Colors™ pcDNA™6.2/EmGFP-DEST Gateway
expression vectors containing tHeGORK insert into One

Shot® MachI™-T1R phage-resistant chemically competent17.

E. colicells following the manufacturer's transformation
procedure.

. Inoculate a single, overnight colony in 5mL of selectiize L 18.

broth containing 5ang/mL carbenicillin and shake at 3€
overnight before isolating the plasmid.

thaw quickly in a 37C water bath.

3. Transfer the cells to T-75&mculture ask containing

11mL of complete medium consisting of Dulbecco's
modi ed Eagle's medium, DMEM (1XC GlutaMAX™-|
supplemented with 10% (v/v) fetal bovine serum and 1%
(v/v) penicillin-streptomycin (10,000 U/mLx CRITICAL
STEP Ensure that all solutions and equipment that come
in contact with the cells are sterile by performing the work
in a laminar ow hood and always practice good aseptic
technique.
Maintain the cell culture at 3C in a 5% CQ humidi ed
growth incubator. Replace with fresh, complete medium 24 h
after seedingnCRITICAL STEP Replacement with fresh,
complete medium upon overnight seeding is important to
remove residual DMSO contained in the freezing medium.
CAUTION DMSO is toxic to cell growth.

15. Incubate the cells until they are 80-90% con uent.

NCRITICAL STEP Pass the 293FT cells when they 8@%0
con uent to avoid cell overgrowth.

Transient Transfection and Heterologous
Expression of AtGORK in 293FT Cells

(1 Day)

m CRITICAL STEP We recommend using early-passage cells
for transfection experiments. Cells should be at the approeriat
con uence and at 90% viability prior to transfection.

16. Remove all medium from the ask and add 2 mL of 0.25%

trypsin-EDTA solution to the adherent monolayer and
incubate 1-5min at 3T in a 5% CQ humidi ed growth
incubator until the cells detach. Check the cells under a
microscope to conrm that most of the cells have been
detached from the bottom surface of the ask. Increase the
incubation time if the cells are still attached.

Add 6 mL of complete medium to the cell suspension and
mix gently.nCRITICAL STEP This step is to inactivate the
trypsin activity as serum contains inhibitors of trypsin.
Determine cell viability using trypan blue exclusion antzkto
cell count using a cell counter (e.g., CountgdsAutomated
Cell Counter).
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19. Dilute the cell density to a total of 2.51CP viable cells/2mL  TABLE 1 | Lipid-mediated transient transfection experimental

20.

21.

22.

23.

24.

25.

26.

parameters

in pre-warmed complete medium for the transfection and conditions.

protocol. OPTIONAL the nal cell density for transfection  ¢omponent per well

protocol varies depending on the purpose of experiment.
Here, we recommend an optimal cell density of 2.5.CP

FUGENE ® HD Lipofectamine ®

viable cells/2mL in order to select for single cell expressing93FT cell number/ 2 mL

the channel protein for current-voltage measurememts.

Troubleshooting Table 2.
Seed the remaining cells at a total density of 1P viable

cells in a T-75¢rf ask containing 11 mL of pre-warmed Transfection reagent

complete medium and maintain the cells as adherent pna component

monolayer cultures at 3T in a 5% CQ incubator for cell
establishment.

Once the cells have been established, we recommenithfreezpg005™ reagent
some cells for storage and for future use by freezing thg . paion time at RT

2000 3000

25 10%cells 25 10%cells 25 10° cells
(i) Transfection reagent
OPTI-MEM® | medium 100mL 125mL 125mL

10mL 12.5mL 7.5mL
OPTI-MEM® | medium Up to 100mL Upto 125mL Up to 125mL
Plasmid DNA 2.5mg 2.5mg 2.5mg

N/A N/A 5mL

15min 5min 5min

cells at a density of at least 310° viable cells/ mL and at

>90% viability in labeled cryovials containing the freezingApplicable only for transfections using the Lipofectamirfé 3000 reagent.

medium.nCRITICAL STEP Prepare fresh freezing medium
immediately before use.

Clean the 12 mm circle cover glasses by placing the cipegersl27. The “reverse” transfection method entails adding theABN

in a 50 mL beaker containing acetone and swirl the beaker
gently to ensure that all the coverslips are immersed in
acetone. Incubate overnight in a fume hood.CAUTION
Acetone is a highly ammable and toxic material that should
only be used in a fume hood.

Discard the acetone solution and wash the coverslipsehri
by rinsing with absolute ethanol. Repeat step 22 by replacing
acetone with absolute ethanol. CAUTION Ethanol is a
highly ammable and toxic solvent that should only be used
in a fume hood.

Discard the ethanol solution and wash the coverslipcéhri 28.

by rinsing with sterile water. Dry the clean coverslips by
incubating in an oven at 6% overnight. Store the clean
coverslips at room temperature.

Place four clean coverslips in a well of a 6-well, at bottom
cell culture plate and coat the coverslips with 2mL of
50mg/mL poly-D-lysine hydrobromide at 3T overnight.
Discard the poly-D-lysine hydrobromide solution and wash
the coated coverslips thrice with sterile water prior to

transfection.mCRITICAL STEP Coating of coverslips with 29.

poly-D-lysine facilitates the cell attachment to the suefac
of coverslips by promoting the electrostatic interactions

between the cell membrane and the polyamino acids on the
culture surfacev Troubleshooting Table 2.

We use cationic lipid-based transfection reagertdgner
and Ringold, 198p Lipofectamin& 2000, Lipofectamin&

3000, and non-liposomal FUGENEHD formulation to

30.

lipid complex in a drop-wise manner directly to the cell
suspension containing total viable cells of 2.5.0P/2 mL

in a 15mL centrifuge tube. Mix gently by pipetting up and
down. Transfer the cell mixture to a well of 6-well culture
dish containing the coated coverslips obtained in step 25.
nCRITICAL STEP The DNA-lipid complex should be added
in a drop-wise manner directly to the cell suspension without
touching the walls of the tube prior to mixing by gentle
pipetting and followed by plating and culturing overnight at
37 Cin a 6-well culture dishv Troubleshooting Table 2.
Here, we dene “standard” transfection as a method
entailing the addition of the plasmid DNA and transfection
reagent mixture in a drop-wise manner to the adherent
293FT cells that have been seeded at a nal viable cell
concentration of 2.5 10° a day beforenCRITICAL STEP
The DNA-lipid complex should be added in a drop-wise
manner and distributed homogenously to the adhered cells
in the culture dish by gentle swirling without disturbing the
adhered cellsKigure S4B.

The “double” transfection refers to the combination oftbo
“standard” and “reverse” methods in the following sequence
reverse transfection and incubates overnight, followed by
standard transfection on the following day.

Incubate the cells at 3Z overnight in a 5% C@humidi ed
growth incubator.

In vivo Fluorescence Labeling, Imaging,

transiently transfect the 293FT cells with 20§ of AGORK ~and Quanti cation (60 Min)
plasmid obtained in step 10 according to the respectiv@1. Use the Lumit" Green In-Cell Labeling kit to detect the

manufacturer's instructions Table 7). nCRITICAL STEP
Equilibrate the transfection reagents to room temperature
before use and mix by inverting or through a brief vortex.
OPTIONAL We recommend the use of OPTI-MEMI (1X)
Reduced Serum Medium as diluent in all transfection steps.
Alternatively, serum-free DMEM (1X)C GlutaMAX™-I|
medium can be used for the transfection protocel.
Troubleshooting Table 2.

expression of AtGORK-cLuml¥ in 293FT cells following
the manufacturer's instructions. Label the cells transficte
with AtGORK-cLumio™ expression vector obtained in step
30 with 1.25mM of Lumio™ Green. Incubate the cells
at 37C for 30min, protected from light. CAUTION
Lumio™ Green is a biarsenical labeling reagent, speci cally
recognizes and binds to the tetracysteine LutMiaag,
which strongly uoresces upon binding to the Luniié tag.
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TABLE 2 | Troubleshooting.

to detect the labeled AtGORK-cLunilb in the presence
of Disperse Blue 3 solution to reduce the high background

Step  Parameters Recommendation Comments uorescence Adams et al., 2002 CAUTION Disperse
3 Plasmid and label Vivid ColorEM EmGEP improves Blue 3 solution is a non- uorescent, hydrophobic dye that
pcDNATM6 2/EMGFP-  expression of may results in eye, and skin irritation. Wear protective
DEST Gateway? AtGORK and reduces clothing, eyewear and nitrile gloves when handling with
vector background noise the solution. OPTIONAL Due to high background signal
;E’gg (artin etal., resulted from Lumid“ Green staining, a stringent washing
4 Codon optimization GeneOptimizeP Maximizes the procgdure Car‘ pe carried out t.)y adding low concentrations
software by expression of of thiol-containing reagent usind-mercaptoethanol that
ThermoFisher AtGORK in the competitively binds to the thiol-binding site thereby
Scienti ¢ mammalian increasing the specic labeling of the Lumibtagged
expression system proteins (anghorst et al., 2006

19 Amount of cells 2.5 10° cells/2mL Suitab_le seedamount 34 Detect expression of AtGORK-EMGFP directly in 293FT
\t,(vjeic:;\éz d single cells transfected with AtGORK-EmMGFP plasmid by
cells uorescence microscopy using the green uorescence

25 Coating of cover slip Overnight coating Poly-D-lysine is lter at the excitation Wavelength from 460 to 500 nm.

with Poly-D-lysine preferred over NMCRITICAL STEP Both pCDNﬂ/I 6.2/nLumio™-
poly-L-lysine because GW)/p64 and Vivid Colors pcDNA6.2/C-terminal tagged
poly-D-lysine is not EmGFP/GW/CATplasmids are used as the positive control
_ digestible for transfection e ciency.v Troubleshooting Table 2.

26 Amountofplasmid  2.5mg ;'rfgj;tp:j?dsfc'ﬂ 35. Capture three bright- eld images from three randomly
signi cantly improve chosen locations under a 20 objective lens. Capture also
transfection ef ciency three uorescence images under the same viewing elds
and may be toxic to to calculate the percentage of transfection e ciency. On
cells (in etal., 2015 average, a uorescence image contained several hundred
Figure S2)

, ) ) i ) green cells.

26 Transfection reagent Lipofectamin® 3000  Lipofectaminé® 3000 36. Using Image JSchneider et al., 20),2process and analyse
ﬁ,“;ﬁfgi‘t’;ﬂfne@ 2000 the uorescence and bright- eld images according to the
and FUGENE® HD methods described previouslyi( et al., 201p in order

27 Transfection protocol ~ “Reverse” “Reverse” to determine the transfection e ciency and the expression
transfection protocol levels. Each uorescence image contains 256020 pixels
saves one aggzg’ﬂa' and each is assigned a value ranging from 0 to 255 on an 8-bit
prg’ferred fogr Y digital scale using Image GCRITICAL STEP Each green
single-cell uorescent cell detected represents successful transfecti
applications as and protein expression.
compared to the 37. We de ne transfection e ciency as the number of cells that
‘standard” have uorescence detectable above background divided by
transfection .

o Detection GEP uorescence Requires thg total ngmber of ce_IIs calculated on the corresponding
Lorescence bright- eld images and is expressed as a percentage.
microscopy with 38. We estimate the relative expression levels of the protein
uorescence GFP by measuring the uorescent intensities (in pixels) of the
lters green uorescent cells with the assumption that the protein

expression in each individual cell is linearly proportional to
the amount of the reporter EMGFP or Lunilb tag that the
Practice safe precautionary measures by wearing protective cell expressed.(n et al., 201p
clothing, eyewear, and nitrile gloves when handling the
Lumio™ Green reagentdCRITICAL STEP Prepare fresh . .
Lumio™ Green solution just before use and keep theRNA Extraction, cDNA Synthesis and PCR
solution at room temperature in dark, protected from light. (1-2 Days)

32. Upon incubation, gently remove the Lurmib labeling 39. Perform total RNA extraction followed by cDNA synthesis
solution and wash cells once with OPTI-MEMI medium. from the transfected cells obtained in step 30 as described
Carefully remove and discard the medium. previously Gagar et al., 20).4

33. Gently add 26iM of Disperse Blue 3 solution that is 40. Gently wash the transfected cells twice with 2 mL of cold 1X

supplied with the Lumi® In-Cell labeling kit following the PBS solution. Discard the PBS solution.
manufacturer's protocol to each wellCRITICAL STEP Do 41. Add 600rL of TRIzol? reagent to the cells and incubate
not remove the solution and proceed to uorescenceimaging at room temperature for 5min to allow cell lysis to occur.

Frontiers in Physiology | www.frontiersin.org 6

July 2016 | Volume 7 | Article 300


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Ooi et al.

Transient Expression of Membrane Proteins

Gently transfer the cells from the 6-well culture dish to
1.5 mL microcentrifuge tubes.

Add 120rL of chloroform to the lysed cells and gently invert
the tubes for 15 s. Incubate on ice for 10 min. Centrifuge ab2.
8000 rpm at 4C for 15 min.

Separate the aqueous phase and transfer to new sterile
1.5mL microcentrifuge tubes. Add 3@ of 2-Propanol
to the aqueous phase and incubate &0 C overnight to
precipitate the RNA.

The following day, centrifuge at 8000 rpm aC4or 30 min.
Discard the supernatant.

Wash the pellet with 608 of 75% (v/v) ethanol. Centrifuge
at 8000 rpm at 4C for 20 min. Discard the supernatant.
Air-dry the pellet by placing the tube with the lid opened 54.
under the laminar hood. Dissolve the pellet in B0 of
DEPC-treated water.

Quantify the total RNA concentration using a Nanodrop.
Store the RNA at 80 C.

For synthesis of cDNA, set up a reaction tube consisting o
3mg of RNA obtained in step 46, 250 ng of Oligo-dT primer
and 500mM of dNTPs. Incubate the reaction at 65 for

5 min followed by a brief centrifugation and terminates the
reaction by incubating the tube onice.

Set up a cDNA reaction using the Applied Biosystéms
High-Capacity cDNA Reverse Transcription Kit by adding56.
1X rst strand reaction Buer, 5mM DTT, 200 units
SuperScript Il RT, and 40 units of RNAse to a nal
reaction volume of 2@ and run the reaction following the
manufacturer's protocol. Store the cDNA a0 C.

Perform PCR using the KAPA Taq PCR kit, designed
AtGORK PCR forward and reverse primer3aple 3 and

PCR cycles according to the manufacturer's instructions to
determine the heterologous expression of AtGORK in 293FT
cells.

42.

43.
53.
44,

45.

46.

47,

55.
48.

49.

Current-Voltage Recording and Analysis

(60 min)

50. Perform whole-cell voltage-clamp recordings from ZB3F
cells transfected withAtGORK-cLumio™ and AtGORK-
EmGFP plasmids respectively, obtained in step 30 as
described previously_emtiri-Chlieh and Ali, 201x

51. Using a P-1000 FLAMING/BROWN micropipette puller, 5g
make patch-recording pipettes by pulling the pipette from

TABLE 3 | Primers and PCR conditions.

thick/standard wall borosilicate glass capillaries. Place the
micropipettes in the microforge holder and apply one or two
brief heat pulses to smooth the pipette tip.

Carefully place one of the coverslips containing the
transfected cells obtained in step 30 in the chamber. Find
and choose a single healthy cell to patch under the inverted
uorescence microscope.

Perform the perfusion system by lling the external 60 mL
syringes with external bath solution. Ensure that thereds n
air bubble entrapped in the system and that the perfusion
is running smoothly at 1-2 mL/minute MCRITICAL STEP
Avoid ooding the chamber as the salt in the bath medium
can precipitate and thus damage the microscope optics.

Fill the recording pipette prepared in step 51 with an
intracellular solution and gently tap out any entrapped air
bubbles. Apply positive air pressure in the pipette using 1 mL
syringe and ensure that the electrode resistance is between 3
and 5 M . nCRITICAL STEP Air bubbles prevent closing of
the electronic circuit resulting in a high resistance reagin
The internal solution is slightly hypo-osmotic as compared
to the bath medium to facilitate the high resistance seal
formation.

Upon achieving whole-cell con guration, hold the cells
at 52mV.

Start recording the K channel current using the voltage-
clamp protocol which consists of a series of 1000 ms long
squared voltage depolarization betwe€d20 to 80mV

in 20 mV decrementsTCRITICAL STEP Cells transfected
with pcDNA™6.2/nLumio™-GW/p64 and Vivid Colors
pcDNAG.2/C-terminal taggedEmGFP/GW/CAT plasmids
respectively, are used as the negative control for whole-
cell recording. To di erentiate between intrinsic Kand
AtGORK currents, AtGORK conductance was estimated as
the di erence between steady-state currents (mean current
between 900 and 1000 ms after depolarization) and the
current measured in the range of 40-60ms from the
beginning of the voltage test.

57. Use the MultiClamp" 700B microelectrode amplier to

investigate the voltage clamp and current clamp recordings.
NCRITICAL STEP All signals were low-pass ltered at 2 kHz
before analog-to-digital conversion and were uncorrected
for leakage current or capacitive transients.

Analyze the data with pClamp software (version 10, Axon
Instruments Inc., California, USA) and express the data as
mean standard error mean.

Statistical Analysis

Perform statistical analysis using the Studentsst with
Microsoft Excel 2010. Set the signi cance to a threshold
of P < 0.05 andn-values represent number of biological
replicates.

RESULTS AND DISCUSSION

Primer name  Sequence (5 9-3% Tm( C) No.of cycle 2%
AtGORK long GGTTCAAACACAGAGAGGTTCAG 62 40

forward

AtGORK long TAATTCACGCAAGCTTGACG 62 40

reverse

AtGORK GGATCAGAAGAGAGTGTGACGTT 62 40

short forward

AtGORK CCCTTCAGAAGCCGCG 62 40

short reverse

Here, we examine several currently used transfection réagen
and in-cell uorescent labeling and detection methods for
transient expression of membrane proteins in HEK-293 cells.

Frontiers in Physiology | www.frontiersin.org 7

July 2016 | Volume 7 | Article 300


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Ooi et al. Transient Expression of Membrane Proteins

We provide a generally applicable transfection procedurdind the thiol-binding site thereby increasing the specic
for the expression of membrane proteins for current-voltagdabeling of the Lumi®“-tagged proteins L(anghorst et al.,
measurements using thé\. thaliana guard cell outward- 2006. These procedures however do not overcome the problem
rectifying K channel, AtGORK (At5G37500) as an example anaf the high background uorescence, but reduce the specic
discuss the potential pitfalls as well as the general coretides labeling and hence the overall staining e ciency of the
that must be carefully noted throughout the experimentalLumio-tagged proteins. On the other hand, cells transfected
work ow. with the AtGORK-Vivid Colors™ pcDNA™6.2/EmGFP-DEST
Gateway' construct yield a higher number of transfected
) . cells (55%) and pixel intensity (80Figure 1D). This suggests
An AtGORK-CLquO _Tag Fusion has rstly, that a uorescent protein fusion enhances the expressi
Lower Transfection Ef ciency than e ciency of AtGORK channel in the HEK-293 cells and/or
AtGORK-EMGFP secondly, that the brightness of EmMGFP results in bettetresh
In order to select for single cell expressing the channeh terms of resolution in detection and identi cation of prein
protein for current-voltage measurement, uorescent lahekre of interest due at least in part to the reduced background noise
used as indicators for expression of the AtGORK channedignal (Martin et al., 200k This AtGORK-EmGFP yields a two-
in the 293FT cells. We incorporatedtGORK with either folds higher pixel intensity than that of cells transfectedhwi
a Lumio™ tag (a molecular weight of 585 Da) which is aAtGORK-cLumio™ plasmid although the transfection e ciency
6 amino acid long cysteine-rich tag separated by a gap @ only marginally higher (1.5-fold), suggesting that ird&gbn
27 amino acid residuesFi{gure S1A or fused the protein to an improved AtGORK protein expression in a fused GFP
with the Emerald Green Fluorescent Protein (EmGFP) ofon guration, the detection resolution is markedly imprale
27 kDa derived fromA. victoria GFP at 7 amino acid residues and this is consistent with previous reportslrtin et al., 200p
downstream of the C-terminal of AtGORKF{gure S1B. that observed a 90% improved contrast for GFP detection over
When designing the protein linker, factors such as the lengthbiarsenic labels. This point is further supported by the faettth
hydrophobicity and the number of amino acid residues tothe expression of membrane spanning AtGORK-EmGFP channel
yield specic structural conformations (e.g., coiled or sfee yielded a pixel intensity that is higher than that of the sd&ub
that can mitigate structural constrains and thus proteinp64 transcription factor protein labeled with the Lunibsystem
functionality must be considered (for a comprehensive navie (Figure 1D). Therefore, we recommend the EmGFP-fusion
see: Chen et al., 2013; Chichili et al., 201The Lumid™  con guration for the expression and identi cation of chanhe
tag contains a tetracysteine motif (Cys-Cys-Pro-Gly-Cys) proteins in 293FT cells by uorescence detection methodsesin
that forms an arsenical hairpin detectable by interactionshe improved contrast is critical for single-cell selectiomda
with the membrane-permeant uorogenic biarsenical labglin patch-clamp studies in addition to an improvementin the protei
reagents (e.g., Lumi¥y Green or Lumid™ Red) that strongly expression e ciency.
uoresces upon binding, thus, enabling labeling and detacti Since the expression vector contains both the target gene and
of Lumio™-tagged proteins with high speci city and a nity. the uorescent marker, cells that appear uorescent therefore
Cells transfected with the manufacturer-supplied positivetcd ~ provide direct indication of the expression and localizatioh
plasmid pcDNAM6.2/nLumid™-GW/p64(Figures 1A,B which  the target protein in the cells. This is in contrast to the co-
is a nucleus-localized transcription factor (human c-my@ye transfection method in which the expression of the markergyen
poor transfection e ciency with<50% of cells expressing the (CD8-alpha or a uorescent protein) may not have a correlation
p64 protein, as indicated by the green uorescence upon lagelinto the success of transfection e ciency and the targeted girot
with Lumio™ Green labeling reagent across all three biologicaéxpression level. However, the uorescent tag or proteindmsi
replicates. However, the e ciency was reduced ¢b% for may impose structural constrains that can be detrimental to
AtGORK-cLumid™ expressed in HEK-293 cells. Upon labelingthe functionality of the protein of interestGiepmans et al.,
with Lumio™ green reagent, the intensity of green uorescence€00§. Here, we generated a construct in whigtGORK is
that correlates with the amount of p64-Lumib tagged protein  fused with theEmGFPat the C-terminal and separated by a 7
expressed in the transfected cells is around 30-40 pixelg whamino acid spacer. The EmMGFP reporter is located at 519 amino
those cells expressing the AtGORK-cLuffiochannel hasc  acids away from the annotated transmembrane regions that fo
20 pixels Figure 10). Since we detected mRNA transcript of the channel pore at the N-terminal of AtGORK-igure S1B,
AtGORK-cLumio™ in the transfected celld-{gure S3, the low and this presumably provides a su cient spatial separation to
uorescence intensity observed is likely due to a poor copyvoid structural constrains that may interfere with the loigical
number of AtGORK protein expressed in the cells and/or pooractivity of the channel protein. To validate the functiomgli
detection resolution resulting from non-speci ¢ binding tfie  of the channel activity of AtGORK, we selected single green
Lumio™ reagent to the cells which reduces the uorescent signaluorescent cells for current-voltage measurements andwsho
to-noise ratio. To reduce the high background, we performedhat the typical transmembrane whole-cell current recogdin
a washing procedure using the recommended 1X Disperssef AtGORK (cork) Were obtained Figure 2). Current-voltage
Blue 3 solution. In addition, we also performed a stringentrelationship (from C120 to 80mV in -20mV increments)
washing procedure by adding low concentrations of thiol-pro les were generated from the recordégork (Figure 2Cii).
containing reagent using-mercaptoethanol that competitively We also measured currents for non-transfected, single 28B-
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FIGURE 1 | Transfection and expression ef ciencies of AAGORK
cells transfected withAtGORK-cLumio ™ expression vector has reduced transfection ef ciency as comared to the expression of the positive control p64 that is
consistent across all three biological replicates(B) Representative images showing the poor transfection ef ciecy of cells transfected withAtGORK-cLumio™ and
the p64 positive control plasmids.(C) The expression of AtGORK in green uorescence cells is lowehan that of p64 using the Lumid ™ system as determined by
their pixel intensities(D) The AtGORK-EmGFPhas a higher transfection ef ciency and protein expressionhan that of the nLumiJM—tagged p64 in HEK-293 cells. A
typical 20 magni cation of 293FT cell image contains2560 1920 pixels and is converted to an 8-bit byte image based on a scalef 0-255 using ImageJ
(Schneider et al., 2012. The lower limit cut-off representing appreciable and abee background uorescence, was set at 10 pixels. Transfectia ef ciency and protein
expression of more than 100 cells in each viewing eld were arlgzed (see Section Procedure for analysis).
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cells Figure 2B). These intrinsic currents were shown to be a3000 or FUGENE HD as compared to the Lipofectamifie
mixed population of outward-rectifying K channel endogenous 2000 Figure 30). This suggests that while FUGEREHD

to the HEK-293 cell Jiang et al., 2002 Though, they are vyields lower transfection e ciency than Lipofectamifie
easily recognizable, as they tend to show fast activatiah arBO0O, the protein expression level is comparable to that of
relatively slower inactivation kinetics upon depolarizatid®dn  Lipofectamin€® 3000.

the other hand,lgork measured from the cells transfected We observed a marked decline in transfection e ciency
with AtGORK-EmGFRlasmid demonstrate channel activation when the reagents are left at room temperature for prolonged
with distinctive kinetics Figure 2C) which are comparable to periods of time. We note that the Lipofectamifie and
the known delayed outwardly-rectifying%current recorded FUuGENE® HD formulations should be stored at € and
from either A. thaliana guard protoplasts or fromX. laevis should be used immediately after the reagents have been
oocytes expressing AtGORKAche et al., 2000; Hosy et al., equilibrated to room temperature. Furthermore, it is importan
2003. One can therefore easily distinguish the true voltage antb incubate these transfection reagents for the durationd a
time-dependent activateltork from the other native currents at conditions recommended by their respective manufactirer
(Figures 2B,Q. Therefore, the GFP fusion in this con guration prior to addition to cells Table ). We also noted that these
does not alter the functionality of the channel expressed imncubation times and conditions should be adhered to as
HEK-293 cells whereas a fusion protein that is very close tstrictly as possible since prolonged incubation times deereas
the functional domain (e.g., channel pore, catalytic center transfection e ciencies. Our results suggest that Lipofaaine®
ligand-binding site) is more likely to disrupt the structum 3000 outperforms Lipofectamirfe 2000 and FUGENE HD
biological activity of the proteinHo mann et al., 2010. In  in transfection e ciency and/or protein expression, which is
some cases, the maturation time of uorescent proteins magonsistent with the claims of the manufacturer who reported i
be a limiting factor especially when studying rapid protein-for HEK-293, HelLa, LNCaP, HepG2, and A549 cell lines, the
ligand or protein-protein interactions §napp, 2006 While  superiority of Lipofectaming& 3000.

the use of a smaller label such as the membrane-permeant

uorogenic biarsenical dye uorescein arsenical hairpimder . . .

(F1AsH) or the alternative red-shifted resoru n arsenibairpin ~ COmparison of Different Transfection

binder analog (ReAsH) can conceivably overcome structurdl a Protocols

the concomitant functionality concerns, these epitopes imequ The three transfection protocols, “standard,” “reverse,d an
labeling with biarsenical dyes that may be toxic to the céfis “double” (see Section Procedure for de nition), were also
addition, non-speci ¢ binding of the dye to the hydrophobic evaluated for their transfection and expression e ciencies
regions of the membrane in the cells is commonly associateaf AtGORK channel in 239FT cells using the Vivid
to the problem of high background staining which may beColors™ pcDNA™6.2/EmGFP-DEST Gatew&y plasmid
overcome by an additional washing procedure upon labelingnd Lipofectaminé 3000 reagent. The “reverse” and
(Martin et al., 200R Still, in our case, we did not notice a “double” transfections have similar transfection e cieesi
signi cant improvement in the staining e ciency even after and protein expressions level§igure 4). Their transfection
washing. Furthermore, the washing procedure involving fthio e ciency of around 60% is lower than that achieved with the
containing reagents may damage the cells and alternativteipro “standard” transfection (80%) in two of the three biological
functions (Langhorst et al., 2006The contrast and cytotoxicity replicates Figures 4A,B while only in one of three biological
issues commonly associated with the Lufffioreagents have replicates, the “standard” transfection had higher protein

been discussed elsewhere(mann et al., 2010. expression as deduced from the uorescence intensities
(Figure 40.
The “standard” transfection protocol while resulting in
Assessment of Commonly Used better transfection e ciency, requires one additional dags
Transfection Reagents compared to the “reverse” transfection because the cells are

In order to evaluate the performance of current commerciallyseeded overnight before the addition of Lipofectanfin@000
available transfection reagents, we transiently tramsteche reagent and theAtGORK-EmGFPplasmid. Since the cells
293FT cells with theAtGORK-EmGFPconstruct using the are allowed to grow for an additional day in the “standard”
standard lipid-mediated transfection reagents, Lipofedtea  transfection method, more cells are clumped together and this
2000, Lipofectaming 3000, and non-liposomal FUGENE may complicate single-cell selection for patch-clamp studies.
HD formulation in a “reverse” format (see Section ProcedureThese factors, such as the transfection e ciency, time aall ¢
for de nition). Lipofectamine® 3000 consistently outperform morphology should be considered case-by-case basis depending
Lipofectamin& 2000 and FUGENE HD in transfection ontheintended application. As for the transfection of menea

e ciency, achieving approximately a 70% transfection ratéhwi proteins or ion channels in HEK-293 cells, we recommend
AtGORK-EmMGFP in comparison to the other two reagentsthe “reverse” transfection protocol starting with a seed fem
which achieved a rate of about 50%idures 3A,B. The of approximately 250,000 cells in a total volume of 2mL.
transfected cells exhibit an intensity of green uoreseetitat The “double” transfection protocol may be useful for the
corresponds to the expression levels of AtGORK-EmGFP and ismansfection of large plasmids> L0 kb) or choice of cell lines
consistently higher when transfected using the Lipofecteafi  that usually have low transfection e ciency in single trdastion.
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FIGURE 2 | Whole-cell current-voltage measurements of AAGORK ~ -EmGFP in 293FT cells. (A) Bright eld and uorescence images of (i) 293FT and (ii)
AtGORK-EmGFR—expressing 293FT single cell at 20 magni cation eld view (scale barD 20 mm). 293FT cells were transfected with 2.5ng of Vivid Colors™
pcDNATM6 2/EmGFP-DEST Gatewa$f expression vector containing theAtGORK insert using Lipofectamin 3000 in a “reverse” format (see Section Procedure for
description). (B) Voltage- and time-dependent (i) and I-V plot (ii) propertiesf the intrinsic K channels in HEK-293 cells in response to a series of depolaing square
pulse (from a holding potential, § D 52mV in 20mV increments). Inset: A current showing the fast divation and relatively slower inactivation kinetics ofiinsic
KC currents upon depolarization.(C) Whole-cell patch-clamp recordings (i) and |-V plot (i) oftiinsic KC and AtGORK channels currents, starting from gD 52mV
in 20 mV increments inAtGORK-EmGFP—expressing 293FT single cell. Inset: A representative cemt demonstrating the slowly activating outward currents b

AtGORK upon depolarization.
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FIGURE 3 | Comparison of different transfection reagents on the transfection and expression ef ciencies of AtGORK-EmGFP in H EK-293 cells.
HEK-293 cells transfected withAtGORK-EmGFPwere used to examine the performance of different transfetn reagents in a “reverse” format (see Section
Procedure for de nition). In general, Lipofectamin® 3000 outperforms Lipofectaminé® 2000 and FUGENE® HD in both transfection ef ciency (A,B) and protein
expression(C). LipofectaminéD 2000 and FUGENE® HD have comparable transfection ef ciencies but lower thanHat of Lipofectamin(.@ 3000. FUGENE® HD seems
to yield protein expression levels comparable to that of Ligfectamine 3000. A typical 20 HEK cell image contains2560 1920 pixels and is converted to an 8-bit
byte image that on a scale of 0-255 using ImageJ. The lower litntut-off that represents appreciable and above backgrounduorescence, was set at 10 pixels for
biological replicate 1 but 40 pixels for replicates 2 and 3.r&nsfection ef ciency and protein expression of more than 20 cells in each viewing area were analyzed (see
Section Procedure for analysis).
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FIGURE 4 | Effect of different transfection methods on the transfe ction and expression ef ciencies of AAGORK-EmGFP in HEK-293 cells. HEK-293 cells
transfected with AtGORK-EmGFP were used to examine the performance of different transfean format: “standard,” “reverse,” and “double” (see Sectin Procedure
for de nition) using the Lipofectamin& 3000 reagent. The “standard” transfection method outperfoms both the “reverse” and “double” transfection format
respectively, in 2 out of 3 biological repeats in terms of trasfection ef ciency (A,B). The “standard” transfection protocol yields higher protei expression levels in only
1 biological replicate but yield comparable expression lels to the other transfection methods in replicates 2 and C). A typical 20 HEK cell image contains

2560 1920 pixels and is converted to an 8-bit byte image that is on a scal of 0-255 using ImageJ. The lower limit cut-off representingppreciable and above
background uorescence, was set at 10 pixels for 40 pixels. Tansfection ef ciency and protein expression of more than 10Qells in each viewing eld were analyzed
(see Section Procedure for analysis).
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However, we noted that in the transfection of 293FT cellshe physiological and cellular characterization of complex
with AtGORK-EmGFPthe e ciency did not improved with the membrane proteins.
double transfection protocol since an optimal uptake of plasnid

may already have been achieved in single transfection. AUTHOR CONTRIBUTIONS

A General Protocol for the Expression of Both AO and AW conceived and designed this project. AO, LE,
Membrane Proteins in HEK-293 Cells for and FL-C conducted the experiments. All authors contributed
Current-Voltage Measurements the data analyses and writing of the manuscript.
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optimizations, thus bene ting rst time users or those with SUPPLEMENTARY MATERIAL
proteins of unknown properties. Based on this protocol, rationa
changes can be made in particular to the design of expressidihe Supplementary Material for this article can be found
vectors with suitable identi cation tags, as well as theicamf online at: http://journal.frontiersin.org/article/10389/fphys.
transfection reagents and experimental parameters in order t2016.00300
cater for the expression of membrane proteins in general and/q:igure S1 | Design of AtGORK (At5G37500) plasmid construct. ( A) Domain
for other functional characterizations. organization of full-lengthArabidopsis thalianaGORK (AtGORK) (At5G37500)

In summary, we have described an optimized protocokhannel and the insertion of the AtGORK gene into pcDNATM6/2LumioTM-
that serves as a general guide for the transient transfectid®EST.(B) Domain organization of full-lengthArabidopsis thalianaGORK (AtGORK)
and expression of a membrane protein in HEK-293 cel|$At5G37500) channel and the insertion of the AtGORK gene mntVivid Colors’™
for functional characterizations in general and singld-celP®PNATME-2/EMGFP-DEST Gatewd vector.
applications in particular. We demonstrate that the uSerigure S2 | Comparison of different amount of AtGORK-cLumio ™
of a GFP-fused expression construct, Vivid Colrs plasmid for transfection.
pcDNA™G6.2/EmMGFP-DEST Gatewdy vector at 2.%g
using Lipofectaming& 3000 reagent in a “reverse” format yields
a high transfection e ciency, protein expression level aslwel
as optimal detection of AtGORK channels in 293FT cells. Wé}'g‘r‘nrzrz‘]‘g Eé’f;:‘;ﬁ}”ﬁ‘é?;‘g‘;‘éjgf*;‘;“;’e":t’gmr’f ;zf’gelscs;” of
alsolrec.ommgnd e>.<per|men.tal parameters amendable fpl’ Othgﬁaracteriz;ions. (A) Plasmid design and Iabepl sizlectign(B) Transfection and
applications including cautionary steps associated with th'@xpression.(C) Fluorescent imaging and quanti cation.(D) Current-voltage
protocol. We believe that this optimized method will facilitate measurement and data analysis.

Figure S3 | mRNA transcript of AtGORK-cLumio ™ heterologously
expressed in HEK-293 cells.
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