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Abstract

An essential prerequisite for /n vitro biochemical or structural studies is a construct that is
amenable to high level expression and purification and is biochemically “well-behaved”. In the
field of membrane protein research, the use of Green Fluorescent Protein (GFP) to monitor and
optimize the heterologous expression in different hosts has radically changed the ease of
streamlining and multiplexing the testing of a large number of candidate constructs. This is
achieved by genetically fusing the fluorescent proteins to the N- or C-terminus of the proteins of
interest to act as reporters which can then be followed by methods such as microscopy,
spectroscopy, or in-gel fluorescence. Nonetheless a systematic study on the effect of GFP and its
spectral variants on the expression and yields of recombinant membrane proteins is lacking. In this
study, we genetically appended four common fluorescent protein tags, namely mEGFP, mVenus,
mCerulean, and mCherry, to the N- or C-terminus of different membrane proteins and assessed
their expression in mammalian cells by fluorescence-detection size exclusion chromatography
(FSEC) and protein purification. We find that of the four fluorescent proteins, tagging with
mVenus systematically results in higher expression levels that translates to higher yields in
preparative purifications, thus making a case for switching to this yellow spectral variant as a
better fusion tag.

Introduction

Membrane proteins constitute 25-30% of proteins encoded by the human genome [1,2] and
make up for more than 50% drug targets [3,4]. Despite their critical roles in important

cellular processes such as transport across membranes, signaling and generation of energy —
structural studies of membrane proteins have usually lagged behind that of soluble proteins.
Currently, the protein data bank (PDB) contains upwards of a hundred thousand coordinates
for protein structures of which only two and a half thousand are of membrane proteins; that
is membrane proteins constitute only 2.5% of all the structures in the PDB (White, Stephen.
http://blanco.biomol.uci.edu/mpstruc/). This is mostly because membrane proteins are
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difficult to study. As the proteins’ native milieu is a complex hydrophobic lipid bilayer with
parts of the protein exposed to aqueous regions on either side of the bilayer, it is difficult to
mimic these conditions /n vitroto keep the membrane protein stable, let alone crystallize it.
However substantial improvements have been made in studying membrane protein structure.
Developments in recombinant protein expression [5-7], protein expression and stability
screening methods [8-15], detergents [16-19], crystallization conditions mined from
literature [20-22], nanodisc/lipodisq technology [23,24], lipid-rich crystallization methods
such as lipidic cubic phase [25], HiLide [26] and bicelles [27], nanobodies [28,29],
monobodies [30], and fusion partners [31,32] to stabilize membrane proteins and increase
‘crystallizability’, high intensity microfocus x-ray beams with rastering [33,34], and finally
the renaissance of high-resolution cryo-electron microscopy [35,36] have all contributed to
an exponential increase in membrane protein structures.

Given a target protein, since it is not known a prioriwhich particular sequence variants are
the most stable and hence suitable for structural studies — it is usually necessary to screen
orthologous proteins from various organisms to find the best candidates. Subsequently,
screening engineered variants of chosen orthologs is almost a necessary prerequisite to
increase stability for crystallization trials, a route that has been very successful for GPCRs
[37-39] and neurotransmitter transporters [40-42]. Traditionally in the field of protein
crystallography, a monodisperse size-exclusion chromatographic profile has been generally
accepted as a useful predictor for success in crystallization experiments and is thus widely
used as a parameter for screening. However, membrane proteins typically do not express at
levels as high as soluble proteins. Moreover, reagents needed for extraction and purification
are expensive making this initial screening step a bottleneck. The use of green fluorescent
protein (GFP) as a fusion protein has emerged as a powerful tool for alleviating this
bottleneck. In particular, following the GFPs’ fluorescence-signal during size exclusion
chromatography allows one to screen putative candidates for both yield as well as
monodispersity in a single experiment from crude lysates of cells [8,9,11]. With
autosampler-equipped liquid chromatography systems, one can easily screen upwards of
twenty-five constructs per day in a traditional analytical Superdex 200 column with minimal
manual intervention. The technique is flexible and has been adapted for various purposes
such as thermal denaturation studies and multi-protein complexes [14,43,44]. Recently, the
development of anti-GFP nanobodies [45,46] has made it so that the GFP itself can be used
as a purification tag thus furthering its attraction as a fusion partner.

During our experiments with the DHHC20 protein acyltransferase [47], a Golgi-localized
enzyme with four transmembrane helices that catalyzes protein palmitoylation, we noticed
that the auto-palmitoylation activity of cell lysates from HEK 293T cells transiently over-
expressing N-terminal mVenus yellow fluorescent protein and mCerulean cyan fluorescent
protein tagged DHHC20 were consistently higher than that of enhanced GFP (MEGFP)
fused DHHC20 (Figure S1A). mVenus and mCerulean are the yellow and cyan spectral
variants of mMEGFP obtained by protein engineering [48-50]. We initially hypothesized that
an error in molecular biology while making the constructs must have disrupted the promoter
or upstream DNA elements; however, sequencing shows no difference (Figure S1C).
Confocal microscopy also shows no gross differences in cellular localization between the
differently tagged DHHC20 protein (Figure S1B). This suggested that the use of a
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fluorescent protein tag other than the usual mMEGFP might be advantageous. Therefore, we
compared the effects of four commonly utilized fluorescent protein fusion tags, namely
mVenus, mCerulean, mEGFP, and mCherry [51] on expression and yields of different
recombinant integral membrane proteins and report our findings here.

Experimental Procedures

Cloning

Fluorescent proteins coding sequences were PCR amplified using forward primers
containing an Ndel restriction site and reverse primers with a Xhol restriction site. The
coding sequences of the fluorescent proteins are provided in Table S1 of the supporting
information. The PCR products were digested with the Ndel and Xhol enzymes and ligated
into a modified pET28b vector using T4 DNA ligase. The modified pET28b has its regular
thrombin protease cleavage site replaced by a PreScission protease site. This gives rise to the
initial protein sequence MGSSHHHHHHSSGLEVLFQGPHMVSKGEE where the
PreScission octapeptide protease cleavage site is underlined.

Our initial protein over-expression construct was a pPICZ decaHis (Hisyg) N- and C-
terminal mEGFP tagged DHHC20 (Uniprot Q5W0Z9-4) with a PreScission protease site
between the DHHC20 and the mEGFP fusion protein. The DHHC20 cDNA can be swapped
out for any other protein of interest using Xhol-EcoRlI digestion and T4 DNA ligation
(Figure S2). The mEGFP in the pPICZ vector was replaced with the different fluorescent
protein cDNAs using overlap extension PCR [52]. Following this, the entire expression
cassette composed of the decaHis-tag, the different fluorescent fusion proteins, and
DHHC20 was PCR amplified and then inserted downstream of the CMV promoter of a
modified pEG-Bacmam vector using overlap extension PCR such that the entire multiple
cloning site was replaced. The modified pEG-Bacmam vector has an extra Xhol restriction
site in the multiple cloning site downstream of the p10 promoter, incompatible with our
expression cassette, removed. To construct fluorescent protein tagged hPORCN (Uniprot
Q9H237) and cmCLC (Uniprot M1UVKG6-1) over-expression plasmids, the hPORCN and
cmCLC cDNA inserts were cut out the pPICZ vector using Xhol and EcoRI and then ligated
into equivalent positions in our different fluorescent protein tag expression cassette using T4
DNA ligase. The cmCLC construct has the first 88 residues removed and is the same as the
one used for its structure determination [53].

FP-DHHC20 constructs were cloned into a modified pSP vector that used a EF1a. promoter
instead of a CMV promoter using Gibson assembly [54]. All constructs were sequenced and
verified to have the correct fluorescent protein tags. All PCR reactions were done using
either Phusion polymerase (NEB, MA) or Pfu polymerase (Agilent). All cloning enzymes or
kits were also from NEB. The oligo primers used are listed in Table S2 of the supporting
information.

Fluorescent proteins expression and purification

Fluorescent proteins were expressed in BL21(DE3) Gold. Briefly, 2 liters of fresh 2x YT
media with kanamycin were directly inoculated with bacterial colonies from overnight
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plates. The cultures were grown to an ODggq of 0.8 at 37°C. The temperature was then
reduced to 25°C and IPTG added to a final concentration of 1 mM from a 1 M stock. Protein
induction was carried out overnight. Cells were harvested by centrifugation next morning
and the colored pellets re-suspended in 100 ml of 40 mM TrisHCI, pH 7.4, 270 mM NacCl,
10 mM 2-ME, 10 mM MgCl,, DNase (Worthington Biochemicals), lysozyme, 1 mM PMSF,
AEBSF, and 5mM BenzamidineHCI. Cells were lysed by sonication on ice. Cell debris was
pelleted by centrifugation at 38,000g for 30 min at 4°C. The supernatant was incubated with
2 ml NiNTA HisPur resin for an hr at 4°C on a rotator. The column was poured by gravity
and the resin thoroughly washed with 20 ml of 40 mM TrisHCI, pH 7.4, 270 mM NacCl, 10
mM 2-ME containing 10 mM imidazole and then with same buffer containing 50 mM
imidazole. Proteins were eluted with 10 ml of 20 mM TrisHCI, pH7.4, 135 mM NaCl, 5 mM
2-ME containing 350 mM imidazole. The eluates were dialyzed against 2 liters of the same
buffer without the imidazole overnight at 4°C. The proteins were then flash frozen in liquid
nitrogen and stored in —80°C freezer. At time of use, the proteins were thawed overnight in a
4°C fridge, diluted 10- to 20 times and their concentrations determined using a 660nm
protein assay kit with BSA standards (Thermo Scientific Pierce). The protein concentrations
were converted to uM using calculated molar masses of 29330, 29270, 29436, and 29160
g/mol for mVenus, mCerulean, mEGFP, and mCherry respectively.

Fluorescent protein thermal stability assays

Pseudo-melting curve experiments were done using a thermal cycler with two heating
blocks. Purified fluorescent proteins were diluted to 80-120 pg/ml and 50 pl of each
aliquoted into 16 PCR tubes. The tubes were briefly spun using a table top mini centrifuge
prior to denaturation. To generate a complete pseudo-melting curve, temperature was varied
from 60 to 94°C using the Bio-Rad S1000 thermal cycler’s temperature gradient. For this, a
60-84°C gradient and a 70-94°C gradient was simultaneously used with eight tubes per heat
block with a 30 min’ incubation followed by cooling at 4°C for 3 min. The samples were
once again spun using a table top mini centrifuge and 30 ul transferred to a 96-well black
fluorescence plate (Nunc) using a multi-channel pipette. The sample was then diluted two-
fold with 30 pl of 20 mM TrisHCI, pH7.4, 135 mM NaCl buffer. The plate was then
centrifuged at 1000g for 3 min and read using a plate reader (Tecan Infinite M100 Pro).
Excitation/emission wavelengths for m\enus, mCerulean, mEGFP, and mCherry were
515nm/528nm, 433nm/475nm, 488nm/507nm, and 587nm/610nm respectively with the gain
auto-optimized for maximal signal. Melting curve data were fitted to a Hill Equation to
extract the pseudo melting temperature (T,).

Isothermal protein denaturation was carried out on AriaMX RealTime PCR machine
(Agilent Technologies). In this assay, the fluorescent protein samples are maintained at an
elevated temperature while their fluorescence is monitored with time. Fluorescent proteins
were diluted to 8-12 pg/ml and two 50 pl aliquots added to a specialized quantitative PCR 8-
tube strip. The tubes were briefly spun using a table top mini centrifuge prior to 40
amplification cycles at time intervals of 30 min at 70°C. We empirically determined 70°C as
the best temperature at which to observe measurable differences among the four different
fluorescent proteins. FAM filter was used for mVenus, mCerulean, and mEGFP. ROX filter
was used for mCherry. Data were fit to a single exponential decay although the model does
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not adequately explain the mEGFP and mCherry data. However, the fluorescence half-life
times obtained from the fits were deemed adequate for comparative purposes.

Transient transfection of HEK293T adherent cells

HEK?293T cells were maintained in DMEM media supplemented with 10% FBS, 2 mM
glutamine, and 100 U/ml penicillin/streptomycin in a humidified incubator at 37°C with 5%
CO». The cells were transiently transfected using polyethyleneimine (PEI) [55]. The evening
before the day of transfection, cells from T-75 flasks or 150 mm cell culture dishes were
passaged and ~ 0.25 x106 cells seeded into 12-well plates with 1 ml media per well. The
next morning, 1 ug DNA was diluted into 50 ul of DMEM media. A separate tube contained
3 ug of PEI diluted into 50 ul of DMEM media. The two solutions were mixed, pipetted, and
incubated for 15-20 min at room temperature. Then ~ 100 pl per well of the DNA:PEI
complex was added dropwise to the wells, the plate gently agitated and returned to the 37°C
incubator. Alternatively, post addition of the DNA:PEI complex, the plate was incubated in a
humidified shaker maintained at 30°C with 5% CO, and the shaking turned off. For
hPORCN constructs, we obtained more consistent results in doing the transient transfections
in 6-well plates seeded with ~0.75x106 cells and transfected using 2 ug DNA complexed
with 6 pg PEI per well. Larger scale transfections for protein purifications were done in 150-
mm cell culture dishes. The dishes were initially seeded with ~10x108 cells and transfected
the next day with 30 pg DNA complexed with 90 ug PEI in a final volume of 2 ml DMEM
media.

Cells were maintained for another 48 hr post-transfection. For harvesting, cells were re-
suspended in the culture media by mechanical disruption using a pipette or a cell-scraper.
The cell pellets were collected by centrifugation, washed once with phosphate buffer saline,
and stored at — 20°C until later use.

Baculovirus mediated transduction of HEK293S GnTi~ suspension cell cultures

Baculovirus were generated using modifications to established protocols [56,57]. Briefly, the
pEG-Bacmam protein expression plasmids were used to generate bacmid DNA using
DH10bac cells according to published protocols [7]. Sf9 cells were grown in ESF921 media
(Expression Systems) to a density of 3 million/ml at 28°C and 130 rpm. On the day of the
transfection, the cells were collected by centrifugation and re-suspended at a density of 1.5
million/ml in 50 ml of fresh ESF 921 media supplemented with 3% FBS. 30 ug bacmid
DNA was complexed with 360 ug of PEI, mixed vigorously for 10 sec using a vortexer, and
added to the Sf9 cells after a 10 min incubation. After a four-day incubation at 28°C and 130
rpm, cells were pelleted and supernatant containing the baculovirus was sterile filtered.
These Pg baculovirus stocks were used without any further amplification [57]. Baculovirus
stocks were stored at 4°C and in the dark with FBS added to a final concentration of 1% to
prevent proteolysis.

HEK?293S GnTi~ suspension cell cultures were grown in Hyclone CDM4HEK?293 (GE
Healthcare) media supplemented with 2% FBS and 100 U/ml penicillin/streptomycin in a
humidified shaker maintained at 37°C, 5% CO, and 130 rpm. For protein expression using
the baculovirus, cells were grown to a density of ~ 2 million/ml. To 30 ml of cell culture, 3
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ml of the Py baculovirus was added. Depending on the experiment, at this point the culture
was either kept in the same incubator or moved to one maintained at 30°C, 5% CO, and 130
rpm. The next morning, ~ 12-15 hr post virus addition, 0.3 ml of 1 M sodium butyrate was
added to give a final concentration of 10 mM. The cultures were continued for 48 hr after
which the cells were harvested by centrifugation. The cell pellets were washed with
phosphate buffered saline, flash frozen in liquid nitrogen, and stored in a —80°C freezer until
later use.

Protein purification from HEK293T and 293S cells

HEK 293T cell pellets were re-suspended in 500 pl of 40 mM TrisHCI, pH 7.4, 270 mM
NaCl, 10 mM MgCl,, 10 mM 2-ME, Dnase, and protease inhibitors. 100 pl of 0.3M DDM
stock was added and the tubes rotated at 4°C for 1.5 hr to extract the protein. Cell debris was
removed by centrifugation for 10 min at 21,0009 and 4°C. The clarified supernatant was
then applied to ~ 100 pl of TALON resin (Clontech) equilibrated with the same buffer as
above minus the DNase and protease inhibitors and incubated for 1.5 hr on a rotator at 4°C.
The resin was first washed with 1 ml of same buffer containing 5 mM imidazole and then
with 500 pl of same buffer containing 25 mM imidazole. Finally, the bound proteins were
eluted with 100 ul of buffer containing 400 mM imidazole. Proteins from HEK 293S cell
pellets were purified in a similar fashion. However, the overall volumes were all scaled up
by ~ 4 to 5-fold to account for a denser cell pellet as well as better protein expression. All
eluates were analyzed by SDS-PAGE. Gel band intensities were analyzed using F1JI [58].

Anti-GFP nanobody (Nb) resin was generated by coupling Nb with CNBr activated
sepharose 4B (GE Healthcare). Cells were lysed and the proteins extracted using DDM as
above in 20 mM TrisHCI, pH 7.4, 136 mM NaCl, 10 mM MgCl,, 10 mM 2-ME buffer. The
lysates were applied to ~0.35 ml of Nb resin pre-equilibrated with the same buffer. After one
hr of incubation on a rotator at 4°C, the Nb resins were washed with 6 ml of the same buffer
twice. Then the Nb resins were re-suspend in an equal volume of the buffer to give a ~ 50%
slurry and 60 ul of PreScission protease (~ 60 ug) added. The resin slurry was incubated
overnight on a 4°C rotator. The next morning, the flow-through was collected and analyzed
by SDS-PAGE. The flow-through contains our protein of interest which has been cleaved off
of the Nb resin which still binds the GFP tag. All buffers used for washing and resin
equilibration contain 1 mM DDM.

Sample preparation for Fluorescence-detected size exclusion chromatography (FSEC)

HEK?293T cell pellets from a 12-well plate were re-suspended in 200 pl of 40 mM TrisHCI,
pH 7.4, 270 mM NaCl, 10 mM MgCl,, 10 mM 2-ME, Dnase, and protease inhibitors.
Protein was extracted by adding 50 ul of a 0.3 M DDM stock concentration to give a final
DDM concentration of ~ 60 mM and incubated at 4°C on a rotator. One hr later, cell debris
was removed by a 10-min 21,000g spin at 4°C on a bench top centrifuge. The supernatant
was spin filtered (Costar Spin-X) prior to placing 200 pl of the sample into the FSEC
autosampler of which 100 pl of the sample is injected. HEK293S GnTi~ cell pellets also
were processed in the same way. For extraction with Cymal-7, Triton X-100, and Anzergent
3-14, a 10% detergent stock was prepared and 50 pl added to the 200 pl of re-suspended

Biochemistry. Author manuscript; available in PMC 2020 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rana et al. Page 7

cells to give a final detergent concentration of ~ 2%. The rest of the steps were as for DDM
extraction.

Fluorescence-detected size exclusion chromatography (FSEC)

All FSEC experiments were done in a Shimadzu UFLC system equipped with a LC-20AB
liquid chromatography pump, SIL-20AC HT autosampler, RF-20A XS fluorescence
detector, SPD-20A UV-VIS detector, in-line with a 10mm x 300 mm Superdex 200 increase
10/300 GL column (GE Healthcare). The mVenus, mCerulean, mEGFP, and mCherry
fluorophores were excited at 515nm, 433nm, 488nm, and 587nm with emission at 528nm,
475nm, 507nm, and 610nm respectively. Fluorescence detector was set to medium
sensitivity with a 4-fold gain with mCherry being an exception, for which a 16-fold gain was
used. These settings were kept constant. The size exclusion column was run at 0.5 ml/min
flow-rate with the buffer usually 20 mM TrisHCI, pH 7.4, 136 mM NaCl, 10 mM 2-ME, and
0.5 mM dodecyl maltoside (DDM). For hPORCN, the NaCl and DDM concentrations were
increased to 350 mM and 1 mM respectively.

For FSEC of purified fluorescent proteins, solutions of 0.2 uM were prepared by diluting
with the FSEC buffer. The protein solutions were spin filtered prior to injection into the
Shimadzu UFLC system. Usually multiple chromatograms were obtained for injections
ranging from 10 pl to 100 pl over the course of 24-30 hr in a single experiment. We also
varied the order in which the fluorescent proteins were injected. FSEC sample preparation
for HEK expressed proteins has been described above.

FSEC chromatograms were exported as X-Y tables into Excel. The average value of the first
10 min of the chromatogram was used to adjust the baseline to zero. The peak value of the
chromatogram for the mVenus fluorescent protein was found using the “maximum’ function
in Excel. This value was used to divide all other chromatograms to give normalized FSEC
traces with the mVenus peak height being 1. All data analysis and graphing were done using
Origin Lab.

Confocal microscopy

HEK?293T cells were seeded on 8-well glass-slide bottom imaging chamber (LabTek) the
evening before transfection. Cells were transfected with 100 ng of DNA using PEI as
described above. 48 hr post-transfection, cells were imaged using a Zeiss LSM780
microscope with a Plan-Apochromat 63x/1.40 Oil objective lens. Cells expressing mVenus,
mCerulean, mEGFP, and mCherry tagged DHHC20 were imaged using the instrument’s
EYFP, ECFP, Alexa 488, and Alexa Fluor 568 fluorophore default settings respectively.
Cells were maintained at 37°C in a humidified chamber with CO, during imaging.

Results

FSEC of purified mVenus, mCerulean, mEGFP, and mCherry

To compare the effects of the GFP variants on membrane protein expression, it was first
necessary to generate a quantitative relationship between the different GFP fluorescent
signals in our FSEC system. For this, we purified all four GFP variants expressed in E. coli
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using metal affinity chromatography (Figure 1A) and injected equimolar amounts of the
proteins into our FSEC set-up. Normalizing with respect to the maximum peak signal from
mVenus allowed us to establish a fractional relationship for the peak intensity between the
fluorescent protein variants (Figure 1B). Therefore, all things being equal, and assuming that
appending the fluorescent proteins to our proteins of interest does not affect their spectral
properties, if m\enus, mCerulean, mEGFP, and mCherry tagged proteins express equally
well, then the relationship of the FSEC chromatogram peak intensity is
~1.0:0.25(%0.01):0.65(+0.03):0.1(+0.01) respectively. We also tested the thermal stability of
the four fluorescent proteins. The pseudo-melting curve (Figure 1C) suggests that mCherry
is the most stable with a melting temperature (T,) of 94+7°C and eGPF the least with
70.5+0.3°C, while mVenus and mCerulean are intermediate with T, of 77.8+0.4 and
79.6+0.3°C respectively. However, isothermal denaturation assay (Figure 1D) shows
mVenus and mCerulean to be the most stable with a half-lifetime (t1/,) of 16.7+£0.9 and
12.9+0.3 hr, respectively. In this assay, mCherry has a ty/, of 2.46+0.06 hr whereas once
again the least stable is MEGFP with a t1, of only 1.68+0.05 hr. The discrepancy for
mCherry between the two thermal stability assays is most likely due to a metastable
intermediate. This is clearly observed in the isothermal stability assay as the fractional
fluorescence of mCherry never decreases to zero. Nonetheless both thermal stability assays
show that of the four fluorescent proteins, mMEGFP is the least stable.

Effect of fluorescent protein (FP) tags on DHHC20 enzyme expression

Next, we assessed the FSEC profiles of DHHC20 protein transiently over-expressed in
adherent HEK293T cells with the different fluorescent protein tag on the N-terminus. It is
clear from the FSEC data that while mVenus, mCerulean, and mCherry tagged DHHC20
express to similar amounts, the mEGFP tagged DHHC20 expression is considerably reduced
(Figure 2A). This result is independent of the detergent used for membrane protein
extraction (Figure S3). The expression of mMEGFP tagged DHHC20 also depends on the
terminus to which it is fused; DHHC20 tagged at the C-terminus with mEGFP expresses
much better than one tagged on the N-terminus (Figure 2C). Nonetheless, even the
DHHC20-mEGFP construct still expresses approximately two-fold less than DHHC20
tagged with mVenus and mCerulean. Because mMEGFP is the least thermally stable of the
four fluorescent proteins, we next asked if lowering the cell culture temperature can rescue
protein expression levels of mEGFP tagged DHHC20. Consistent with our expectations,
lowering the culture temperature from the usual 37°C to 30°C results in an approximately
two-fold increase in the expression of mMEGFP tagged DHHC20 (Figure 2B, 2D). Decreasing
the incubation temperature of cells to 30°C has previously been used to increase the
expression of MEGFP-tagged proteins [7]. Interestingly, expression of the mVenus or
mCerulean tagged DHHC20 does not seem to be affected by lowering the temperature to
30°C (Figure S4). To ensure that the effect of the different fluorescent tags on DHHC20
protein expression is real and not just an artifact of FSEC, we purified the tagged DHHC20
proteins by metal affinity chromatography and analyzed the eluates by electrophoresis. The
results are consistent with that obtained from FSEC where the expression levels of eGPF
tagged DHHC20 are significantly less than of DHHC20 tagged with mVenus, mCerulean, or
mCherry (Figure 2E, F, G).
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We next looked at the expression levels of FP-DHHC20 using another well-known and used
promoter, the elongation factor 1 alpha (EF1a), in HEK293T cells. Compared to the CMV
promoter, EFla is found to be stronger in a variety of cell lines [59]. Our results on the
expression of FP-DHHC20 driven by the EF1a promoter are virtually indistinguishable
from that obtained with the CMV promoter (Figure 3A,B). As large-scale protein
overexpression in mammalian cells is usually done using baculovirus mediated transduction
in suspension HEK293S cells [7,60,61], we asked if our results would persist if done in this
manner. Irrespective of the use of sodium butyrate to induce higher protein expression, our
results match that obtained from adherent cell cultures using polyethyleneimine (PEI)
mediated transient transfection (Figure 3C,D) of adherent cells. As expected, lowering the
temperature increases the expression levels of the mEGFP-DHHC20 by almost two-fold
(Figure 3C,D). To ensure that our results are not solely due to our protein purification
method, we used an anti-GFP nanobody resin to purify the proteins. The result is similar to
that obtained using metal affinity resin (Figure 3E) and also confirms experimentally that the
mVenus and mCerulean fluorescent proteins are compatible with anti-GFP nanobody resin.
The mCherry-DHHC20 is not compatible with the anti-GFP nanobody resin because
although structurally similar to GFP, it is evolutionarily divergent [46,62].

Effect of fluorescent protein (FP) tags on Porcupine and CLC proteins

To assess whether the effect of mEGFP fusion tag on DHHC20 can be generalized, we chose
two very different membrane proteins to test. Human Porcupine (hPORCN) is an
endoplasmic reticulum resident protein that catalyzes the palmitoleoylation of the Wnt
proteins [63,64]. The structure of hPORCN is not known but it is predicted to have 8-11
transmembrane helices. Conversely the structure of the Cyanidioschyzon merolae CLC
(cmCLC) chloride-ion transporter is known [53]. It consists of 17 transmembrane helices
and forms a homodimer. FSEC traces show that hPORCN tagged at the C-terminus with
MEGFP gives results similar to DHHC?20 and that the levels of expression can be increased
by lowering the culture temperature from 37°C to 30°C (Figure 4A,C). Similarly, cmCLC
protein tagged at the N-terminus with mEGFP expresses substantially less than the mVenus,
mCerulean, and mCherry versions (Figure 4B,D). Although mEGFP-cmCLC expression can
be increased by lowering the culture temperature to 30°C, the FSEC profile shows the
appearance of a shoulder. As observed for DHHC?20 protein, metal affinity purified
hPORCN and cmCLC both show reduced expression for the mEGFP tagged versions of the
proteins (Figure 4, E-H). Therefore, the beneficial effects of the mVenus and mCerulean
tags over the mEGFP tag in protein expression seems to be independent of the target protein
of choice.

Discussion

Our findings demonstrate that the expression and yield in HEK293 cells of membrane
proteins tagged with mVenus or mCerulean is substantially better over mEGFP. Yields of
membrane proteins tagged with mVenus and mCerulean at the N-terminal are increased by ~
4-5-fold compared to mEGFP. Even for C-terminal tagged proteins, there is a 2-fold
increase. Structural studies of eukaryotic membrane proteins are often severely hampered by
the limit imposed on the amount of final purified protein in hand and this increase in
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expression/purification can substantially hasten up screening and optimization of conditions.
The effect seems to be generalizable and observed with three very different proteins: human
DHHC20, human Porcupine, and a thermophilic protein cmCLC. Use of mCherry as a tag
instead of MEGFP is also advantageous but not to the same extent as mVenus and
mCerulean.

We found a correlation between the thermal stability of the fluorescent protein and the
expression levels of proteins tagged with it. However, it is unclear whether this can entirely
explain the observed effect. Even the least stable fluorescent protein mEGFP still has a
pseudo-Tm of 70°C — a value substantially higher than the temperature at which the cells are
maintained and grown. Furthermore, Cyanidioschyzon merolaeis a red thermophilic alga
and therefore the cmCLC protein is thermally more stable. However, this does not
ameliorate the negative effects of mMEGFP versus mVenus and mCerulean. Therefore, it is
more likely that mEGFP tagged membrane proteins express poorly due to another reason.
Our initial hypothesis was that fluorescent protein maturation may contribute to the observed
effect. However, data from a recent paper that extensively measured the maturation time of
fluorescent proteins inside bacterial cells [65] suggest that for the expression levels to be
related to maturation time, mCherry tagged proteins would have to express the least because
it has the slowest maturation time followed by mEGFP. This is not what we observed.
Moreover, maturation rates increase with temperature. This is contrary to our observations
where reducing temperatures leads to increase in mMEGFP tagged protein expression (Figure
2, 3, 4). Alternately, mEGFP folding may be the problem. As chromophore maturation and
protein folding are not necessarily related, and the reduced protein expression effect is most
pronounced with the N-terminal tagged proteins, this seems a reasonable hypothesis.

Regardless of the exact mechanism of how mVenus and mCerulean tagged proteins express
better than ones tagged with mEGFP, the switch from an mEGFP to a mVenus/mCerulean
tag offers a simple method to increase yields of recombinant membrane proteins in HEK293
cells. We did not test the effect of mVenus versus mEGFP for soluble proteins. It would be
interesting to see if the beneficial effect persists. The use of mVenus as the fluorescent
protein tag instead of mMEGFP also makes incubation at 30°C to increase protein yields
unnecessary. While seemingly trivial to a well-equipped and funded lab, the ability to
maintain all incubators at the same temperature of 37°C can be advantageous to a smaller
and modest lab. These results should also provide some guidance to choosing and expressing
differentially FP-tagged proteins for multi-component protein complexes in mammalian
cells [44]. With the development of anti-GFP and anti-mCherry nanobodies [45,46], the use
of a fluorescent protein tag is doubly advantageous. Apart from following and optimizing
protein expression using gel-based assay or FSEC, it also allows one to easily purify itin a
single step. Both mVenus and mCerulean are compatible with the anti-GFP Nb resin (Figure
3E), although mCherry is not.

In conclusion, based on our results where we observed a 2 to 5-fold increase in protein
expression and yields upon using mVenus instead of mMEGFP as the fluorescent protein tag
of choice, we recommend that laboratories use m\enus as a fluorescent protein fusion tag
for expressing recombinant membrane proteins in mammalian cells.
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Figurel.
Characterization of the different tag fluorescent proteins. (A) SDS-PAGE analysis of

mVenus (V, orange), mCerulean (C, cyan), mEGFP (G, green), and mCherry (Cy, magenta)
expressed in E. coli and purified using metal affinity chromatography. The smaller band
observed for mCherry is due to an intramolecular protein cleavage during sample
denaturation by heating. (B) Establishment of a quantitative FSEC relation between the
fluorescent proteins by injecting equimolar concentrations of purified fluorescent proteins
into the size exclusion column and normalizing to the brightest protein (mVenus, orange).
The solid lines are the mean of six independent experiments. The shaded region is the SEM.
The relationship between mVenus:mCerulean:mEGFP:mCherry is ~
1.0:0.25+0.01:0.65+0.03:0.1+0.01. (C) Pseudo-melting curve assessing thermal stability of
the fluorescent proteins. Data were fit to a Hill equation to obtain the pseudo melting
temperature (Ty,). The data are meantsem of at least three independent experiments.
mVenus, orange; mCerulean, cyan; mEGFP, green; mCherry, magenta (D) Isothermal
stability of the various fluorescent proteins measured at 70°C. Data were fit to a single
exponential decay to extract half-life. All data are meanzsem of at least three independent
experiments. Symbols as in (C).
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Figure 2.

Over-expression of human DHHC20 tagged with the different fluorescent proteins (FP). (A)
FSEC traces of N-terminal FP tagged DHHC20 transiently over-expressed in HEK293T
cells at 37°C, mVenus-DHHC20 (orange), mCerulean-DHHC?20 (cyan), mEGFP-DHHC20
(green), mCherry-DHHC20 (magenta). (B) The same as (A) but at an incubation
temperature of 30°C. (C) FSEC traces of C-terminal FP tagged DHHC20 transiently over-
expressed in HEK293T cells at 37°C. Color code as in (A). (D) The same as (C) but at 30°C.
The dashed lines indicate the expected peak heights for mCerulean(cyan), mEGFP (green),
and mCherry (magenta) relative to the mVenus (orange) tagged protein if they all expressed
equally well. All chromatograms are averages from two independent experiments. (E) SDS-
PAGE analysis of metal affinity purified N- and C-terminal FP tagged DHHC20. mVenus, V,
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mCerulean, C; mEGFP, G; mCherry, Cy. (F) Quantitation of relative expression levels for N-
terminal FP tagged DHHC20. (G) Quantitation of relative expression levels for C-terminal
FP tagged DHHC20. Color code as in (A). Values in bar graphs are meanzsd of two
independent experiments.
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Figure 3.

N-terminally fluorescent protein tagged DHHC20 expression under different promoter and
using baculovirus mediated over-expression (A) SDS-PAGE analysis of FP-DHHC20 over-
expression driven by the elongation factor 1 alpha (EF1a) promoter in HEK293T cells (B)
Quantitation of the relative protein levels of FP-DHHC20 expressed using EFla promoter.
(C) SDS-PAGE analysis of metal affinity purified N-terminal FP tagged DHHC20 expressed
using baculovirus in HEK 293S GnTi~ cells at 37 and 30°C. (D) Quantitation of relative
expression levels for N-terminal tagged DHHC20 at 37 (dark fill) and 30°C (light fill). (E)
SDS-PAGE analysis of N-terminal FP tagged DHHC20 expressed at 37°C purified using an
anti-GFP nanobody resin. The DHHC20 protein (filled triangle) is eluted from the nanobody
resin by cleaving it off from the fluorescent protein by the PreScission protease (empty
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triangle). mVenus-DHHC20, V; mCerulean-DHHC20, C; mEGFP-DHHC20, G; mCherry-
DHHC20, Cy. Values in bar graphs are meanzsd of two independent experiments.
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Figure 4.

mVenus mCerulean mEGFP  mCherry

Effect of different FP tags on human Porcupine (hPORCN) and cmCLC expression (A)
FSEC traces of hPORCN-mVenus (orange), hPORCN-mCerulean (cyan), hPORCN-mEGFP
(green), and hPORCN-mCherry (magenta) transiently over-expressed in HEK293T cells at
37°C. (B) FSEC traces of mVenus-cmCLC (orange), mCerulean-cmCLC (cyan), mEGFP-
c¢cmCLC (green), and mCherry-cmCLC (magenta) transiently over-expressed in HEK293T
cells at 37°C. (C) The same as (A) but at 30°C. (D) The same as (B) but at 30°C. The dashed
lines indicate the expected peak heights for mCerulean(cyan), mEGFP (green), and mCherry
(magenta) relative to the mVenus (orange) tagged protein if they all expressed equally well.
Chromatograms are averages from two independent experiments. (E) SDS-PAGE analysis of
C-terminal tagged hPORCN expressed in HEK 293S GnTi~ suspension cells using
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baculovirus purified by metal affinity chromatography. hPORCN-mVenus, V; hPORCN-
mCerulean, C; hPORCN-mEGFP, G; hPORCN-mCherry (Cy) (F) Quantitation of relative
expression levels for C-terminal tagged hPORCN at 37°C expressed in HEK293S GnTi~
suspension cells using baculovirus. (G) SDS-PAGE analysis of N-terminal tagged cmCLC
expressed in HEK 293T adherent cells purified by metal affinity chromatography. mVenus-
cmCLC, V; mCerulean-cmCLC, C; mEGFP-cmCLC, G; mCherry-cmCLC (Cy). (H)
Quantitation of relative expression levels for N-terminal tagged cmCLC at 37°C. Values in
bar graphs are meanzsd of two independent experiments.
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