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Abstract: The overexpression of milligram quantities of protein remains a key bottleneck in
membrane protein structural biology. A challenge of particular difficulty has been the
overproduction of eukaryotic membrane proteins. In order to cope with the frequently poor
expression levels associated with these challenging proteins, it is often necessary to screen a
large number of homologues to find a well expressing clone. To facilitate this process using the
heterologous, eukaryotic expression host Pichia pastoris, we have developed a simple fluorescent
induction plate-screening assay that allows for the rapid detection of well expressing clones of
eukaryotic membrane proteins that have been fused to GFP. Using a eukaryotic membrane protein
known to express well in P. pastoris (human aquaporin 4) and homologues of the ER associated
membrane protein phosphatidylethanolamine N-methyltransferase (PEMT), we demonstrate that
when a large number of clones are screened, a small number of highly expressing “jackpot”
clones can be isolated. A jackpot PEMT clone resulted in 5 mg/L yield after purification. The
method allows for the facile simultaneous screening of hundreds of clones providing an alternate
to in-culture screening and will greatly accelerate the search for overexpressing eukaryotic

membrane proteins.
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Introduction

Membrane proteins play vital roles in a wide variety
of cellular processes, with an estimated 20-30% of
prokaryotic and eukaryotic genomes coding for mem-
brane proteins.! In addition to the important physio-
logical roles these proteins play in cellular biology,
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they also make an enormous impact in the area of
human health, with disease arising from abnormal-
ities in their function. Membrane proteins have thus
become a critical target for pharmaceutical develop-
ment with an estimated 50% of all current drugs
being targeted to membrane proteins.? Despite the
obvious importance of these proteins for both biology
and disease, relatively few X-ray crystals structures
have been determined. In particular, there is a clear
deficiency in the number of eukaryotic membrane
protein structures available. There are many chal-
lenges and bottlenecks associated with membrane
protein crystallography, and one of the greatest
challenges is obtaining sufficient quantities of the
protein for structural studies.?

Recombinant membrane proteins are frequently
poorly expressed; for example, examination of the
expression of over a hundred membrane proteins
from Mycobacterium tuberculosis revealed that only
25% of the proteins tested were overexpressed, and
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that only 1/3 of these were properly inserted into the
membrane.* In order to bypass the high degree of
failure associated with membrane protein overex-
pression, numerous groups have taken the approach
of screening a large number of homologues in order
to maximize the probability of obtaining sufficient
protein for structural studies.®™'° One recent tool
developed to facilitate screening of homologues for
expression and stability, is addition of GFP to the
C-terminus of the target protein.!’ This technique
has numerous advantages for expression screening,
as it allows direct measurement of membrane pro-
tein expression by measuring in cell fluorescence;
protein stability in detergents can be assessed using
fluorescent size exclusion chromatography (FSEC),
and correct protein localization using confocal mi-
croscopy.'?'3 The technique of using GFP fusions for
expression screening was initially developed for use
in E. coli, but has since been adapted for use in
eukaryotic expression systems, like that of the yeast
Saccharomyces cerevisiae.** The use of GFP fusions
for expression screening has greatly accelerated the
process of target selection for membrane protein
structural biology and has already paid dividends in
terms of novel membrane protein structures.!®~*7

The in vitro study of eukaryotic membrane pro-
teins has been especially problematic, with the fre-
quent requirement for a eukaryotic heterologous host
for overexpression, including Sf9 insect cells, HEK
cells, CHO cells, and yeasts such as Pichia pastoris
and Saccharomyces cerevisiae. The yeast expression
system Pichia pastoris has been successfully used to
produce many eukaryotic membrane proteins for
structural studies including; G-protein coupled recep-
tors,'®% jon channels,2®?! aquaporins®?*?® and ABC
transporters.2* Pichia pastoris is an attractive system
for membrane protein expression as it maintains
many of the advantages associated with prokaryotic
protein expression, including inexpensive media
components; a simple drug based selection system
(Zeocin), a strong inducible promoter (AOX1), simple
genetics, high cell density and rapid growth.

Herein we report a simple method to identify
well expressing eukaryotic membrane proteins in
P. pastoris using a fluorescent-based induction plate
assay. Human aquaporin 4 (AQP4) is known to
express to high levels in P. pastoris (~20 mg/L)%?
and was thus used a positive control to demonstrate
the validity of the plate screening assay for the
identification of well expressing clones. The method
was also applied to identify well expressing clones of
three homologues of the membrane protein phospha-
tidylethanolamine = N-methyltrasferase =~ (PEMT).
PEMT is predicted to have four transmembrane
helices and localizes to the ER (Fig. 1). This enzyme
plays an important role in the biosynthesis of
phosphotidylcholine and is involved in lipid homeo-
stasis.?® PEMT deficient mice are deficient in diet-
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Figure 1. Membrane topology of the ER membrane protein
phosphatidylethanolamine-N-methyltransferase (PEMT).
Transmembrane helices were predicted using the TMHMM
server.?®

induced obesity and atherosclerosis, suggesting
PEMT is a crucial target for structural studies to
facilitate inhibitor design.?"-2®

Human AQP4 and the PEMT homologues from
human, mouse and yeast Saccharomyces cerevisiae
were cloned as C-terminal GFP fusions. Making use
of a simple fluorescent induction plate method, we
demonstrate that the measured fluorescence on the
induction plate correlates with protein expression,
thus facilitating the rapid identification of high
expressing clones. A well expressing clone of mouse
PEMT was further targeted for large scale expres-
sion yielding ~5 mg/L of fusion protein after
purification.

Results

Induction plate based expression screening

of human aquaporin 4 and PEMTs

Human AQP4 and PEMT homologues from mouse,
human and yeast (Saccharomyces cerevisiae) were
cloned as in-frame C-terminal GFP fusions to facili-
tate expression screening. The constructs were pre-
ceded by a Kozak consensus sequence (ACCATGG)
and a FLAG tag epitope. The PEMT genes were
linked to GFP-His® by a tobacco etch virus (TEV)
protease cut site, with a small peptide linker
(GGGS). The constructs were then transformed into
electrocompetent P. pastoris GS115, and the initial
selection for genomic integration of the constructs
was performed on YPDS plates containing the anti-
biotic Zeocin. Human AQP4 is known to express well
in P. pastoris®® and was thus used a proof of princi-
pal that the method could be used to identify a well
expressing clone. For AQP4, total of 50 clones of the
transformation was chosen along with two untrans-
formed GS115 negative controls and plated onto
BMMY in order to induce protein expression directly
on the plate. For the PEMT homologues, 48 clones
were plates, along with two negative GS115 controls

Expression Screening of Membrane Proteins
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Figure 2. Induction plate expression screening. (A) AQP4, (B) human PEMT, (C) mouse PEMT, and (D) yeast PEMT (OPI3).
Clones were spotted onto BMMY plates and incubated for 24 h at 30°C. P. pastoris GS115 was spotted onto position 1 and 2
as a negative control. Well expressing clones of AQP4 (clones 25, 42) were included as positive controls in positions 3 and 4
on plates B-D. Plates were imaged under blue light using an ImageQuant LAS 4000 with a 1/8th of a second exposure.

and two well expressing AQP4 clones as positive
controls. The plates were imaged under blue light
(Fig. 2), and the imaged plates clearly revealed a
distribution of fluorescence related to protein expres-
sion, ranging from low (background level) to high. In
order to quantify the observed expression distribu-
tion, the colony fluorescence was quantified using
Mean Gray Values (MGV) (Fig. 3). Given that sev-
eral clones gave essentially background expression
(Figs. 2 and 3), the presence of genomic integration
of the constructs was confirmed for each of the
clones using a colony PCR (Supporting Information
Fig. SI1).

Correlation of plate expression with

liquid culture expression

In order to evaluate the reproducibility of the
expression on the plate with that in liquid culture,
two clones each of weak expressers, medium
expressers and high expressers (Fig. 3) were chosen
to be cultured in liquid media. The fluorescence was

measured 24 hours post induction with methanol
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(Fig. 4), and small-scale lysis of the cultures was
carried out for visualization of the total fusion pro-
tein through in-gel fluorescence (Fig. 5).

Both liquid culture fluorescence and total pro-
tein analysis shows a clear distribution of low, me-
dium, and highly expressing clones (Figs. 2—4). This
distribution correlates well with the MGV measure-
ments of the initial induction plate colonies, validat-
ing this method as a rapid means of testing initial
expression of GFP tagged membrane proteins in
Pichia pastoris.

Expression and purification of mouse PEMT

In order to demonstrate that a clone identified by
the plate screening method can be used to purify
milligram quantities of a eukaryotic membrane pro-
tein, clone 48 of mouse PEMT (mPEMT) was
selected for large-scale purification. The fusion pro-
tein was purified using Ni?* affinity chromatogra-
phy [Fig. 6(A)]. The fusion protein was cleaved using
the TEV protease and further purified using FLAG
tag resin [Fig. 6(B)]l. The final protein purified
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Figure 3. Quantification of plate screening by mean gray value (MGV). (A) AQP4, (B) human PEMT, (C) mouse PEMT, and (D)
yeast PEMT (OPI3). Mean gray value was determined using ImageJ.?° Colored bars represent clones chosen for further
characterization. Blue bars represent low expressing clones, green bars represent medium expressing clones, red bars

represent high expressing clones.

mPEMT was ~90% pure, the final yield of mPEMT-
GFP fusion protein was ~5 mg of per L of culture,
and the yield of purified mPEMT after removal of
the GFP tag was 2 mg per L of culture. The final
purified protein eluted as a single monodisperse
peak from gel filtration chromatography (Supporting
Information Fig. SI2), an indication that the protein
was not aggregated and is suitable for future crys-
tallization trials.

Discussion

Protein induction on a plate is indicative

of overall expression levels

For the induction plate screening to be used for
large-scale expression screening, it is important that
the fluorescent measurements taken from the plate
correlate well with protein expression in liquid cul-
ture. For both the control AQP4 and the PEMT
homologues there is good correlation with the low,
medium, and high expressers in both liquid culture
fluorescence and the intensity of the PEMT-GFP
fusion protein band on SDS-PAGE (Figs. 4 and 5).
Interestingly, mouse PEMT deviates slightly from
this observed correlation, with the medium express-
ers chosen giving relatively high expression in liquid
culture [Clones 22 and 30, Fig. 4(b)]. This trend indi-
cates that the plate screen is most effective at distin-
guishing between very high and very poor express-
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ers, while the medium expressions could give
inconsistent results in liquid culture growth. Thus,
the screen is of greatest utility for rapidly identify-
ing the highest expressing clones, while care must
be taken in cases where highly variable expression
on the plate is not observed.

Colony blot based screening procedures have
been used successfully to find well expressing bacte-
rial membrane proteins in E. coli,>® as well as solu-
ble protein expression in E. coli®! permitting high
throughput expression screening in bacteria. Despite
the utility of such methods for protein expression
screening, this is the first time such a method has
been applied to expression screening of eukaryotic
membrane proteins in a eukaryotic host.

Variable protein expression in Pichia pastoris

The typical strategy when expressing proteins in
P. pastoris is to choose several clones (typically 5—
10) to screen for expression, owing to variable
expression of clones in P. pastoris. Examination of
the plate expression data for the control AQP4 and
the three homologues of PEMT (Fig. 3) indicates a
wide variety of expression, ranging from essentially
background expression to highly expressing clones
(Fig. 3). An examination of the distribution of
expression of the three PEMT homologues shows
that only a small fraction of the clones express
to relatively high levels, while a handful of clones

Expression Screening of Membrane Proteins
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Figure 4. Correlation of expression measured from plate (MGV) with expression measured (right axis, gray bars) in liquid
culture (right axis, black bars). (A) AQP4, (B) human PEMT, (C) mouse PEMT, and (D) yeast PEMT (OPI3). Error bars represent
the standard error of the mean from three separate experiments.

(5-10 per plate) give essentially no protein expres- clone, or if insufficient clones are chosen for screen-
sion (Fig. 3). Thus using conventional liquid culture- ing, no well-expressing clone may be found. Given
based screening approaches it may be necessary to  this highly variable protein expression observed
screen 50-100 clones to find the best expressing in the Pichia clones, the induction plate based
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Figure 5. In gel fluorescence of PEMT lysates showing variable protein expression in different clones. (A) AQP4, (B) human
PEMT, (C) mouse PEMT, and (D) yeast PEMT (OPI3). Equal amounts of protein were loaded; dihydroxy acetone kinase (DHK)
was used as a loading control (bottom).
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Figure 6. Coomassie stained SDS-PAGE of purified
mPEMT. (A) Ni?* affinity chromatography of mPEMT-GFP
fusion protein, protein was eluted in a step imidazole
gradient. (B) M2 FLAG resin affinity chromatography of
mPEMT after TEV cleavage of the fusion protein. Protein
eluted in pH 3.5 glycine buffer.

screening method is a highly efficient way of screen-
ing a very large number of clones for expression.
Interestingly, all of the clones tested for expres-
sion had successful genomic integration of the
expression cassette (Fig. S1), thus differences in pro-
tein expression must be the result of other factors.
During the integration of the expression cassette
into the Pichia genome, there exists the possibility
of multi-copy integration that occurs at a rate of 1-
10%. It has been suggested that a general strategy
for increasing protein expression in Pichia is to
increase the gene dosage,®? although the effects of
increasing gene dose are not always completely suc-
cessful at increasing protein yields.®® There has
been only a single systematic study examining the
effect of gene dose in membrane protein expression,
where the effect of increasing gene dose increased
the expression recombinant aquaporins.®* In addi-
tion to the possible expression variation owing to
multi-copy genomic integration of different clones, it
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has also been suggested that differences in the
unfolded protein response (UPR) may contribute to
increased protein expression in both P. pastoris and

S. cerevisiae.®®

Induction plate screening permits rapid
assessment of expression

A critical variable for success in membrane protein
structural biology is the generation of a sufficient
quantity of protein for structural studies.® There
have been numerous strategies suggested to maxi-
mize the possibility of obtaining highly expressing
clones. For example, screening of homologues for
high level expression and crystallizability has been
successful in many examples.’!° Given the variable
protein expression between clones, homologue
screening in Pichia would become a very laborious
process, requiring perhaps hundreds of individual
clones to be screened for expression. In addition to
homologue screening, other approaches including
truncations, codon optimization, coexpression with
chaperones, and gene dosage could all be assessed in
a rapid and efficient manner using the method
established here. Given that AQP4, a protein known
to express well in P. pastoris and the very different
class of PEMT protein exhibit identical trends in the
plate screening assay it could be generally applied
for the identification of well expression membrane
proteins of a variety of types. Furthermore the corre-
lation between plate fluorescence, liquid culture flu-
orescence and protein expression suggests that the
plate screen can be used without further testing in
liquid culture to identify potential clones for high-
level expression. We have used this simple screen to
identify express and purify to milligram quantities a
PEMT homologue. Rapid plate based expression
screening has the potential to simplify and acceler-
ate the search for well expressing eukaryotic mem-
brane proteins.

Materials and Methods

Construction of GFP fusion vector

and cloning of PEMTs

A red shifted variant of enhanced GFP containing
the mutations F64L and S65T (eGFP) was amplified
from pEGFP-N1 (Clontech). To the C-terminus an 8x
His-tag was added, and to the N-terminus a tobacco
etch virus protease (TEV) cut site and a four amino
acid linker sequence was added. The PCR product
was then ligated into pPICZ-A (Invitrogen). Genes
(¢cDNA) for human, and mouse PEMT were a kind
gift of Dennis Vance (University of Alberta) and Sac-
charomyces cerevisiae PEMT (OPI3) were obtained
from the Protein Structure Initiative materials re-
pository.>® The genes were amplified using PCR and
cloned into pPICZA-GFP.

Expression Screening of Membrane Proteins



Transformation of Pichia pastoris

Plasmids containing the PEMT gene were purified
using maxi-prep kits (Qiagen), and 20 pg of DNA
was linearized overnight at 37°C with Sacl (Fermen-
tas, USA). Electrocompetent P. pastoris GS115 were
prepared following the protocol outlined in the
Pichia EasySelect™ Expression kit (Invitrogen,
USA). Linearized plasmid DNA was incubated with
80 uL of electrocompetent GS115 on ice and electro-
porated using a BioRad Gene Pulser at 2.5 KV, 25
uF, 100 Q. Cells were plated on YPDS (1% yeast
extract, 2% peptone, 2% dextrose, 1M sorbitol) media
containing 100 ug/mL zeocin, and incubated at 30°C
until colonies appeared (approximately 2 days).

PCR screening for insert

To confirm genomic integration of the expression
cassettes, individual colonies were picked into 10 pL
of sterile water. To lyse the cells, 5 pL of 5 U/ulL of
Iyticase (SIGMA, USA) was added and the cells were
incubated at 30°C for 10 min, followed by freeze-
thaw from —80°C to RT. A hot start PCR was set up
using TopTaq (Qiagen, USA). Briefly, 50 pL. PCR
reactions contained 5 pL. 10 X TopTaq buffer, 2.5 pL
10 mM dNTPs, 0.5 pL 25 mM Mg?*, 1 uL of 10 mM
forward and reverse primers 5 uL of cell lysate, and
30 pL of sterile water. PCR samples were mixed
thoroughly and placed in Eppendorf thermocycler at
95°C for 5 min before 5 uL of 0.16 U/uL TopTaq poly-
merase was added. PCR cycled 30 X with a 1 min
95°C denaturation, 1 min 54°C annealing stage and
1 min 72°C elongation. Samples were run on a 1%
agarose gel with 1% ethidium bromide.

Induction plating and imaging of PEMTs
Following the appearance of colonies on YPDS-zeo-
cin plates, a total of 50 colonies from each transfor-
mation were picked onto BMMY plates (1% yeast
extract, 2% peptone 100 mM potassium phosphate
buffer pH 6.0, 1.34% YNB (yeast nitrogen base) 4 x
10~° M biotin, 0.5% methanol) using a grid. As a
negative control, two colonies of untransformed
GS115 were also picked. Plates were incubated at
30°C for 24 h and imaged using an ImageQuant
LAS4000 imager equipped with blue light (GE
healthcare, USA). All exposures were taken at 1/8th
of a second. In order to quantify the intensity of the
colonies, the mean gray value was determined using
Imaged software.??

Culture fluorescence, small scale lysis and
protein expression

Colonies were inoculated into 5 mL of BMGY (1%
yeast extract, 2% peptone 100 mM potassium phos-
phate buffer pH 6.0, 1.834% YNB 4 x 10~° M biotin,
1% glycerol) and grown overnight at 30°C at 300
RPM. Cultures were sub-inoculated into 25 mL of

Brooks et al.

BMGY with a starting ODggo of 0.02 and grown for
24 h at 30°C at 300 RPM. When the cells had
reached at ODggy of ~7, they were spun down
(1500g, 5 min) and induced by resuspension of the
cell pellet in 25 mL of BMMY media and incubated
for 24 h at 24°C at 300 RPM. In order to measure
cell fluorescence, 5 mL of the cells were spun down
(1500g, 5 min) and resuspended in 200 pL of PBS in
a 96-well plate (Costar, USA). Fluorescence was
measured using a FluoroSTAR fluorescent plate
reader using an excitation wavelength of 488 nm
and emission wavelength of 509 nm with a gain of
800.

To correlate fluorescent measurements with pro-
tein expression, the remaining 20 mL of culture
were harvested by centrifugation (1500g, 5 min) and
resuspended in 50 mM KPO, Buffer, 0.3M NaCl,
10% glycerol, pH 8.0 so that the final ODgyo was
150. About 100 pL aliquots were taken from the
resuspended cells and lyticase was added to a final
concentration of 2 U/uL and incubated for 30 min at
30°C. The cells were then flash frozen in liquid
nitrogen for 2 min, followed by heat shocking at
30°C, the freeze thaw was repeated twice more, and
insoluble material and unbroken cells were removed
by centrifugation. The lysate was run on a 14% SDS
PAGE gel and imaged using blue light on an Image-
Quant LAS4000 (GE healthcare, USA).

Expression and purification of mPEMT

Clone 48 of mPEMT was grown overnight (30°C, 300
RPM) in 100 mL of BMGY media to a ODggo of 7. A
total of 6 L of culture was sub-inoculated into
BMGY and grown for 24 h (30°C, 300 RPM) to a
ODggp of 10. The cells was harvested by centrifuga-
tion (1500g, 10 min) and resuspended in an equal
volume of BMMY induction media. The cultures
were grown for 48 h (25°C, 300 RPM), adding fresh
methanol at 24 h (0.5%). The cells were harvested
by centrifugation (1500g¢, 10 min) and resuspended
in 300 mL of 50 mM Tris pH8.0, 0.15M NaCl, 5%
glycerol and lysed by passage through a Constant
Systems cell disruptor at 40,000 PSI. Cell debris
was pelleted by centrifugation (3000g, 10 min) and
membranes were isolated by ultracentrifugation
(100,000g, 2 h). Membranes were homogenized in 50
mM Tris pH 8.0, 0.15 M NacCl, 5% glycerol, and solu-
bilized in 1% Fos-choline-12. Insoluble material was
pelleted (100,000g, 30 min) and the supernatant
batch bound to Ni-NTA agarose (Qiagen) for 2 h at
4°C and washed and eluted using a step imidazole
gradient in 0.1% Fos-choline-12. The purified fusion
protein was digested using TEV protease with a 1:1
w/w ratio. mPEMT was purified from GFP and TEV
using M2 FLAG tag resin (Sigma) according to the
manufacturer’s instructions. The final purified pro-
tein was injected onto a Superdex 200 16/60 column
equilibrated in 20 mM Tris pH 8.0, 0.15 M NaCl, 5%

PROTEIN SCIENCE ‘ VOL 22:426-433 431



glycerol, 0.15% FC-12 to ensure that the protein was
not aggregated (Supporting Information Fig. SI2).
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