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Abstract

In the last 15 years, 80 % of all recombinant proteins reported in the literature were

©CoO~NOUTA,WNPE

10 produced in the bacterium, Escherichia coli, or the yeast, Pichia pastoris. Nonetheless,
12 developing effective general strategies for producing recombinant eukaryotic membrane
15 proteins in these organisms remains a particular challenge. Using a validated screening
procedure together with accurate yield quantitation, we therefore wished to establish the
20 critical steps contributing to high yields of recombinant eukaryotic membrane protein in P.
pastoris. Whilst the use of fusion partners to generate chimeric constructs and directed
25 mutagenesis have previously been shown to be effective in bacterial hosts, we conclude
that this approach is not transferable to yeast. Rather, codon optimisation and the
30 preparation and selection of high-yielding P. pastoris clones are effective strategies for

maximising yields of human aquaporins.
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Introduction

Membrane proteins generally constitute about 30 % of the proteins in a proteome. These
proteins are key molecules in the communication and transport processes of a cell and
consequently the majority (60-70 %) of current drug targets are membrane proteins.
However, membrane proteins are difficult to produce, purify and crystallize [1, 2], which
hampers structure-aided drug design. Essentially, there are no more than 277 unique
membrane protein structures (http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html)
in the Protein Data Bank (http://www.rcsb.org/) of which 35 % are eukaryotic and one
quarter of these (9 %) are of human origin. Obtaining sufficient functional membrane
protein for subsequent structural analysis remains an enduring bottleneck in this drug

discovery pipeline.

The bacterium E. coli is the most common host for the heterologous production of soluble
proteins, especially those of bacterial origin [3], but there is still limited success in the use of
bacteria for the production of eukaryotic integral membrane proteins. In comparison, yeast
is very suitable for structure-activity analyses of membrane proteins, having the advantages
of a eukaryote, whilst being a microbe with well-established genetic tools [4]. For eukaryotic
membrane proteins, there are good reasons to choose a eukaryotic rather than a
prokaryotic host: the rate of polypeptide elongation is 4-10 times slower in eukaryotes
compared to prokaryotes and the translocon is different [5]. Studies in yeast have shown
that translation rather than transcription or targeting is the main limiting factor for

membrane protein production [6, 7]. In addition, the lipid composition in prokaryotes and
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eukaryotes differs, which has consequences for the localisation, stability and functionality of

the recombinant membrane protein [8].

In the last 15 years, 80 % of all recombinant proteins reported in the literature were
produced in the bacterium, E. coli, or the yeast, Pichia pastoris [9]. P. pastoris has gained
increasing attention for its ability to drive expression from its powerful and tightly-regulated
AOX1 promoter as well as its ability to reach very high cell densities in bioreactors [10]. Very
high yields have been reported for soluble proteins expressed and purified from P. pastoris,
e.g. 3-6 g/L of synthetic gelatine [11] and human growth factor [12]. While yields as high as
25 mg pure protein/L have been reported from Saccharomyces cerevisiae [13], 115 mg
highly-pure membrane protein per litre culture are achievable in P. pastoris [14, 15].
Moreover, P. pastoris is a common source for eukaryotic membrane protein structures, a
potassium channel [16] and a gated plant aquaporin [15] being just two of eight examples to

date.

The P. pastoris system requires that the gene of interest is integrated into the host genome.
Transformation of the corresponding plasmid DNA can be achieved by two different
methods; chemical transformation using lithium chloride or electroporation. Electroporation
is commonly recommended since the higher transformation frequency achieved by this
method more likely results in a higher frequency of multiple insertions of the gene to be
integrated [17]. This higher gene dosage, resulting in so-called ‘jack-pot’ clones, is assumed

to further result in a higher yield of the final protein product [18]. However, for integral

URL: http://mc.manuscriptcentral.com/tmbc E-mail: t.magee@imperial.ac.uk



©CoO~NOUTA,WNPE

Molecular Membrane Biology

membrane proteins this correlation has not been systematically examined, and indeed may
not hold since an overloading of the transcription and translation machinery might occur. In
this study, members of the aquaporin family that give different overproduction yields in P.
pastoris, were therefore used to assess the impact of the transformation method on the
final protein yield as quantified using our previously-validated method for accurate vyield

determination [14, 19].

A common strategy for the recombinant production of novel targets with an intrinsically low
production yield is fusion with a stable and highly-produced peptide sequence. This strategy
has been especially successful in E. coli. For soluble proteins, fusions to the maltose binding
protein (MBP) as well as other fusion partners (e.g. the carboxyl terminal fragment of the
Mycobacterium tuberculosis antigen) have significantly increased the overall yields of
soluble recombinant proteins in both E. coli and yeast [20-22]. Recently, the protein Mistic
was suggested to perform the same role for eukaryotic integral membrane proteins in
bacteria [23, 24]. Further investigations of Mistic homologues revealed that the
hydrophobic core and the length of the linker between the proteins are crucial for
successful production of fusion proteins in E. coli [25]. The development of a similar
approach for the production of eukaryotic membrane proteins in yeast was therefore

evaluated in this study.

We and others have previously shown that there is substantial variation in production yields

between highly-related proteins [19], which might suggest that the limiting factor lies within
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the protein sequence itself, although the precise ‘code’ is not yet known. Knowledge of such
codes could be used to drive high vyielding protein production. In comparison, certain
mutations could give rise to substantially higher production levels, like the redirection of the
hAQP4 folding pathway resulting in yields enough for purification and characterisation [19].
However, such specific alterations of the sequence are rare based on limited information of
the target of interest. A more general approach is gene optimisation which is mostly done in
order to adapt the target sequence to the host based on the codon usage, mainly to avoid
shortage of tRNAs. The codon usage in a certain organism is commonly referred to as Codon
Adaptation Index (CAl) [26]. For situations when the gene and host are markedly different in
CAl, codon adaptation is an appropriate strategy as exemplified by the successful
production of the AQP from the malaria parasite Plasmodium falciparum in P. pastoris [27].
However, for genes and hosts that are very similar in CAl, gene optimisation might not be
the obvious way forward, as exemplified by the human aquaporins produced in P. pastoris.
Notably, even though the human aquaporins represent a fairly homogenous group of
targets, their yield in P. pastoris showed a surprisingly high variation [19]. Therefore, gene
optimisation in the context of differences in CAl, gene sequence repeats, codon usage, GC
content, polyA sites, splice sites and RNA secondary structure (Geneart; based on
intellectual property in patent W02004059556 ‘Method and device for optimising a
nucleotide sequence for the purpose of expression of a protein’) was tested for one of the

poorest producing human aquaporins.

Here, we combined a rapid small-scale screening procedure with accurate yield quantitation

to identify the critical steps contributing to increased final eukaryotic membrane protein
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yield in P. pastoris. We show that the use of a fusion strategy is not transferable from E. coli
to yeast. Instead the choice of transformation protocol, the clone selection step and codon

optimisation are critical in establishing a high-yielding production experiment.

URL: http://mc.manuscriptcentral.com/tmbc E-mail: t.magee@imperial.ac.uk

Page 8 of 48



Page 9 of 48

©CoO~NOUTA,WNPE

Molecular Membrane Biology

Methods

Cloning

All construct are based on the P. pastoris vector pPICZB (Invitrogen) for intracellular protein
production. Primers used for specific constructs are listed in Table S1. For all PCR reactions
and ligations, Phusion DNA polymerase (Finnzymes) and Quick T4 DNA Ligase (New England
Biolabs), respectively, were used. For all constructs, C-terminal hexa-histidine tag directly
followed by a stop codon, was included. In brief, a codon optimised gene of Mistic for
production in P. pastoris was ordered from GeneArt. The gene was amplified by PCR and
cloned into the P. pastoris vector pPICZB creating a 16 amino acid linker, containing a spacer
region and a TEV protease cleavage site (see figure S1), between the protein and the Xbal
site. This construct, Opt-Mistic/pPICZB, was used as vector for the M1 and M2 construct
(see Fig. 3A). The full length hAQP1 and hAQP8 was amplified and inserted downstream of
the linker in Opt-Mistic/pPICZB. A codon optimised gene of hAQP4 for production in P.
pastoris was ordered from GenScript. The gene was flanked by restriction sites for Sful and
Xbal which were used to sub-clone the gene into the P. pastoris vector pPICZB, creating the
construct Opt-hAQP4/pPICZB. For imaging, a pPICZB vector containing Strongly enhanced
Green Fluorescence Protein (SGFP2) [28] was made by amplification of SGFP2. The resulting
vector, SGFP2/pPICZB, was used in creation of hAQP1-SGFP2 and hAQP8-SGFP2 where the
hAQP1 and the hAQP8 gene, respectively, was cloned into SGFP2/pPICZB upstream of the
SGFP2 gene creating a 12 amino acid long linker with a spacer region (see figure S1). For F1
(see Fig. 4A) two primers were annealed to each other creating a double stranded DNA
fragment with two cleavage sites for restriction enzymes. This fragment was inserted into a

new vector, hAQP8M/pPICZB (described below), upstream of the hAQP8 gene with
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restriction enzymes creating a linker of 16 amino acids, containing a spacer region and a TEV
protease cleavage site (see figure S1), between the two genes. The hAQP8M/pPICZB vector
contains hAQP8 in pPICZB with the first methionine removed to prevent transcription start.
F2 was made in one single PCR reaction where the forward primer contained a 17 amino
acid long linker with a spacer region and a TEV protease cleavage site (see figure S1). The
PCR product was inserted into pPICZB-hAQP1-Myc-Hisg [14] downstream the hAQP1 gene.
For C1 (see Fig. 5A) the N-terminus of hAQP1 was included in the forward primer, whereas
for C2-C4 (see Fig. 5A) two different gene fragments were amplified in separate reactions
and ligated in a blunt end ligation. The resulting DNA fragments were used as a template for
a new PCR reaction and the resulting chimeric fragment were cloned into the P. pastoris
vector pPICZB. S1 (see Fig. 6A) was made in the same way as C1 whereas for S2 (see Fig. 6A)
two different reactions where needed to create two PCR fragments with complementary
parts. A third PCR reaction with the S2s0pip2:1 -260 forward primer and the S2paqpi 228- reverse
primer created the final fragment which was subsequently cloned into the P. pastoris vector

pPICZB.

All constructs were confirmed correct by sequencing (Eurofins MWG Operon).

High zeocin concentration screen

In the general screen, 20 transformants were screened for growth on YPD plates containing
high concentration of zeocin (2000 pg/mL) and analysed after two to seven days. The
protein production yields of selected transformants were quantified using the small scale

screening method for protein production as described in previous work [12, 19]. To optimise

10
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the screen for growth on high zeocin YPD plates, 40 colonies were compared in three
different variants of the method. In the first screen, a pipette tip was used to streak cells on
the high zeocin plate, having the intrinsic disadvantage that slightly different amounts of
cells are streaked out which in turn affect the accurate comparison. For a more reliable
comparison, the screen was improved by resuspending the cells in YPD media and adjusting
ODggg to 20 mOD units in each drop, assuring that the same amount of cells were plated for
each transformant. To improve the screen even further, the volume in each drop was
adjusted in addition to the amount of cells. In this case 10 mOD of cells where plated in each

drop. The plates where incubated at 30°C, and visually observed for seven days.

Protein production in P. pastoris

All constructs were linearized using the Pmel restriction endonuclease (Fermentas) before
transformation to the P. pastoris wild type strain X-33. The substitution constructs S1 and S2
in figure 6 was transformed using the lithium chloride method, since this was the original
transformation method for the reference protein SoPIP2;1. The lithium chloride
transformation method in brief; P. pastoris cells are grown to an OD600 of 0.9, washed with
water and LiCl and resuspended in LiCl. Cells, PEG, carrier DNA and the plasmid DNA is
mixed in an eppendorf tube, incubated at 30°C for 1h and then subjected to a heat shock at
42°C for 25min. Finally, the cells are incubated for up to 4h at 30°C and spread on zeocin
containing YPD plates. Also, for comparison of transformation methods, the lithium chloride
method was also used for selected constructs (hAQP1, hAQP4 and hAQP8) in Fig 1. Based on
the results from Fig. 1, all other constructs were transformed by electroporation

(Invitrogen). In brief, P. pastoris cells are grown to an ODg of 1.3, washed by ice cold

11
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distilled water and resuspended in cold sorbitol. Cells and DNA is mixed in an
electroporation cuvette and subjected to an electric pulse of 2.2kV directly followed by
addition of sorbitol. Finally, the cells are incubated for one hour at 30°C and spread on
zeocin containing YPDS plates. Protein production, quantitation of total production yields

and densitometry measurements was made as described earlier [19].

Determination of expression profile

To measure the membrane expression profile, line intensity profiles were generated of
confocal images of individual live cells. A minimum of three line profiles distributed at
regular intervals covering the entire cell were measured in at least three independent
experiments. The fluorescence intensity over this distance was also measured and the
difference between the mean of the two outermost fluorescence peaks and the mean of the
fluorescence between these two peaks was divided by the maximum fluorescence along the
line scan to calculate the percentage of fluorescence at the outermost membrane. This was
termed the relative expression (RE) [29, 30].An RE of 100% indicated that all fluorescence
was detected in the outer circumference of the cell. An RE of 0% indicated that all
fluorescence was detected in the cytoplasm and/or within invaginated membranes with no

outer circumference fluorescence.

12
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Results

Electroporation is superior to lithium chloride transformation for generating high-yielding P.

pastoris clones

Chemical transformation and electroporation were evaluated for the generation of high-
yielding P. pastoris clones. Members of the aquaporin family, for which we had previously
established accurate production yields in P. pastoris were selected as targets in order to
determine whether their yields could be further improved in the clone generation step.
hAQP1, hAQP8 and hAQP4 had previously been shown to be produced respectively in high-,
moderate- and no-yield following chemical transformation [19]. Total production yields
were therefore quantified after either chemical transformation or electroporation. Using
our established method for reliable quantitation of membrane protein production yields, we
estimated the relative yields in total cell extracts using immunoblots of triplicate cultures
compared with a reference target and an internal standard [19]. The resulting yield of each
target from whole cell lysates was quantified as shown in Fig. 1A. hAQP1 was seen in its
monomeric form, hAQP4 was distributed as both monomers and dimers and hAQP8 was
monomeric with some degradation. For hAQP1, the production yield was 40 % that of our
highest yielding clone (SoPiP2:1 [15]), irrespective of the transformation method used (data
not shown). For hAQP8, which is produced to moderate yields in P. pastoris after chemical
transformation, the production was increased by a factor of five when using electroporation
(Fig. 1B). The yield of hAQP4 was below the detection limit after chemical transformation,
while electroporation resulted in yields promising for scale up and purification trials (Fig.

1B).

13
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Screening at high zeocin concentrations is an efficient way to identify P. pastoris clones with

high membrane protein yield

In order to increase the efficiency of screening for positive transformants, we examined the
relationship between the final recombinant protein yield in whole cell lysates and the
growth of the recombinant host at high zeocin concentrations (2000 pg/mL; Fig. 2A). For the
aquaporins under study, a clear correlation between the ability to grow on high
concentrations of antibiotic and membrane protein production yields emerged, where the
largest colonies also showed the highest protein production yield, consistent with the
observation that multiple insertion events can lead to high protein yields. To make this
qualitative assessment more quantitative, an equal density of cells was plated (Fig. 2C) and
compared to plates in which the volume was additionally adjusted to be equivalent for all
samples (Fig. 2D). In the simplest variant of the screening method (Fig. 2B), differences were
difficult to identify on account of differences in cell density. A more accurate variant
therefore compared an equal density of cells (Fig. 2C). However, the most reliable screen
was achieved when both the cell density and volume were adjusted (Fig 2D). Based on this
screen, the crude extract from the two best growing colonies, 11 and 21 (Fig. 2D; Table 1),
were compared on an immunoblot confirming that production was high, with colony 21

giving a better yield than colony 11 (data not shown).

Recombinant hAQP1 and hAQPS8 are localized to the P. pastoris membrane

Confocal imaging of recombinant P. pastoris cells showed membrane localization of both

hAQP1-GFP and hAQP8-GFP (Fig. 3). This supports the production of correctly-folded,

14
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recombinant human aquaporins in this host. Bleaching experiments showed that bleaching
of hAQP8-GFP was more rapid than hAQP1-GFP suggesting that hAQP1-GFP is produced at
higher yields than hAQP8-GFP, as previously shown by immunoblot for the same proteins
not fused to GFP (Fig. 1A). These data also indicate that the expression profiles for the two
aquaporins are different at 48h post-induction, with an RE of 79+2% and 27+2% hours for

hAQP8-GFP and hAQP1-GFP, respectively.

Mistic-hAQP fusions are stable in P. pastoris but do not increase yield

We examined whether production of our low-yielding AQP targets could be improved by
fusing them to Mistic, a protein which has previously been shown to be stably produced at
high yields in bacterial membranes. Chimeras were made in various combinations (Fig. 4A).
For use in P. pastoris, Mistic was specifically codon optimised (Opt-Mistic) and its
production was found to be remarkably stable (Fig. 4B) with yields in the same range as the
highest hAQP1 yield (Fig. 4C). The fusion of Opt-Mistic to hAQP1 (M1) resulted in a stable
product of the expected molecular weight where the monomeric band was dominant on the
immunoblot but a dimeric form was also observed (Fig. 4B). For Opt-Mistic-hAQP8 (M2) the
majority of the product corresponded to the expected molecular weight, but some
degradation, as seen for hAQP8 alone, was also observed (Fig. 4B). However, for both M1
and M2, the fusion to Mistic resulted in lower yields compared to non-fused targets (Fig.
4C). These data suggest that the concept of increasing eukaryotic membrane protein yields

using Mistic partners cannot be extrapolated from E. coli to P. pastoris.

15
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The carboxy-terminal hydrophilic extensions of AQP1 may direct high yields of human

aquaporins

In order to explore further the use of a fusion strategy, hAQP1 was identified as a highly-
homologous partner for low-yielding hAQP8. Full length hAQP8 was therefore fused either
to the amino terminus of hAQP1 (F1: Fig. 5A), or to the whole protein (F2; Fig. 5A). As seen
in Fig 5B, full-length F1 was produced as well as a smaller protein product of the same size
as hAQPS itself (27 kDa). For F2, the band on the immunoblot was smaller than any of the
individual fusion partners consistent with degradation and instability of the product (Fig.
5B). Overall the total yields were not improved (Fig. 5C). For F1 and F2, a linker of 17 amino
acids had been included between the two proteins, but when this was removed the same
outcome was obtained (data not shown). When hAQP1 TMD1, TMD1-2 or TMD1-3,
respectively, were also fused to the amino terminus of hAQP8 there was no improvement of

the yield (data not shown).

To more specifically identify regions of AQP1 that might direct high yields, four additional
chimeric constructs were made (C1-C4; Fig. 6A). These constructs were comprised of hAQP8
in which the amino-terminus, TMD1, TMD1-2 or TMD1-3 were substituted in turn for the
corresponding sequences of hAQP1. When the amino-terminal sequences of hAQP8 were
substituted with the corresponding hAQP1 sequences, yields were very low (Fig. 6C). In
contrast, exchanging the first two or three helices did not substantially affect the yield (Fig.
6C). This pointed to the importance of the carboxy-terminal half of hAQP1 being a potential

determinant of successful membrane protein overproduction.

16
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In order to investigate the role of the termini with respect to production yields, the
hydrophilic domains of two highly-produced targets, hAQP1 and SoPIP2;1, were exchanged.
The amino- and carboxy-termini of SoPIP2;1 were replaced with the corresponding
sequences of hAQP1, to give S1 and S2, respectively (Fig. 7A). For this approach, the hAQP1
construct giving the highest yield in P. pastoris; hAQP1-Myc-Hisg with a yield of 1.5 relative
to SoPIP2;1 production [19], was used. Notably, S1 and S2 were stably produced, no
degradation was observed (Fig. 7B) and the yield of SoPIP2;1 was not affected by the
exchange of the amino-terminus. In contrast, exchange of the carboxy-terminus led to an
even higher yield than for SoPIP2;1 itself (Fig. 7C) supporting the view that sequences within

the carboxy-terminus of hAQP1 can direct high yields of human aquaporins.

Codon optimisation results in substantially higher production yields for hAQP4

As part of this study, the Mistic protein was codon optimised for production in P. pastoris
and high vyields were observed (Fig. 4D). hAQP4 was therefore selected for codon
optimisation, giving Opt-hAQP4, on account of its low yields ([19] and Fig. 1). Opt-hAQP4
showed a substantial increase in yield comparable with that of hAQP1 (Fig. 8B), clearly
supporting the use of codon optimisation in order to increase initial production yields. As
seen in Fig. 8A, Opt-hAQP4 was stably produced in P. pastoris and bands corresponding to
both the monomeric and oligomeric forms were observed on the immunoblot. In a previous
study, two mutations directing the folding pathway were introduced into hAQP4 (M48N,

L50K; [19]) resulting in hAQP4* being produced at higher yields than hAQP4. We noted that

17
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codon optimisation exceeded the benefits of this mutational strategy by a factor of two.
When hAQP4* in addition was codon optimised, giving Opt-hAQP4*, stable products at
slightly higher yields than Opt-hAQP4 was achieved in P. pastoris (Fig. 8B). In both cases,
applying mutation or optimisation, there is sufficient material for further functional

characterisation and crystallisation attempts of the full length hAQP4 protein.

18
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Discussion

In order to optimise any protein production experiment, several parameters must be
considered. Here we evaluated the role of clone selection, fusion partners and codon

optimisation in obtaining high yields of members of the aquaporin family.

Clone selection

Chemical transformation using lithium chloride has previously been used routinely in
generating P. pastoris strains [19] despite the fact that electroporation is likely to result in a
higher frequency of multi-copy integrants [17], which in turn should result in higher
production yields. While several studies have suggested that slowing the rate of translation
may increase the functional yield of recombinant membrane proteins [5], including
members of the aquaporin family [7], a link has not been established between gene dosage
and yield in these reports. Consequently, we investigated the impact of the transformation
method on the final yield. For the low-yielding targets, hAQP4 and hAQPS, a significant yield
improvement was observed following electroporation (Fig. 1) suggesting that low yielding
targets benefit from increasing gene dosage. This was supported by the observation that the
highest yielding clones also survived growth on high zeocin concentrations, as multi-copy
insertions contain repeated insertions of the gene of interest together with a zeocin
resistance gene. The frequency of multi-copy insertion is predicted to be 1-10% and hence it
would be necessary to screen up to 1000 transformants in order to identify them. We noted
that screening on 2000 pug/mL zeocin is a rapid and effective way to identify these high-

yielding clones.

19
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Notably, confocal microscopy imaging of hAQP1-GFP and hAQP8-GFP showed that both
high- and moderate-yielding targets were localized to the yeast membrane, supporting
proper processing of recombinant integral membrane proteins in the host cell. Moreover,
the total amount estimated by imaging is in good agreement with the total production
yields quantified by immunoblot (Fig. 4C). Interestingly, the expression profile of the two
proteins in P. pastoris cells differed (Fig. 3). This observation could be consistent with
saturation and overload resulting from a membrane protein production level as high as the

one observed for hAQP1 in the P. pastoris plasma membrane [14, 19].

Fusion partners

In this study a set of constructs was designed with different combinations of fusion partners,
chimeras and domain swaps analogous to previous approaches predominantly in E. coli [20-
24]. In a first approach, Mistic [23] was codon optimised for production in P. pastoris and
used as a fusion partner for hAQP1 and hAQP8 representing a high- and a low yielding
target, respectively. Even though codon-optimised Mistic itself was produced at high yields
in P. pastoris, it did not direct high yields of its fusion partners (Fig. 4B). A possible
explanation for this is that fusion of the two proteins results in a chimera that cannot be
easily processed by the yeast translocon machinery, compared with its prokaryotic
counterpart. More likely, however, is that Mistic, which is a prokaryotic protein, does not
behave in the same way when produced in a yeast cell and, hence, does not bring the same
positive influence in a eukaryotic context. In contrast, a eukaryotic membrane protein that

has already been shown to be stably produced in high yields in P. pastoris should be a

20
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suitable fusion partner. Consequently, hAQP1 [14, 19] was selected to drive the production
of a homologous, but less well produced protein, hAQP8. Fusion with either the full-length
protein, or parts of its amino-terminus was not a successful strategy resulting in unstable
products and low yields (Fig. 5). Interestingly, different folding routes are observed for
aquaporins when their transmembrane domains are inserted in various orders which may
explain this observation [31]. In relation to this, shorter amino-terminal exchanges in
general resulted in more unstable proteins compared to the situation where half the protein
was exchanged (Fig. 5). This coincides well with the fact that aquaporins are comprised of an
inverted repeat of three helices [32], and hence chimeras combining two homologous

repeats are more stable.

To follow up the observation that shorter swaps were less tolerated when fused to hAQPS,
shorter domains were swapped between two proteins both known to be stably produced to
high yields in yeast, namely hAQP1 and SoPIP2;1 [14, 33]. Notably, both the N- and the C-
terminus of SoPIP2;1 could be replaced by the corresponding termini from hAQP1 without
the following decrease in production yield previously observed for hAQP1-hAQP8 chimeras
indication stable formation of stable product formation from those domain swaps (Fig. 7).
Noteworthy, the substitution of the C-terminus resulted in an even higher yield compared
to native SoPIP2;1. Mainly, this observation emphasize that the importance of the
hydrophilic extensions for high production vyield. In addition, the stable production of
domain swaps between hAQP1 and SoPIP2;1 implies that these two proteins share the same
folding pathway, while hAQP8 has another folding route giving rise to unstable hAQP1-

hAQP8 chimeras (Fig. 6). Our previous results showing that the successful strategy to
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improve the production yield of hAQP4 by a supposed redirection of its folding pathway [19]

further supports such an explanation.

Codon optimisation

Codon bias is an intrinsic problem in heterologous protein production and need to be taken
into account in the experimental design [34]. Codon optimisation in order to optimise the
sequence for a specific host has been used with great success previously. Especially when
the codon usage for the gene and the specific host is severely different, as for Plasmodium
falciparum AQP produced in P. pastoris [27], codon optimisation is the logic approach. On
the contrary, a totally different situation emerged for human proteins to be produced in
yeast. More specifically, Codon Adaptation Index (CAl) for one of the low yielding human
aquaporin targets, hAQP4, is very similar in human and in yeast; 0.760 and 0.707,

respectively (http://genomes.urv.es/CAlcal). Hence, the impression is that underlying

reason for the low production yield of hAQP4 in P. pastoris could not be explained by CAl.
Nevertheless, the optimised hAQP4 gene (Opt-hAQP4) showed a dramatic improvement in
production yield (Fig. 8), even a bit higher than that of mutated hAQP4 (hAQP4*) [19]. The
likely explanation to this is the benefit from improved mRNA stability in the specific host
which is the additional improvement besides CAl adaption included in the gene optimisation
concept. While the codon optimisation as such is likely to improve the translation process
making sure there is no depletion of tRNAs for a specific codon, other strategies can be
applied to improve the translocation process specific for integral membrane proteins.
Noteworthy, translocation is highlighted as the main bottleneck for successful membrane

protein production, especially for heterologous production [5]. Indeed, specific mutations
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affecting the folding pathway and tetramer stability of hAQPs has also been showed to have

a very positive influence on the production yield [19]. However, for such specific protein

©CoO~NOUTA,WNPE

dependent strategies, a deep knowledge of the selected target is critical, knowledge that to
11 date could be regarded as luxury taking collection of substantial amounts of functional and
structural information on each individual protein. However, for the few cases when such
16 information is available, such a stream lines design, combining strategies improving the
19 translation and translocation processes (Opt-hAQP4*), would have the highest success rate,

21 se Fig. 8B.
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Conclusion

When getting as far in the optimisation as possible with the construct design, the other
aspect to consider is to optimise growth conditions to maximize the membrane protein
production yield. From our previous work we know that optimal growth conditions for the
host is not at all the same as optimal production conditions for a specific protein [7]. Hence,
especially for an integral membrane protein where the production involves more partners in
the cellular machinery compared to their soluble counterparts, growth is a critical
consideration. Taken together, a substantial improvement on membrane protein production
can be achieved by method optimisation achieving and selecting high vyielding
transformants. For the gene design, more information has to be gathered in this precious
field in order to understand and be able to conduct a high yielding production experiment of
a desired membrane protein target. At its current status, it clearly takes directed
approaches for a specific protein to be successful. Hence, a deep knowledge about the
target of interest is needed. Thus, we are left with the major challenge to find general
concepts valid for any membrane protein. However, the collected message from this study,
and other studies of this kind, is that large changes on the gene level tend to have a
negative influence on the production while subtle changes and directed protein specific
strategies appears to be the solution, a conclusion that appears exceptionally valid for an

integral membrane protein.
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Figure legends

Figure 1. Total production yield as a result of different transformation methods.

(A) Immunoblot showing whole cell lysate for hAQP1, hAQP4 and hAQPS8, respectively, from
triplicate P. pastoris cultures. The proteins are detected using the His-tag. Chemical
transformation is indicated by c and electroporation with e, respectively, after each protein
name. (B) Bar graph showing the quantified production yield relative the reference protein
SoPIP2;1. The left bar indicates the total production yield of clones transformed with the
lithium chloride method whereas the right bar shows clones transformed with

Electroporation

Figure 2. High zeocin growth screen

Showing YPD plates containing high concentration of zeocin to find colonies able to grow
during these conditions, suggesting they have multiple inserts of the expression cassette
containing the zeocin resistance gene. (A) Immunoblot showing the total production yield
after a small scale screen for protein production in P. pastoris made from a selection of
colonies shown on the plate below. Colony number is indicated above the immunoblot and
under the plate, respectively. The correlation between colony size and signal strength has
been indicated with two arrows. (B) Screen where different amount of cells are spread on a
plate to quickly find colonies which can survive on high concentration of zeocin. Left plate
has been incubated for two days and the right plate for seven days. (C) Screen where equal
amounts of cells resuspended in liquid media are plated but with a different total volume.

Left plate has been incubated for two days and the right plate for three days. (D) Screen
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where both the amounts of cells and the volume of the drop has been adjusted. Left plate

has been incubated for two days and the right plate for three days.

This Figure is reproduced in colour in Molecular Membrane Biology online.

Figure 3. Membrane localisation of hAQP1 and hAQPS8 in P. pastoris

Production profiles of mutant AQP-GFP fusion proteins in P. pastoris where a) shows hAQP1
and b) shows hAQP8. Cells shown are the same culture at 24 h and 48 h post-induction

sequentially, from left to right. Line scans below each image are indicated with a yellow line.

Figure 4. Production of Mistic fusions in P. pastoris

(A) Fusion constructs of Opt-Mistic and human aquaporin homologues; M1 and M2. hAQP1
(yellow), hAQP8 (green) and the linker (light blue) are indicated. (B) Immunoblots showing
the total production in whole P. pastoris cell extracts of Mistic fusions; M1 and M2; as well
as individual fusion partners. Samples representing the total production yield in P. pastoris
are loaded in triplicates for each construct. The amount of total protein loaded for each
construct is stated above each immunoblot. (C) Bar chart showing the total production

yields of Mistic fusions and individual fusion partners.

All yields are relative the SoPIP2;1 production, for which the production is set to one. The y-
axis represent average from triplicate cultures, error bars show the standard deviation

(n=3).

This Figure is reproduced in colour in Molecular Membrane Biology online.
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Figure 5. Production of hAQP1 fusions in P. pastoris

(A) Fusion constructs of human aquaporin homoglous; F1 and F2. hAQP1 (yellow), hAQP8
(green) and the linker (light blue) are indicated. (B) Immunoblots showing the total
production in whole P. pastoris cell extracts of fusion constructs; F1 and F2. Samples
representing the total production yield in P. pastoris are loaded in triplicates for each
construct. The amount of total protein loaded for each construct is stated above each
immunoblot. (C) Bar chart showing the total production yield of fusion constructs; F1 and
F2, relative hAQP8. All yields are relative the SoPIP2;1 production, for which the production
is set to one. The y-axis represent average from triplicate cultures, error bars show the

standard deviation (n=3).

This Figure is reproduced in colour in Molecular Membrane Biology online.

Figure 6. Production of hAQP chimeras in P. pastoris

(A) Chimeric constructs of aquaporin homologues; C1-C4. hAQP1 (yellow) and hAQP8
(green) are indicated. (B) Immunoblots showing the total production in whole P. pastoris cell
extracts of chimeric constructs; C1-C4. Samples representing the total production yield in P.
pastoris are loaded in triplicates for each construct. The amount of total protein loaded for
each construct is stated above each immunoblot. (C) Bar chart showing the total production
yield of chimeric constructs; C1-C4, relative hAQP8. All yields are relative the SoPIP2;1
production, for which the production is set to one. The y-axis represent average from

triplicate cultures, error bars show the standard deviation (n=3).
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This Figure is reproduced in colour in Molecular Membrane Biology online.

Figure 7. Production of hAQP domain swaps in P. pastoris

(A) Domain swaps of aquaporin homogogues; S1 and S2. SoPIP2;1 (blue) and hAQP1 (yellow)
are indicated. (B) Immunoblots showing the total production in whole P. pastoris cell
extracts of domain swaps; S1 and S2. Samples representing the total production yield in P.
pastoris are loaded in triplicates for each construct. The amount of total protein loaded for
each construct is stated above each immunoblot. (C) Bar chart showing the total production
yield of domain swaps; S1 and S2. All yields are relative the SoPIP2;1 production, for which
the production is set to one. The y-axis represent average from triplicate cultures, error bars

show the standard deviation

This Figure is reproduced in colour in Molecular Membrane Biology online.

Figure 8. Production of gene optimised hAQP4 in P. pastoris

(A) Immunoblot showing the production of hAQP4, hAQP4*, Opt-hAQP4 and Opt-hAQP4*,
respectively, in total cell extracts. Samples representing the total production yield are
loaded in triplicates for each construct produced in P. pastoris. The amount of protein
loaded for each target is indicated on top of the immunoblot. (B) Bar chart showing the
guantified production vyield of hAQP4*, Opt-hAQP4 and Opt-hAQP4*, respectively,

compared to hAQP4 and related to the SoPIP2;1 production, for which the production is set
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to one. The y-axis represent average from triplicate cultures, error bars show the standard

deviation (n=3).

This Figure is reproduced in colour in Molecular Membrane Biology online.
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Table I. High zeocin screen on Pichia pastoris transformants

The largest, densest colonies from a total of 40 (Fig. 2) are listed after different incubation

©CoO~NOUTA,WNPE

times at 30 °C.

13 Screen number and short description Day Largest/densest

15 colonies®

w

18 Screen #1. Different amount of cells, different 21,11, 18,37,12

32 area 7 11, 21, 18, 37, 04

24 Screen #2. Same amount of cells, different 2 11,21, 04, 15,18

g? volume 3 11, 21, 04, 15, 18
30 2 11, 21, 18, 37

31 Screen #3. Same amount of cells, same volume
32 3 11, 21, 18, 37

! Colonies are referred to by the number of the square where they are growing (Fig. 2).
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Figure 3
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Figure 8
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Table S1.

Molecular Membrane Biology

Primers and restriction enzymes used for the cloning of the constructs.

Construct name’

Forward Primer?

Reverse primer3

S1 haap1 -4, sopIP2;132-
304

S250p1p2;1 -260
S2haqp1 228
Clhaqpi -4, haaps 29-
C2haqp1 45
C2haqps 61-
C3haar1 76
C3haaps 92-
Clpagpr -128
Clhaaps 147-

hAQP8,./pPICZB

F1 hAQP1-4, hAQP8

F2haap1, haars

Mistic/pPICZB

Mistic-hAQP1

Mistic-hAQP8

SGFP2/pPICZB

hAQP1-SGFP2

hAQP8-SGFP2

GCGGAATTCAAAATGGCCAGCGA
GCTCAAATTGTGGTC
AGCCATATGTGGTGTAGGA*

GCAGTAGCAGCAGCATACCAGG
ACTTCATGCTGGCC
GACGAATTCAAAATGGCCAGCGA
GTGGTACGAACGGTTTGTG
GACGAATTCAAAATGGCCAGCGA
GTTCAAG
GACACTGGGCTGCTGCAGCCG*

GACGAATTCAAAATGGCCAGCGA
GTTCAAG
CCTGCGGTGTCCCTGGCAGCC*

GACGAATTCAAAATGGCCAGCGA
GTTCAAG
GTCCAGGAGCAGGGGCAG*

GACGAATTCAAATCTGGAGAGAT
AGCCATG
GGCTTCGAAAAAATGGCCAGCGA
GGATTACGATATCCCAACTACCG
AAAACTTGTATTTTCAGGGTGAA
TTC GAC®
AGGTCGTCTAGATGATTACGATA
TCCCAACTACCGAAAACTTGTATT
TTCAGGGTTCTGGAGAGATAGCC
ATG’
GACGAATTCAAAATGTTCTGTAC
TTTCTTC

AGGTCGTCTAGAGCCAGCGAGTT
CAAGAAG>
AGGTCGTCTAGATCTGGAGAGAT
AGCCATG °
GTATCGTCTAGAATGGTGAGCAA
GGGCGAGGAG °
GGCTTCGAAAAAATGGCTAGCGA
GTTCAAG ?
GGCTTCGAAAAAATGTCTGGAGA
GATAGCC®

CGCCATATGGCTCCTAAACATTGGGC!

GCGTGGGGCCAGGATGAAGTCGTGGTA
TGCTGCTGC
CGCTCTAGAGCTTTGGGCTTCATCTC’

CGAATTGCGGCCGCTCAGTGATGGTGAT
GGTGATGCCGAGCCTTCAGGATGAG
CGCCGTCTGGTTGTTCCCCAC*

CGAATTGCGGCCGCTCAGTGATGGTGAT
GGTGATGCCGAGCCTTCAGGATGAG
GTTGAGGTGGGCGCCGCTGATG*

CGAATTGCGGCCGCTCAGTGATGGTGAT
GGTGATGCCGAGCCTTCAGGATGAG
GTCATTGCGGCCAAGCGAG*

CGAATTGCGGCCGCTCAGTGATGGTGAT
GGTGATGCCGAGCCTTCAGGATGAG
CGACCTTCTAGATCAGTGATGGTGATGG
TGATGCCGAGCCTTCAGGATG®
GTCGAATTCACCCTGAAAATACAAGTTTT
CGGTAGTTGGGATATCGTAATCCTCGCT
GGCCATTTTTTCGAA GCC°

CGCATAGTCGACTCAGTGATGGTGATGG
TGATGCCGAGCCTTCAGGATG ’

CGACCTTCTAGAACCCTGAAAATACAAGT
TTTCGGTAGTTGGGATATCGTAATCCTCT
TTTTCACCCTCTTC?
CGCATAGTCGACTCAGTGATGGTGATGG
TGATGTTTGGGCTTCATCTCC’
CGCATAGTCGACTCAGTGATGGTGATGG
TGATGCCGAGCCTTCAGGATG’
CGACTTTCTAGATCACTTGTACAGCTCGT
CCATGCC
CTTGGTACCGTGATGGTGATGGTGATGT
TTGG®
CTTGGTACCGTGATGGTGATGGTGATGC
CGAG°

URL: http://mc.manuscriptcentral.com/tmbc E-mail: t.magee@imperial.ac.uk

Page 46 of 48



Page 47 of 48 Molecular Membrane Biology

"The constructs are named as shown in Fig. 3-6 Proteins partially amplified are written in
subscript followed by numbers indicating what amino acids this part corresponds to.
Forward primers contain a restriction site for EcoRl (underlined) if not stated otherwise. For

primers containing two restriction sites, both have been stated in the order they occur.

©CoO~NOUTA,WNPE

10 Primers with a phosphorylated 5’ end has been marked with a star (*).

12 3Reverse primers contain a restriction site for Notl (underlined) if not stated otherwise.
15 Primers are written 5’ to 3’. For primers containing two restriction sites, both have been stated
17 in the order they occur. Primers with a phosphorylated 5’ end has been marked with a star (*).
19 “This primer has a restriction site for Ndel (underlined).

>This primer has a restriction site for Xbal (underlined).

24 ®This primer has a restriction site for Sful and EcoRl (both underlined)

26 "This primer has a restriction site for Sall (underlined).

®This primer has a restriction site for Sful (underlined). °This primer has a restriction site for

31 Kpnl (underlined).
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Molecular Membrane Biology
Figure S1

Linker sequences used in various constructs:

Linker for M1 and M2 (16 aa):

S=========SPACer=S====SSSSSS o TEV-——————————— :Xbal::
GAT TAC GAT ATC CCA ACT ACC GAA AAC TTG TAT TTT CAG GGT TCT AGA
D Y D | P T T E N L Y F Q G S R

Linker for GFP tagged constructs (12 aa):

oo oEECssTs spacer
GGT ACC TCG AGC CGC GGC GGC CGC CAG CTT TCT AGA
G T S S R G G R Q L S R

Linker for F1 (16 aa):

S=========SpacCer=s========5T - ————m - TEV-——=—-—e e -EcoRIl :
GAT TAC GAT ATC CCA ACT ACC GAA AAC TTG TAT TTT CAG GGT GAA TTC
D Y D | P T T E N L Y F Q G E F

Linker for F2 (17 aa):

c:Xbal:: ==========spacer=========== ———————————— TEV———— e

GCT CTA GAT GAT TAC GAT ATC CCA ACT ACC GAA AAC TTG TAT TTT CAG GGT

A L D D Y D 1 P T T E N L Y FQ
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