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Chapter 5
Expression and purification of the Mal11 

α-glucoside transporter from Saccharomyces 
cerevisiae

Ryan K. Henderson and Bert Poolman

Abstract
Mal11 is the plasma membrane transporter from Saccharomyces cerevisiae responsible for 
the proton-coupled symport of maltose into the cell. We have previously characterized 
the properties of this protein in vivo, but additional experiments require purified Mal11 
in detergent micelles or proteoliposomes. In this study, after expression and purification 
attempts in the native S. cerevisiae, we implemented heterologous expression of wildtype 
and mutant variants of Mal11 in the methylotrophic yeast Pichia pastoris. After screening 
for highly expressing transformants, conditions for protein production were optimized 
and purification conditions improved. Although highly pure Mal11 was not successfully 
obtained, the results presented here are a strong basis for future purification trials.
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Introduction
Heterologous overexpression and purification of proteins is common in biochemistry and 
molecular biology and has typically used Escherichia coli as the primary workhorse for 
production. However, many eukaryotic membrane proteins are expressed in low levels 
and may not be functional in bacterial cells due to their specific requirements for certain 
lipids, co-translational and post-translational processing [172,173]. Some groups have 
thus used insect or human cell lines to isolate proteins of interest, but these methods are 
often much more time-consuming and expensive. The best middle-ground has therefore 
been yeast hosts, which combine the ease of manipulation and low cost of E. coli with 
the protein processing and membrane environments required for eukaryotic membrane 
proteins [173]. To this end, Saccharomyces cerevisiae and Pichia pastoris are the two most 
common yeast expression systems for biochemical and structural characterization of 
these targets. That said, there are advantages and disadvantages to each of these yeasts. 
Cloning in S. cerevisiae is easier than in P. pastoris because of the wide variety of available 
strains and plasmids, and genes can be inserted into multicopy 2μ plasmids using homol-
ogous recombination, eliminating the need to first construct plasmids in E. coli [172]. On 
the other hand, the primary advantage of P. pastoris is that it can be grown in fermenters 
to medium or ultra-high densities (100 to over 500 OD600 units) when parameters such 
as pH, aeration, feed rate, and temperature are tightly regulated [174]. This feature makes 
expression in P. pastoris extremely efficient and the likeliest choice of crystallographers, 
who generally require large amounts of protein for screening conditions and structure 
determination.

In this thesis, we have studied the endogenous S. cerevisiae α-glucoside transporter 
Mal11 in great detail, having characterized mutations to the proton-coupling machinery 
(Chapters 2 and 3) and the substrate-binding site (Chapter 4). However, we remain limited 
in our options for experimental setups in that all studies were carried out in vivo, which 
is an inherently complicated setting due to the presence of so many other cellular struc-
tures and components. One study of yeast plasma membrane vesicles found that maltose 
transport occurred with similar properties to those observed in vivo, although the maltose 
transporter(s) present was (were) not specified [91]. 

In this chapter, we sought to express and purify Mal11 from yeast, with the intent of using 
purified protein for in vitro characterization of the transporter. We have optimized ex-
pression of Mal11-YPet from S. cerevisiae and Mal11-GFP from P. pastoris. After testing 
buffer conditions for Mal11 purification including detergent, salt concentration, and pH, 
we were still unable to isolate Mal11 in sufficient amounts for reconstitution into lipid 
vesicles. However, this work provides a basis for additional optimization of purification 
conditions.

Materials and Methods

Background strains and growth conditions
Variants of Mal11 were all expressed in Saccharomyces cerevisiae strains IMK289 [121], 
which was derived from CEN.PK102-3A (MATa MAL1x MAL2x MAL3x leu2-112 ura3-
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52 MAL2-8C) and in which the α-glucoside metabolizing loci MALx1, MALx2, MPH2, and 
MPH3 were replaced with loxP, BY4742 (MATα hisΔ1 leu2Δ0 lys2Δ0 ura3Δ0) [122] and 
BY4709 (MATα ura3Δ0) [122]. Pichia pastoris strain SMD1163 (his4 pep4 prb1, Mut+) was 
used for expression of variants of Mal11-GFP, and SR135 [57], which was constructed by 
integration of Lyp1-GFP into the genome, was used as a positive control for fluorescence 
measurements. Escherichia coli strain MC1061 was used for plasmid storage and ampli-
fication. All strains of yeast were grown in orbital shakers at 200 rpm and 30 °C, with the 
exception that S. cerevisiae was grown at 20 °C when necessary, as described in the text.

S. cerevisiae strains were grown in YPD (1 % (w/v) yeast extract, 2 % (w/v) peptone, 2 % 
(w/v) glucose) or synthetic complete drop-out media consisting of 0.67 % yeast nitrogen 
base without amino acids (YNB, Formedium, UK), the appropriate Kaiser amino acid 
supplement when required lacking either leucine (-Leu) or uracil (-Ura) (Formedium, 
UK), and the appropriate carbon source(s): 0.1 % (w/v) or 2 % (w/v) glucose (SD), 2 % 
(w/v) raffinose (SR), 0.2 % (w/v) or 2 % (w/v) galactose. For construction and evolution of 
Mal11-E234Q, synthetic media and vitamins were prepared as described previously [150], 
with the addition of 2 % (w/v) glucose or of up to 6 % maltose. Auxotrophic requirements 
were met by the inclusion of 150 mg/L uracil or 500 mg/L leucine [151] or by growth in 
rich medium (1 % (w/v) Bacto yeast extract plus 2 % (w/v) Bacto peptone).

P. pastoris strain SMD1163 was grown in YPD, YPD with 1M sorbitol (YPDS) or minimal 
media containing 1.34 % (w/v) YNB, 0.00004 % (w/v) biotin, 0.004 % (w/v) L-histidine, 
and either 1 % (v/v) glycerol (MGYH media) or 0.5-1 % (v/v) methanol (MMH media). 

E. coli was grown in LB medium (1 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 1 % (w/v) 
NaCl) with the addition of 100 μg/mL ampicillin when necessary or in low salt LB medi-
um (1 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 0.5 % (w/v) NaCl, pH 7.5) with 50 μg/
mL zeocin added after autoclaving.

DNA manipulation and strain construction
All strains used in this study are listed in Supplementary Table 1, plasmids in Supple-
mentary Table 2, and primers in Supplementary Table 3. Transformations into S. cerevisi-
ae strains were performed using the lithium-acetate method according to [152]. MAL11 
DNA was obtained from pRHA00 or pRHA00L, sourced from BY4742 as described in 
Chapter 2 of this thesis. These plasmids contain MAL11 behind the GAL1 promoter, and 
followed by a two-glycine linker, a cleavage site for tobacco etch virus (TEV) protease, 
the fluorescent protein YPet, and an eight-residue His-tag (His8). To construct Mal11-
E56K-YPet-His8 in S. cerevisiae, wildtype MAL11 was amplified by PCR from pRHA00 in 
two fragments overlapping at the mutation site and then assembled with an overlapping 
pRHA00 backbone fragment using in vivo homologous recombination in BY4709. Eight 
transformants were isolated and screened for correct Ma11-E56K-YPet localization, using 
fluorescence microscopy, and for high fluorescence using flow cytometry and SDS-PAGE 
of crude membranes. The best-performing transformant was used in further expression 
testing and named R220, bearing plasmid pR220.

IMZ446, the strain used for directed evolution, was acquired by transformation of IMK289 
with plasmids pUDE82 [121], which contains maltose phosphorylase (MalP) from Lac-
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tobacillus sanfranciscensis, and pUDI81, containing MAL11-E234Q and β-phosphoglu-
comutase pgmB from L. lactis [121]. 

To construct an integrative plasmid for P. pastoris containing variants of Mal11, we assem-
bled three overlapping PCR-amplified fragments using Gibson Assembly (New England 
Biolabs, USA) for each Mal11 variant: 1) the backbone of pSR014 [57], which was the 
result of combining the backbone of pPICZ A with LYP1-TEV-GFP-His10, using primers 
3851 and 6991 and including sequences coding for GFP and His10; 2) a small fragment 
of the DNA coding for the first 63 amino acid residues of MAL11 variants using primers 
7447 and 5797; and 3) a large fragment coding for the remainder of MAL11, including the 
TEV site, and introducing a linker with the sequence GGSGGGSG immediately after the 
TEV site using primers 7448 and 5796. The two fragments of MAL11 variants overlapped 
at the site of an introduced mutation, E56K, and were amplified from pRHA00L-based 
plasmids containing the desired Mal11 variants. Assembled plasmids were transformed 
into E. coli and sequenced. Confirmed plasmids were linearized by digestion with BlpI 
(New England Biolabs, USA) and transformed into P. pastoris SMD1163 using the electro-
poration method described in the Easy Select Manual (Invitrogen, Carlsbad, CA, USA). 
Transformed cell suspensions were then grown on YPD agar plates containing 100, 500, 
and 1000 μg/mL zeocin. Screening for highly-expressing transformants was performed as 
described previously [175]. Briefly, MGYH-agar plates were prepared in rectangular trays 
and a rectangular nitrocellulose membrane (0.2 μm pores, VWR) placed directly on top 
of the media. Transformants were grown overnight in YPD in a 96-well plate and stamped 
onto the nitrocellulose membrane using a 96-pin replicator. Once colonies formed, the 
membrane was transferred to an MMH-agar plate and the fluorescence was imaged after 
one or two days using a Fujifilm LAS-3000 (Fujifilm, Tokyo, Japan). 

Directed evolution for growth on maltose
S. cerevisiae strain IMK289 bearing plasmids pUDE82 and pUDI81 (coding for Mal11-
E234Q) was grown aerobically at 30 °C in 100 mL synthetic media with up to 6 % (w/v) 
maltose added in an Innova shaking incubator (New Brunswick Scientific, Edison, NJ, 
USA). This culture was grown and diluted three times, at which point rapid growth was 
observed and several single colonies were isolated and the corresponding DNA was se-
quenced. MAL11 from these single colonies was PCR-amplified with primers 5271 and 
5272 and combined by homologous recombination in BY4742 with an overlapping 
pRHA00 backbone fragment, amplified with primers 5273 and 5274, to create pRHA15.

Small-scale expression testing
Expression testing was performed using 5-10 mL cultures in 50 mL filter-capped culture 
tubes (Greiner Bio-One). For S. cerevisiae strain BY4709 expressing Mal11-E56K-YPet 
from pR220, overnight cultures in SD/-Ura were diluted to OD = 0.1 in 0.1 % (w/v) glu-
cose media lacking uracil. Once cells grew to mid-log phase, galactose was added to 2 % 
(w/v) and the cultures were incubated for 16-20 h at 20 °C or 30 °C before sampling or 
harvesting for fluorescence microscopy, flow cytometry, and crude membrane prepara-
tion. 

For P. pastoris strains, overnight cultures grown in MGYH were harvested by centrifuga-
tion and resuspended in MMH containing only methanol or addition of 1 % (w/v) ala-
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nine, sorbitol, or mannitol. Methanol was added to 0.5 % (v/v) every 24 hours to account 
for evaporation and consumption and to ensure steady expression. Samples were taken 
every day for two days to use in fluorescence microscopy and flow cytometry. 

For analysis of S. cerevisiae strain BY4742 expressing the evolved double mutant Mal11-
E56K/G276D-YPet from pRHA15, overnight cultures in SD/-Ura were diluted into SR/-
Ura and induced at mid-log phase of growth with 0.2 % (w/v) galactose. Cells were sam-
pled for fluorescence microscopy by centrifugation after 2, 6 and 24 hours.

Large-scale expressions
YPet-tagged Mal11 was expressed from pRHA00L in S. cerevisiae strain IMK289. Cells 
were grown at 30 °C to saturation in SD/-Leu. Cells were diluted into 5 mL SR/-Leu, after 
several doublings diluted again into 100 mL SR/-Leu, and then again diluted into 1 L SR/-
Leu in 2.5 L baffled shaker flasks. Once this culture reached mid-log phase (OD600 = 0.6-
0.7), galactose was added to 0.2 % (w/v) to induce expression of Mal11-YPet and the cells 
were grown an additional 2 h before being harvested by centrifugation.

YPet-tagged Mal11-E56K was expressed from pR220 in BY4709 cells. Overnight cultures 
in SD/-Ura were scaled-up to 100 mL and grown to stationary phase, at which point they 
were diluted into 1 L cultures of 0.1 % (w/v) glucose media lacking uracil in 2.5 L baffled 
shaker flasks. These cultures were grown until mid-log phase (OD600 = 0.6-0.7), induced 
with galactose to 2 % (w/v), and grown for 16-20 h at 20 °C before harvesting by centrif-
ugation.

Mal11-E56K-GFP expressed in P. pastoris strain R232-H16 was grown overnight in 
MGYH to saturation and diluted into 1 L cultures of MMH with 1 % (w/v) mannitol to 
OD600 = 1-1.5 in 2.5 L baffled shaker flasks. After 16-20 hours of growth, cultures were 
harvested by centrifugation.

Membrane preparation
S. cerevisiae and P. pastoris membranes were isolated essentially as described previously 
for Lyp1 [57]. Briefly, cell cultures were harvested by centrifugation at 7,500 g for 15 min 
at 4 °C, washed once with CRB (20 mM Tris-HCl pH 6.7, 1 mM EDTA, 0.6 M sorbitol) 
and the centrifugation was repeated. Cells were resuspended to an approximate OD600 of 
100 and mixed with one protease inhibitor cocktail tablet per 50 mL cells (cOmplete Mini 
EDTA-freeTM, ROCHE). Cells were disrupted using a T series cell disrupter (Constant 
Systems Ltd, Low March, Daventry, UK) in three sequential passages at 39.9 kpsi. DNAse 
A and 3 mM MgCl were added after the first passage and 1 mM PMSF and another pro-
tease inhibitor tablet added after the third passage. Large cell debris was separated by 
centrifugation at 18,000 g for 30 min at 4 °C, then ultracentrifugation was performed on 
the supernatant at 186,000 g for 2h at 4 °C to isolate crude membranes. Membranes were 
homogenized in MRB (20 mM Tris-HCl pH 7.5, 0.3 M sucrose, 0.1 mM CaCl2, 1 mM 
PMSF, 1 mM pepstatin, and 1 protease inhibitor cocktail tablet) to 400 mg/mL. Aliquots 
were frozen in liquid nitrogen and stored at -80 °C. 

Purification trials of Mal11
All steps of purification were carried out on ice or at 4 °C. Isolated membranes were dilut-
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ed to 3-4 mg/mL protein in solubilization buffer of varied compositions, as described in 
the Results section, incubated with nutation for 30-60 min to solubilize the membranes, 
and the insoluble material was removed by ultracentrifugation at 444,000 g for 20 min. 
When screening buffer conditions, we proceeded directly to fluorescence size-exclusion 
chromatography (FSEC) of the solubilized membranes (vide infra). When performing 
Immobilized-Metal Affinity Chromatography (IMAC) before FSEC, the supernatant was 
incubated with Ni-Sepharose resin for 1 h with nutation and washed on a column with 
10 column volumes of wash buffer (unless otherwise noted, same composition as the sol-
ubilization buffer but with 10-50 mM imidazole pH 7.5 and either 0.02 % (w/v) DDM 
or 0.008 % (w/v) LMNG). Protein was eluted from the column with 3 mL elution buf-
fer (same composition as wash buffer but with 200-250 mM imidazole pH 7.5) added in 
steps of 0.5 mL and 10 min of incubation between elutions. After each elution step, 5 mM 
Na-EDTA was added to the 0.5 mL elution fraction. Elutions with the most protein were 
pooled and concentrated to <1 mL using a 100 kDa-cutoff Viva Spin column (Sartorius 
Stedim) by centrifugation at 18,000 g. The concentrated protein was loaded onto a Super-
dex 200 10/300 GL column (GE-Healthcare, Little Chalfont, UK) on an AKTA purifier 
(GE-Healthcare) equilibrated with SEC buffer (same composition as wash buffer but with 
no imidazole). Fluorescence was measured by an in-line 1260 Infinity fluorescence de-
tector (Agilent Technologies, Santa Clara, USA). Samples taken during the purification 
process were mixed with Laemmli buffer and resolved on 10-12 % polyacrylamide gels by 
SDS-PAGE. In-gel fluorescence was imaged using a Typhoon 9400 scanner (GE Health-
care, Little Chalfont, UK) before Coomassie staining and imaging with a Fujifilm LAS-
3000 (Fujifilm, Tokyo, Japan).

For buffer screening by FSEC, solubilized membranes were separated from insoluble 
material by ultracentrifugation at 444,000 g for 20 min; 500 μL or 50 μL of supernatant 
was loaded directly onto an equilibrated Superdex 200 10/300 GL or Superdex 200 5/150 
GL (GE-Healthcare), respectively. The following detergents were used in the detergent 
screening at a concentration of 2 % (w/v) in the solubilization buffer: β-dodecylmalto-
side (DDM, Anatrace), Fos-choline 12 (F-12, Anatrace), lauryldimethylamine-N-oxide 
(LDAO) Triton X-100 (Sigma), and lauryl maltose neopentyl glycol (LMNG, Anatrace). 
Samples were collected before and after solubilization as well as after FSEC, mixed with 
Laemmli buffer, and analyzed by SDS-PAGE for fluorescence and amount of protein.

Fluorescence microscopy
Cell samples were centrifuged at 3,000 g for 5 min at 4 °C and resuspended in buffer or 
media to an OD600 of approximately 5-10 and kept on ice until used. 4 μL samples of cells 
were pipetted onto a glass slide and immobilized under a glass cover slip. Imaging was 
performed using a Zeiss LSM 710 scanning confocal microscope (Carl Zeiss MicroImag-
ing, Jena, Germany) fitted with a C-Apochromat 40x/1.2 NA objective and a blue argon 
laser (488 nm). The focal plane was set at the mid-section of the cells for all images.

Flow cytometry
Samples of cells were diluted to OD600 = 0.4 in filtered buffer or media. Flow cytometry 
analysis was performed on 20 μL samples using an Accuri C6 flow cytometer (BD Accu-
riTM, Durham, USA). Fluorescence detection was performed using the built-in 488 nm 
laser and the “FL1” emission detector (533/30 nm) of the flow cytometer.
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Results and Discussion

A degradation-resistant mutation improves expression of Mal11-YPet in 
Saccharomyces cerevisiae
In our previous work (Chapters 2-4), we expressed Mal11-YPet in S. cerevisiae strain 
IMK289 from the GAL1 promoter on multicopy plasmids. However, this method leads to 
heterogenous expression of the protein within the population of cells, leading to fluores-
cent and non-fluorescent cells (see Fig. 2), an observation shared previously with regards 
to Gal1-GFP [130]. Another limitation of this expression method is that cells are induced 
in the early exponential phase of growth and harvested after one doubling, meaning the 
culture has relatively low density. This is obviously prohibitive for efficient protein produc-
tion, as the yield will be much lower than in a dense cell culture.

In a directed-evolution experiment, IMK289 transformed with Mal11-E234Q and cou-
pled to a maltose phosphorylase (MalP) from Lactobacillus sanfranciscensis [121] was 
evolved and selected for growth on maltose. Once a growing strain was obtained, the 
original mutation was found to have reverted back to glutamate and two new mutations, 
E56K and G276D, had arisen in one of the single colony isolates. We isolated the plasmid 
from this strain and retransformed it into S. cerevisiae BY4742 and examined localization 
of the YPet-tagged mutant transporter over time. We found that these two mutations led 
to increased plasma membrane localization compared to the wildtype transporter, and 
that significant amounts of the mutant transporter had correct localization even after 24 
hours (Fig. 1). Position 56 is located in the N-terminal tail of the transporter. In the re-

Figure 1. Identification of a degradation-resistant mutation. In S. cerevisiae strain BY4742 growing on 2 
% (w/v) raffinose media, expression of either wildtype Mal11-YPet (top row) or Mal11-E56K/G276D-YPet 
(bottom row) was induced with 0.2 % (w/v) galactose at t = 0 h and imaged by fluorescence microscopy at the 
indicated time points. Scale bars correspond to 5 μm.
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lated proteins Mal31 and Mal61, it has been suggested that this part of the tail contains 
a so-called PEST sequence, a region of the protein rich in proline, glutamate, aspartate, 
serine, and threonine, which has been shown to be essential for glucose-induced inactiva-
tion and the target of endocytic signaling pathways for these transporters [78,176]. Mal11 
also displays glucose induced inactivation [177,178], but it has been reported that Mal11 
does not contain such a sequence in this region [179]. This led to the suggestion that the 
observed glucose-induced inactivation of Mal11 is caused by some unknown mechanism 
[179]. Interestingly, Glu-56 is conserved in these three Malx1 proteins, and may therefore 
hint at a common mechanism of inactivation and degradation among the three proteins.

We introduced E56K into Mal11-YPet and transformed the plasmid into S. cerevisiae 
strain BY4709 and observed improved protein localization at the plasma membrane even 
after overnight growth at 30 °C. Still, we observed several populations of cells by flow 
cytometry and significant fluorescence in intracellular structures (Fig. 2b). We then com-
pared this to growth at 20 °C and found a single population of fluorescent cells with a 
higher proportion compared to the non-fluorescent cells, indicating that optimal Mal11-
E56K-YPet expression requires a lower temperature (Fig. 2).

Trial purifications of Mal11-E56K-YPet
As a first foray into Mal11 purification, we used fluorescence-detection size exclusion 
chromatography (FSEC) to screen for buffer and detergent conditions to maximize protein 
stability. This was done by solubilization of membranes prepared from BY4709 expressing 
Mal11-E56K-YPet, centrifugation of residual membranes and protein aggregations, and 
loading of the supernatant (solubilisate) directly onto a Superdex200 10/300 GL column 
for FSEC analysis. Starting from a standard buffer containing 20 mM Tris-HCl pH 7.5, 

Figure 2. Optimization of temperature for Mal11-E56K-YPet expression in BY4709. Cells were pre-grown in 
0.1 % (w/v) glucose medium and induced with 2 % (w/v) galactose for 18 h at (A) 20 °C or (B) 30 °C before being 
analyzed by flow cytometry and fluorescence microscopy. Scale bars correspond to 5 μm.
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Figure 3. Buffer optimization for Mal11-E56K-YPet purification. Membranes of induced BY4709 were solubi-
lized, centrifuged, and the supernatant analyzed by FSEC. (A) Solubilization of membranes was performed in 20 
mM Tris pH 7.5, 150 mM NaCl, 10 % (v/v) glycerol, and 1 % (w/v) of either DDM, Fos-choline 12 (F12), LDAO, 
Triton X-100 (TX100), or LMNG. Samples of the solubilization mixture ("S") and the supernatant after centrifu-
gation ("C") were analyzed on a 10 % SDS-PAGE gel and imaged for fluorescence (right) and protein visualized 
with Coomassie stain (left). The FSEC traces of fluorescence at 517/530 nm are shown for each detergent. Three 
fluorescent peaks were consistently observed, as labeled. (B) Solubilization of membranes was performed in 20 
mM Tris pH 7.5, 10 % (v/v) glycerol, 1 % DDM, and either 50 mM (black), 300 mM (blue), or 500 mM (green) 
NaCl. Samples were analyzed as described in panel A. FSEC traces of absorbance at 280 nm and fluorescence are 
shown, and three fluorescent peaks are labeled.
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150 mM NaCl and 10 % (v/v) glycerol, we first screened detergents in solubilization and 
found that inclusion of 1 % (w/v) DDM or LMNG yielded three fluorescent peaks: the first 
at ~8.5 mL, corresponding to the void volume; the second at ~10.5 mL, and the third at 
~11.5 mL. We viewed this as promising, since the latter two were highly fluorescent and 
were distant from the void volume (Fig. 3a). Next, we tested various concentrations of so-
dium chloride and found only small differences in the fluorescence peaks but much more 
protein material in the A280 chromatogram at the higher concentrations of salt, indicating 
that increased salt leads to increased solubilization of unwanted protein material (Fig. 3b). 
There is no significant difference in the total amount of solubilized fluorescent material 
between the different salt concentrations.

Using the optimal conditions of 20 mM Tris pH 7.5, 50 mM NaCl, 10 % glycerol, and 0.02 
% DDM, we attempted a full purification including immobilized metal-affinity chroma-
tography (IMAC) and analyzed the elutions by FSEC. However, we found that the two 
non-void fluorescent peaks had shifted closer to the void volume and that the three peaks 
were significantly overlapping (Fig. 4). More importantly, we observed that very little 
high-MW products were visible in SDS-PAGE gels of membranes prepared from BY4709 
and an unexpected presence of significant fluorescent low-MW products, leading to much 
less Mal11 obtained from the IMAC purification than would be otherwise expected (Fig. 
3, Fig. 4). This indicates breakdown of YPet-tagged Mal11-E56K despite our usage of 

Figure 4. Initial purification attempts of Mal11-E56K-YPet reveal problems. Membranes of induced BY4709 
were solubilized in 20 mM Tris pH 7.5, 150 mM NaCl, 10 % (v/v) glycerol, 1 % (w/v) DDM, and 2 mM PMSF and 
subjected to IMAC purification and FSEC. Samples were taken from the solubilization mixture ("S"), the super-
natant after centrifugation ("C"), and each step of the nickel affinity purification (FT = flow through, W = wash, 
E1-E5 = elutions 1-5) and analyzed on a 10 % SDS-PAGE gel. The gel was imaged for fluorescence (right) and the 
protein stained by Coomassie (left). The FSEC traces for absorbance at 280 nm and fluorescence at 517/530 nm 
are shown and the four fluorescent peaks numbered.
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Figure 5. Screening SMD1163 stains for Mal11-E56K-GFP expression. (A) Epiluminescence (left) and fluo-
rescence (right) images of methanol-induced P. pastoris colonies grown on a nitrocellulose membrane. The 
indicated concentrations of zeocin are those used in selective transformation plates from which the colonies 
were selected. Red stars indicate the strains selected for further testing. (B) The GFP fluorescence of small-scale 
expressions as analyzed by flow cytometry after 24 h (black bars) and 48 h (grey bars) of induction in MMH 
medium. (C,D) Fluorescence images of colonies as in panel A. (E) Small-scale expression testing as in panel B 
for colonies selected from panels C and D. (F) Microscopy images of R232 H16 from panel E after 24 h and 48 
h of induction in MMH medium. Fluorescence (left) and brightfield (right) images are shown, and scale bars 
correspond to 5 μm.
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protease-inhibitors during all steps of membrane preparation. In light of this problem 
with protein breakdown, and in hopes of further increasing protein production, we chose 
to switch to Pichia pastoris as expression system.

Expression of Mal11-E56K-GFP and derivatives in Pichia pastoris
The P. pastoris host has been used for the heterologous overexpression of numerous eu-
karyotic membrane proteins, including G protein-coupled receptors (GPCRs), ion chan-
nels, and ABC transporters [180-185]. We selected the P. pastoris strain SMD1163, which 
is deficient in the vacuolar protease genes PEP4 and PRB1. We integrated into the chro-
mosome Mal11-E56K-GFP, as well as isogenic derivatives with mutations at Glu-120, 
Asp-123, and Glu-167 and the triple mutant E120Q/D123A/E167Q (see Chapter 2). All 
variants of Mal11 included the E56K mutation to increase longevity at the plasma mem-
brane. DNA coding for Mal11 variants was cloned into an integration cassette behind the 
methanol-inducible AOX1 promoter and containing the ble gene from Streptoalloteichus 
hindustanus (Sh ble), which confers resistance to the antibiotic zeocin, and the vectors 
were transformed into SMD1163. Transformations were plated on increasing concentra-
tions of zeocin (100, 500, and 1000 μg/mL) to select for putative multi-copy recombinants, 
which can potentially lead to higher levels of expression. We screened transformants from 
each zeocin plate for high GFP fluorescence by using a 96-pin stamp to plate cells onto ni-
trocellulose membranes placed directly on MGYH agar plates and transferred the cells to 
MMH agar plates for induction once colonies were visible (Fig. 5A,C,D). We used strain 
SR135, expressing Lyp1-GFP from the AOX1 promoter [57], as a positive control and 

Figure 6. Screening of additives in methanol-induced protein overexpression in SMD1163-background 
strains. Strains were pre-cultured in MGYH medium and at time = 0 switched to MMH medium, without (Me) 
or with the addition of 1 % (w/v) alanine (+A), mannitol (+M), or sorbitol (+S). Samples were taken after 24 h 
(black bars) and 48 h (grey bars) and the OD600 measured (panel A) and the GFP fluorescence determined by 
flow cytometry (panel B). The red star indicates the optimal condition.
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the background strain SMD1163 as a negative control. Next, we performed small-scale 
expression testing with the selected transformants in which expression was induced with 
methanol and fluorescence measured and the proteins localized using flow cytometry and 
microscopy, respectively (Fig. 5B,E,F). We thus identified at least one highly fluorescent 
transformant of each Mal11 variant, all of which were transformants from plates with 500 
or 1000 μg/mL zeocin. 

It has been previously shown that addition of carbon sources that do not repress expres-
sion from the AOX1 promoter can increase expression levels of heterologous proteins 
in P. pastoris [186-189]. Using the most fluorescent transformant of Mal11-E56K-GFP 
(R232-H16) and compared to SR135, we induced cells with methanol and with or without 
the non-repressing carbon sources alanine, mannitol, or sorbitol. From this, we found 
that addition of 1 % (w/v) mannitol improved expression the most, leading to a two-fold 
increase in fluorescence and a 50 % increase in final cell density (Fig. 6). Fluorescence 
microscopy confirmed that Mal11-E56K-GFP was still localized to the plasma membrane. 
We then further optimized the expression conditions in small volumes by varying the in-
duction OD and found that diluting a glycerol overnight culture into MMH medium plus 
1 % (w/v) mannitol to OD600 = 1.0 yielded the most fluorescence and a high final OD600 
(Table 1). When we scaled up to 1 L cultures, the results were similar (Table 1).

Purification optimization of Mal11-E56K-GFP
We isolated and purified membranes from P. pastoris R232-H16 as described previously 
[57] and started again with optimizing buffer conditions for protein stability. We used a 
Superdex 200 Increase 5/150 GL column, which has a bed volume of approximately 3 mL, 

to analyze a range of buffer types and pH values (Fig. 7). We found that the amount of 
fluorescence where Mal11-GFP is expected to elute is similar at pH values in the range of 
7.5 to 9.0, below which the amount decreases markedly. The amount of fluorescence in the 
void volume does not appear to change very much with pH.

Previously, when using the YPet-tagged Mal11 expressed in S. cerevisiae, we found that 
IMAC purification with nickel-sepharose beads led to apparent aggregation of the protein 
and that there was apparent breakdown of high-MW products in the membrane prepa-
ration (Fig. 3,4). We performed purifications with IMAC and then FSEC to compare the 
detergents DDM and LMNG. We found significant levels of proteins of all sizes and very 
little fluorescent low-MW breakdown products (Fig. 8). This indicates that the problem 
with proteolysis observed in S. cerevisiae is absent or greatly reduced in P. pastoris, which 
may be due to the deleted proteases in the SMD1163 background. However, there does not 
appear to be a significant difference in the amount of IMAC-purified protein from either 
source, indicating the IMAC conditions need to be further optimized (Fig. 4,8).

Table 1. Optimization of Mal11-E56K-GFP 
expression conditions from R232 H16. 
Shown are the OD600 at time of induction (t 
= 0) and the OD600 at time of harvesting (t = 
16-20 h), as well as the GFP fluorescence as 
measured by flow cytometry after harvesting 
of the cells.
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Conclusions
Although we did not successfully purify Mal11, this work represents a solid foundation 
for doing so. Starting in S. cerevisiae, we quickly realized that this expression system led 
to significant Mal11 breakdown, leading us to instead isolate highly expressing P. pastoris 
recombinants for eight variants of Mal11-GFP, including the wildtype transporter. The 

Figure 7. Screening buffers for Mal11-E56K-GFP purification. (A) Mal11 from P. pastoris R232 H16 membra-
nes was purified using IMAC and examined by FSEC using the Superdex 200 Increase 5/150 GL column with 
~3.5 mL bed volume. FSEC buffers contained the 50 mM of the buffering component shown in the figure, plus 
150 mM NaCl, 10 % (v/v) glycerol, and 0.02 % (w/v) DDM. The FSEC traces show the fluorescence measured at 
488/509 nm and the two observed peaks are numbered. (B) For IMAC the buffer contained 20 mM Tris-HCl pH 
7.5, 150 mM NaCl, 10 % (v/v) glycerol with 2 % (w/v) DDM and 2 mM PMSF for solubilization or 0.02 % (w/v) 
DDM for the Nickel purification steps, with 50 mM imidazole for washing and 200 mM imidazole for elutions. 
Samples were taken from each step of the Nickel purification for SDS-PAGE analysis with a 10 % polyacrylamide 
gel and imaged with Coomassie staining (top) and fluorescence (bottom). Wells are labeled as in Figure 4.
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expression conditions for Mal11-GFP from P. pastoris have been optimized to express 
significant amounts of protein and attain high cell density. It should be possible to increase 
the cell yield even further by growth to a much higher density in a bioreactor with better 
control of the medium conditions. Additionally, we have identified a number of hurdles 
that will need to be overcome in order to isolate pure Mal11. The primary issue is the 
presence of a large fluorescent peak in the void volume, indicating a lack of stability of the 
protein in the current purification conditions. This can be due to any of the components 
of the buffer and therefore will require some screening to solve. The implementation of the 
low bed volume Superdex 200 Increase 5/150 GL column for use in screening buffer con-
ditions is very promising, as it allows for testing of many conditions in the same day, using 

Figure 8. Purification of Mal11-E56K-GFP using optimized conditions. The basic buffer consisted of 20 mM 
Tris-HCl pH 7.5, 150 mM NaCl, and 10 % (v/v) glycerol. Membranes from P. pastoris R232 H16 were solubilized 
in the basic buffer containing 2 mM PMSF and either 1 % (w/v) DDM (A) or LMNG (B). IMAC purification 
was performed using the basic buffer with either 0.02 % (w/v) DDM (A) or 0.008 % (w/v) LMNG (B). Washing 
was performed using this buffer with 50 mM imidazole and elutions using 250 mM imidazole, and samples 
were taken and analyzed on SDS-PAGE as in Figure 4 (top row of gel images). Elutions 2 and 3 were mixed 
and analyzed on FSEC, for which absorbance at 280 nm and fluorescence at 488/509 nm traces are shown and 
peaks numbered. The fractions indicated in the traces were analyzed by SDS-PAGE on 10 % polyacrylamide gels 
(bottom row of gels).
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only very small aliquots of a protein preparation, thereby saving time and resources [190]. 
The next steps taken in this endeavor should be to perform additional detergent screens to 
identify the best possible amphiphile for purification of Mal11. While DDM and LMNG 
appear promising, they both still yield a significant peak in the void volume. Additional-
ly, the IMAC purification, using nickel-Sepharose beads, should be further optimized to 
overcome the apparent instability of the Mal11 protein.

Once pure protein is acquired, many possible research avenues will be open. Although 
we performed extensive characterization of the proton-coupling mechanism of Mal11 in 
Chapters 2 and 3, that work was all performed in whole cells and we were thus limited 
in the amount of manipulations to the system we could perform. With purified deter-
gent-solubilized protein, we could perform binding studies to explore the substrate affini-
ties of Mal11 and its mutants. Performing such an experiment in deuterium and compar-
ing to the same experiment in water may reveal a kinetic isotope effect and thus provide 
clues as to whether an ordered binding mechanism of substrate and proton is present and, 
if so, which one of the ligands (sugar or proton) associates and/or dissociates first [191]. 
Additionally, reconstitution of Mal11 and its mutants into lipid vesicles would allow us 
to exactly control the inside and outside conditions and therefore determine the roles of 
ΔpH (proton gradient) and ΔΨ (membrane potential) on transport. Finally, if enough 
protein can be obtained, crystallization trials can be performed with the goal of obtaining 
a high-resolution structure of Mal11. Such a structure would add greatly to our mechanis-
tic and evolutionary insight into members of the Sugar Porter family.
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