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Abstract
Transport of α-glucosides into Saccharomyces cerevisiae is mediated by the proton-cou-
pled symporter Mal11. When one or two acidic residues in the central cavity of the trans-
porter are mutated to neutral amino acids, inefficient proton-coupled transport is ob-
served, but mutation of all three active site carboxylates resulted in sugar uniport. In this 
study, we report that Mal11 triple mutants cannot sustain yeast growth on sucrose. We 
then conducted a directed evolution experiment and isolated several unique mutants that 
could support growth on sucrose. After confirming that the evolved transporters are re-
sponsible for this phenotype, we discovered that proton-coupled sucrose transport had 
been restored in three of the mutants and that the other two still show signs of uncoupled 
transport. In each of the three second-site suppressors with restored coupling a neutral 
amino acid near the active site was mutated into an acidic residue. These results pinpoint 
two discrete regions of the central cavity with distinct and complementary roles in energy 
coupling by Mal11.

Chapter 3
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Introduction
The α-glucoside transporter Mal11 catalyzes proton-coupled import of a wide range of 
sugars into yeast cells, including maltose, sucrose, and maltotriose, among others [91,116-
118]. Sugar transporters like Mal11 from S. cerevisiae are members of the Major Facili-
tator Superfamily (MFS), a class of structurally-similar membrane proteins found in all 
domains of life that catalyze downhill uniport of a substrate or uphill symport or anti-
port coupled to the electrochemical gradient of another molecule or ion [6,37]. While 
most monosaccharides enter the yeast cell through a transporter via uniport, disaccharide 
transporters are typically proton-coupled symporters [80,91,116]. 

In Chapter 2, we described the trio of acidic residues that give rise to proton coupling in 
Mal11: Glu-120, Asp-123, and Glu-167. Mutation of one or two of these acidic residues 
creates a “leak” pathway in the transport cycle whereby substrate alone is transported in 
the absence of a proton [97]. Once all three residues are mutated, proton-coupled trans-
port no longer occurs and all substrate enters the cell down its concentration gradient in a 
manner independent of an energy source. Other transporters have similar characteristics 
of partial or leaky coupling upon mutation. For example, a variety of mutations in the 
Escherichia coli proton-coupled lactose transporter LacY affect the coupling mechanism, 
namely the passage of protons or sugar across the membrane in the absence of the other 
species [101,103,115]. Additionally, the glucose transporter GlcPSe from Staphylococcus 
epidermidis performs electrogenic sugar transport in whole cells and in proteoliposomes 
with an energetically favorable Δp (Δp < 0), but displays sugar-dependent efflux of protons 
when Δp is unfavorable, which suits the model of a transporter with (a) leak pathway(s) 
[24,97,106]. The determining structural differences between uniporters and symporters 
are not obvious and multifaceted. A recent study showed that the E. coli xylose-proton 
symporter XylE could not be converted to a functional uniporter in vivo simply by dele-
tion of a key acidic residue, but rather required additional mutation of seven other resi-
dues located in various parts of the protein to produce the desired effect [55].

A major challenge in protein research is to understand how single amino acid residues 
contribute to the structure and biological function of an enzyme or transporter. Many 
researchers approach this problem by studying the effects of mutations on a protein. It is 
currently not difficult to generate and screen large numbers of mutants, however it can be 
very time-consuming. This is why some researchers use “directed evolution” to mimic the 
process of natural evolution and thus screen a very large sequence space in much less time 
[139]. In directed evolution (specific parts of) protein(s) are targeted for mutagenesis, 
which is often based on prior knowledge from modeling studies. Proteins are modified 
to generate e.g. enzymes with desirable properties for a specific application [140,141]. 
Generally, this method follows a three-step workflow, starting from a target gene: 1) gen-
eration of a mutant library; 2) high-throughput screening or selection of mutants with 
positive traits; 3) selected mutants are subjected to additional rounds of mutagenesis and 
screening to obtain an improved enzyme [141,142]. This method can also be used to study 
the structure, function, and interactions of proteins by characterization of second-site 
suppressors in non-functional mutants, which are mutations at other positions in the pro-
tein that restore activity. This technique has been used on a variety of membrane proteins 
[143-148] and soluble proteins [139].
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In this work, we tested uncoupled mutants of Mal11 for growth on maltose and sucrose 
and found them to be incapable of efficient growth. We then used directed evolution to 
acquire a series of second-site suppressor mutations from five separate evolutions that 
restored growth by strains expressing these uncoupled mutants. Surprisingly, three evolu-
tions evolved a single acidic residue located in the same region of the central cavity as the 
mutated Glu-120, Asp-123, and Glu-167, but in different helices and new positions. The 
two other evolutions resulted in mutation to Arg-504, which is the only basic residue in 
the central cavity, and to a nearby tryptophan. We examined the transport properties of 
these evolved mutants and find that the evolved acidic residue mutants exhibit apparent 
restoration of proton coupling, whereas the other two do not. Together, our results suggest 
even more flexibility in proton coupling by Mal11 than previously thought and suggest a 
sequential mechanism of proton coupling involving two distinct regions of the binding 
pocket.

Materials and Methods

Strains and growth conditions
All strains used in this study are listed in Supplementary Table 1. Saccharomyces cere-
visiae strains IMZ627 and IMZ630 [149] were derived from IMX935 (MATa ura3-52 
LEU2 MAL2-8C mal11-mal12::loxP mal21-mal22::loxP mal31-mal32::loxP mph2/3::loxP-
hphNT1-loxP suc2::loxP-kanMX-loxP ima1Δ ima2Δ ima3Δ ima4Δ ima5Δ) [149] by in-
tegration of MAL12 (IMZ627) or LmSPase (IMZ630) into the SGA1 locus. IMX935 is 
in turn a derivative of CEN.PK102-3A (MATa MAL1x MAL2x MAL3x leu2-112 ura3-52 
MAL2-8C). Escherichia coli strain MC1061 was used to store and amplify plasmids.

S. cerevisiae strains were cultivated in YPD [1 % (w/v) yeast extract, 2 % (w/v) peptone, 2 
% (w/v) glucose] or in synthetic complete media containing 0.67 % (w/v) yeast nitrogen 
base without amino acids (YNB, Formedium, UK) and an appropriate carbon source [2 % 
(w/v) glucose, maltose, sucrose, or 1% (v/v) ethanol]. When needed, synthetic complete 
media was supplemented with a Kaiser amino acid mixture lacking leucine, uracil, or both 
(Formedium, UK). 

For growth and evolution of IMX1090, as well as growth rate characterization in flasks, 
synthetic media and vitamins were prepared as described previously [150] with 2 % (w/v) 
glucose or maltose and, when required, the addition 150 mg/L uracil or 500 mg/L leucine 
[151]. Anaerobic growth factors ergosterol (10 mg/mL) and Tween80 (420 mg/L) were 
added when necessary. Strains were grown aerobically at 30 °C in 100 mL medium in 500 
mL flasks in an Innova shaking incubator (New Brunswick Scientific, Edison, NJ, USA). 
Anaerobic cultures were grown at 30 °C with shaking at 200 rpm in 20 mL synthetic medi-
um in 50 mL flasks in a Bactron Anaerobic Chamber (Sheldon Manufacturing, Cornelius, 
OR, USA) under an atmosphere of 5 % H2, 6 % CO2, and 89 % N2.

E. coli was cultivated in LB medium [1 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 1 % 
(w/v) NaCl]. 100 μg/mL ampicillin was used for selection and maintenance of plasmids.
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Plasmids and cloning
All plasmids and their sources are listed in Supplementary Table 2 and primers in Supple-
mentary Table 3. Transformation of S. cerevisiae was performed using the lithium-acetate 
method [152]. Wildtype and variants of MAL11 were amplified from existing plasmids 
using primers 7476 and 4114 and the backbone of plasmid pUDE496 [149] was ampli-
fied using primers 7477 and 7478, such that the MAL11 and backbone fragments were 
overlapping. Plasmids were then constructed by Gibson assembly (New England Biolabs, 
USA), and transformed into E. coli and sequenced. A plasmid, pR240, lacking an open 
reading frame was constructed by digestion of pUDE496 with BssHII (New England Bio-
labs, USA), ligation with T4 ligase (New England Biolabs, USA), and transformation into 
E. coli. Plasmids were then amplified from E. coli, the open reading frames sequenced, and 
transformed into IMZ627 and IMZ630. 

Plasmid pR170 was constructed by Gibson assembly of three overlapping PCR-amplified 
fragments: 1) the open reading frame from pR119 (Chapter 2) coding for YPet-tagged 
Mal11-E120Q/D123N/E167Q (MAL11QNQ-YPet) with primers 5961 and 5272; 2) PTEF1 
from pUDE379 with primers 4995 and 5960; 3) the backbone of pRHA00L with primers 
5959 and 6324. To construct plasmid pUDE466, Gibson assembly of two overlapping PCR 
fragments was performed: 1) MAL11QNQ from pR170 with primers 6717 and 580; 2) the 
backbone of pUDE453 [149] using primers 5921 and 7812. The assembled pUDE466 was 
amplified in E. coli, purified, and transformed into IMZ627 to make strain IMX1090.

Plate-based growth assays
S. cerevisiae strains were grown from glycerol stocks in synthetic complete glucose me-
dia without amino acids (SD/-AA) and then cultivated for at least two days in synthetic 
complete ethanol media without amino acids (SE/-AA) to an OD600 of roughly 0.5. Cells 
were then diluted in 1x YNB without amino acids to an OD600 between 0.1 and 0.4, and, 
subsequently, the cells were dispensed in 60 μL aliquots into microplate wells and mixed 
with 30 μL of 2x YNB plus 30 μL of 2x carbon source. 96-well flat-bottom microplates 
(CELLSTAR®, Greiner Bio-One) were used to cultivate 120 μL liquid yeast cultures and 
were sealed with a Breath-Easy® membrane (Sigma-Aldrich). OD600 measurements were 
made at 10 minute intervals using a PowerWave 340 spectrophotometer (BioTek) and cells 
were maintained at 30 °C with shaking at variable speed in between measurements. All 
growth assays included blank wells (YNB and carbon source) for each carbon source, the 
values of which were subtracted from all measurements as background, and wells with no 
carbon source (YNB and cells only) for each yeast strain.

Directed evolution of Mal11 triple mutants
S. cerevisiae IMZ630 strains R250 (Mal11QAQ), R252 (Mal11ANA) , and R254 (Mal11QNA) 
were grown on SD/-AA from glycerol stocks and each diluted to an OD600 of 0.1 in 50 
mL synthetic complete media containing 2 % (w/v) and 8 % (w/v) sucrose (S2S/-AA and 
S8S/-AA, respectively) in sterile 250 mL flasks. Cells were incubated in a room heated to 
30 °C on an open-air shaker at 200 rpm. 1 mL samples were periodically taken to check 
the densities of the cultures until an OD600 greater than 1 was reached, at which point the 
culture was diluted in fresh media to an OD600 of 0.1. This process was repeated at least 
two more times for each culture until the time between dilutions was 24 - 48 h, at which 
point samples were sequenced and glycerol stocks were made by mixing 1 mL of culture 
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with 400 μL 85 % (w/v) glycerol, flash-freezing in liquid nitrogen, and storage at -80 °C. 
Evolution lines growing rapidly in S8S/-AA were then diluted in 50 mL S2S/-AA and the 
above evolution protocol was repeated.

After all evolution lines reached an end-point, several single colonies of each line were 
isolated from glycerol stocks by plating on SD/-AA agar plates. Plasmids from these single 
colonies were isolated and transformed into E. coli for amplification and then sequencing 
of MAL11.

Aerobic and anaerobic batch culture growth experiments
Growth rates were determined using synthetic medium [150] with 2 % (w/v) sucrose. For 
anaerobic growth studies, this medium was supplemented with anaerobic growth factors 
ergosterol (10 mg/mL) and Tween-80 (420 mg/L). Cultures were grown aerobically and 
diluted once before measuring OD660 at regular intervals to construct growth curves. Cul-
tures were transferred, grown, and diluted twice more before transfer to anaerobic con-
ditions. The anaerobic cultures were diluted once more and a growth curve constructed 
using OD660 measurements at regular time intervals.

Radiolabelled sugar transport
S. cerevisiae strains were pre-cultured on SE/-AA for at least two days to reach an OD600 
of 0.3–0.7, at which point cells were harvested by centrifugation at 3,000 g for 5 minutes 
at 4 °C. After washing twice by resuspending the cells in 3 mL assay buffer (potassium-ci-
trate-phosphate (KCP) + 10 mM galactose) and centrifugation, cells were resuspended 
in assay buffer and stored on ice for no more than four hours. Initially, cells at an OD600 
of 12 or 24 were incubated for ten minutes at 30 °C to increase the adenylate energy 
charge [127], followed by addition of approximately 48100 Bq/mL [U-14C]maltose (600 
mCi/mmol; American Radiolabeled Chemicals, Inc.) or [U-14C]sucrose (600 mCi/mmol; 
American Radiolabeled Chemicals, Inc.) to start the reaction (final sugar concentration 
of 1 mM). Measurements were made for up to 30 min for maltose and 10 min for sucrose 
by addition of a 100–200 μL sample to 2 mL ice-cold KCP and rapid filtration on 0.45 
μm pore-size cellulose-nitrate filters (GE-Healthcare, Little Chalfont, UK) that were pre-
soaked in KCP plus 1 mM sugar to block non-specific adsorption of the radiolabelled 
material. These measurements were made in triplicate and averaged. Filters were then 
washed with an additional 2 mL KCP, dissolved in 2 mL scintillation solution (Emulsifi-
erplus, PerkinElmer, Waltham, MA, USA), and the radioactivity quantified in a Tri-Carb 
2800TR liquid scintillation analyzer (PerkinElmer). The amount of intracellular maltose 
or sucrose was normalized to 106 cells by counting the number of cells in samples of 20 
μL at OD600 of 0.4 in an Accuri C6 flow cytometer (BD Biosciences, Durham, USA). The 
intracellular concentration of sugar was calculated using an estimated 60 fL internal vol-
ume per cell. 

Results

Mal11 triple mutants exhibit poor growth
Despite our previous characterization of Mal11 triple mutants as catalyzing rapid, uncou-
pled maltose transport (Chapter 2), there is no data on the physiological effects of express-
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ing these transporters in growing yeast. IMZ627 (MAL12) and IMZ630 (LmSPase) strains 
were transformed with plasmids bearing wildtype Mal11, no transporter, or one of three 
triple mutants: E120Q/D123A/E167Q (Mal11QAQ), E120A/D123N/E167A (Mal11ANA), or 
E120Q/D123N/E167A (Mal11QNA). We performed 96-well plate-based growth experi-
ments to assess the growth of these strains on various concentrations of maltose (IMZ627) 
or sucrose (IMZ630). We were surprised to find that none of the IMZ627 strains exhib-
it growth on 2 %, 4 %, or 8 % (w/v) maltose. Sucrose only supported immediate, rapid 
growth of wildtype Mal11, whereas the triple mutants did not grow on 2 % or 4 % (w/v) 
sucrose within the 90h time frame of the experiment and exhibited slow growth on 8 % 
(w/v) sucrose after roughly 72h (Fig. 1).

The lack of growth on maltose was surprising, since not even wildtype Mal11 did grow. A 
recent study showed that cells, expressing maltose transporter Mal21, could not grow on 
maltose concentrations greater than 0.1 % (w/v) when glucose was present in the media 
[153]. The authors concluded that insufficient maltase expression led to toxic intracellular 
accumulation of maltose. In our own studies, we have previously observed maltose-killing 
of cells overexpressing wildtype Mal11 in the absence of an intracellular maltase (Chap-
ter 2), and maltose-accelerated death of cells grown under maltose-limiting conditions 
and then pulsed with a high concentration of maltose has been previously reported [72]. 
We therefore reasoned that 2 % (w/v) maltose could cause the death of cells expressing 
wildtype Mal11 if Mal12 were unable to reduce the high levels of intracellular maltose. 
We thus tested growth using maltose concentrations of less than 2 % (w/v) (Fig. 2). No 
growth occurred below 0.05 % (w/v) maltose (1.4 mM). At 0.05 % (w/v) and 0.1 % (w/v) 
maltose, slight growth was observed, followed by a decrease in cell density. However, at 

Figure 1. Growth tests of IMZ630 strains expressing wildtype or triply-mutated versions of Mal11. Strains 
were pre-cultured on 1 % (v/v) ethanol media before being transferred to 96-well plates with media containing 
no sugar, 2 %, 4 %, or 8 % (w/v) sucrose.
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maltose concentrations of 0.25 % (w/v) and above, initial growth can be seen but tapers 
after about 12 h. Interestingly, 0.25 % (w/v) (7 mM) is above the 5 mM Km for maltose of 
Mal11 (Chapter 2), and appears to be linked to the limited growth. We thus conclude that 
a high level of maltose import is toxic for S. cerevisiae IMZ627, presumably because the 
internal osmotic pressure becomes too high and the cells lyse (Chapter 2).

Evolution of triple mutants for growth on sucrose yields second-site sup-
pressor mutations
In an early experiment, we attempted to characterize the growth on synthetic maltose me-
dium of IMX1090, which is S. cerevisiae strain IMZ627 expressing Mal11-E120Q/D123N/
E167Q (Mal11QNQ). The lag time in this strain lasted a surprising ~275 hours, at which 
point rapid growth occurred, and continued with minimal lag time after dilution in fresh 
medium. The evolved strain was stocked as IMS0587 and sequencing of its plasmid re-
vealed that an additional mutation in Mal11QNQ had evolved: V163D. The evolution of an 
acidic residue only one helix-turn away from E167Q on transmembrane segment 4 (TM4) 
suggests the enticing possibility that the uncoupled triple mutant transporter became pro-
ton-coupled again, using a residue not previously involved in the process. On the basis of 
this result, we sought to discover if any other mutations to Mal11 could restore growth 
under similar conditions.

Since wildtype Mal11 had growth problems on maltose in the IMZ627 background, we 
decided to undertake a directed evolution experiment for growth on sucrose using the 
IMZ630 background. Evolution of the triple mutant was initiated on 2 % and 8 % (w/v) 
sucrose. Once high density was reached, the cultures were diluted back to OD600=0.1. Once 
the 8 % (w/v) sucrose cultures were able to reach high density in minimal time after di-
lution (i.e. 2-3 days between dilutions), they were transferred to 2 % (w/v) sucrose media 
for further evolution. Evolutions were stopped once rapid growth with minimal lag could 
occur on 2 % (w/v) sucrose, and the gene encoding Mal11 was then sequenced. Within 
3 months, all six evolution lines were able to grow well on 2 % (w/v) sucrose medium 
(Fig. 3a). Single colonies were isolated from the final evolution batch and Mal11 amplified 
and sequenced from their extracted DNA. We found that two cultures evolved an aspar-
tate substitution of alanine: A384D in Mal11QAQ (Mal11QAQ/A384D) and A515D in Mal11QNA 
(Mal11QNA/A515D). Two other evolution lines produced unique second-site suppressor mu-

Figure 2. Growth curves of IMZ627 strains ex-
pressing wildtype Mal11. Cells were pre-cultu-
red on 1 % (v/v) ethanol media before growth in 
96-well plates with media containing between 0 
and 2 % (w/v) maltose, as indicated in the figure.
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tations: R504C in Mal11QAQ (Mal11QAQ/R504C) and W376S in Mal11ANA (Mal11ANA/W376S). 
One of the evolutions produced a revertant, where the E120Q of Mal11QNA mutated back 
to Glu, resulting in the double mutant D123N/E167A, which exhibits proton-coupled 
transport (Chapter 2). Finally, E120A of Mal11ANA peculiarly mutated to Gln with no ad-
ditional mutations present (Mal11ANA/E120Q), resulting in the same triple mutation set as 

Figure 3. Mal11 variants obtained by directed evolution. (A) Seven triple mutant transporters were cultured in 
media containing the indicated carbon source until rapid growth was sustained. In the case of those grown on 8 
% (w/v) sucrose, strains were then switched to 2 % (w/v) sucrose and cultured until rapid growth was achieved. 
The Mal11 genes were then sequenced and the resulting mutations, as compared to the wildtype transporter, are 
indicated. (B) The evolved mutations projected onto the EVfold-predicted structure of Mal11 (see Chapter 2), 
with the orange and green residues corresponding to those in (A) and the pink residues corresponding to the 
mutated acidic residues Glu-120, Asp-123, and Glu-167. (C) A magnified view of the central cavity of the pre-
dicted structure shown in (B) to show the evolved residues and their positions in relation to Glu-167. For clarity, 
residues 240-270 are omitted here.
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the unevolved Mal11QNA. This may have been the result of cross-contamination between 
a culture of Mal11ANA and a culture of Mal11QNA, but the result is nonetheless a strain that 
is able to grow efficiently on 2 % (w/v) sucrose and the new phenotype may be due to an 
additional mutation in the genome.

We mapped the novel evolved mutations onto our homology model of Mal11 (Fig. 3b). 
Although the three residues V163D (TM4), A384D (TM7), and A515D (TM11) are locat-
ed on different helices, they are all found in the central cavity of the protein, on helix faces 
oriented inwardly, and are at the same height along the transport pathway. Significantly, 
they are all in close proximity to the three acidic residues Glu-120 (TM1), Asp-123 (TM1), 
and Glu-167 (TM4). The other two mutations, R504C and W376S, are located at the bot-
tom of the central cavity, on adjacent helices in the structure, facing inwardly, and are at 
the same height along the transport pathway. Notably, Arg-504 is the only basic residue 
(Arg, Lys, or His) in the transmembrane region of the Mal11 and is the only charged resi-
due in the central cavity of the uncoupled triple mutants.

Evolved Mal11 is sufficient for growth on sucrose.
Plasmids were purified from the isolated single colonies of evolved cultures and retrans-
formed into the unevolved IMZ630 background. We found that these strains were able 
to grow well on 2 % sucrose medium and displayed wildtype-like growth on 2 % glucose 
medium (Fig. 4). This signifies that the mutations in the plasmids caused the improved 
growth on sucrose and not a mutation elsewhere in the yeast genome. We then examined 
growth on sucrose concentrations ranging from 0.01 % (w/v) (0.29 mM) to 2 % (w/v) (58 
mM) and found that, as expected, the unevolved triple mutants could not grow on any 

Figure 4. Growth of IMZ630 strains bearing plasmids from unevolved or evolved strains growing on media 
containing no carbon, 2 % (w/v) glucose, 1 % (v/v) ethanol, or 2 % (w/v) sucrose. Cells were pre-cultured on 
1 % (v/v) ethanol before switching to the indicated media in a 96-well plate.



50

3

concentration of sucrose (Fig. 5). Wildtype Mal11 grew well on concentrations from 2.9 
mM but, by contrast, none of the evolved triple mutants could grow on less than 15 mM, 
and Mal11QAQ/A384D and Mal11ANA/W376S could only grow on 29 mM and 58 mM sucrose. 
These data suggest that the apparent affinity constants for sucrose transport (Km) of the 
second-site suppressor mutants are higher than for wildtype Mal11.

Next, we measured growth rates of each strain under aerobic and anaerobic conditions on 
synthetic medium with 2 % (w/v) sucrose (Table 1). We found variability in the aerobic 
growth rates, with Mal11QAQ/A384D and Mal11ANA/W376S growing very slowly. Mal11QNA/A515D 
and both strains containing Mal11QAQ/R504C had aerobic growth rates of at least 0.10 h-1 and 
had similar rates under anaerobic conditions. Still, these growth rates are roughly a third 
of the wildtype growth rate and suggest less optimal transport by the mutants.

Sugar transport by evolved triple mutants.
We then tested these strains for uptake capacity at 1 mM radiolabelled sucrose and malt-
ose (Fig. 6). We used 1 mM of sugar to keep the specific radioactivity (and thus the sen-
sitivity of the assay) high, but this concentration is well below the Km of the mutants, 

Figure 5. Maximum OD600 of unevolved and evolved strains grown in synthetic complete medium with 
varying concentrations of sucrose. Strains were grown on 1 % (v/v) ethanol before they were switched to media 
containing 0, 0.01, 0.05, 0.10, 0.25, 0.50, 1, or 2 % (w/v) sucrose, as indicated by the color of the bars (white = 0 
%, black = 2%).

Table 1. Aerobic and anaerobic growth rates of 
IMZ630 strains harboring wildtype or evolved 
plasmids. Aerobic growth rate was determined 
in synthetic medium containing 2 % (w/v) su-
crose. Anaerobic growth rate was determined 
in the same medium supplemented with 10 mg/
mL ergosterol and 420 mg/L Tween-80. ND in-
dicates a measurement was not determined.
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and the observed rates of transport are one to two orders of magnitude lower than the 
actual Vmax. The strains express LmSPase and can thus catabolize sucrose but not maltose, 
meaning that sucrose transport will be “downhill”, and that transport of maltose is “up-
hill” ([solute]in > [solute]out) if a proton-coupled mechanism is present in the proteins. We 
found that both maltose and sucrose transport by Mal11QNA/A515D greatly exceeded that of 
the unevolved Mal11QNA by five- to ten-fold, and that Mal11QAQ/A384D exhibited a roughly 
two-fold increase in transport over Mal11QAQ. However, transport by Mal11QAQ/R504C shows 
no improvement over the unevolved transporter, and there was no measureable transport 
by Mal11ANA/W376S. For Mal11QNQ/V163D, we did not retransform the evolved plasmid into 
the unevolved background, but measured uptake of the sugars and found that activity in 
the evolved strain was six-fold more than that of the unevolved strain. The increased ac-
cumulation of maltose by Mal11QAQ/A384D, Mal11QNA/A515D, and Mal11QNQ/V163D compared to 
the uncoupled triple mutants indicates that these three evolved transporters have proton 
coupling restored, albeit with a lower efficiency than the wildtype protein.

Discussion
In Chapter 2, we characterized the proton relay network of Mal11 consisting of Glu-120, 
Asp-123, and Glu-167. Here, we have expanded on that work by discovering a number of 

Figure 6. Sugar transport by unevolved and evolved transporters. IMZ630 (A) or IMZ627 (B) strains con-
taining plasmids from unevolved or evolved strains were pre-cultured in 1 % (v/v) ethanol media, followed by 
harvesting and dilution in assay buffer (potassium-citrate-phosphate + 10 mM galactose). Uptake of 1 mM 
14C-maltose (dark grey) after 30 min incubation or 1 mM 14C-sucrose (light grey) after 10 min incubation was 
determined. Bars and error bars represent the average and standard deviation, respectively, of triplicate measu-
rements. "QNQ" represents strain IMX1090, and IMS0587 is this strain after evolution.
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second-site suppressor mutations that allow efficient growth of Mal11 triple mutants on 
sucrose. Surprisingly, three independent evolutions resulted in an aspartate residue in the 
same region of the protein near the trio of mutated acidic residues. Two more evolution 
lines resulted in mutation of the only basic residue in the transmembrane region of Mal11 
and to a nearby Trp residue, both located at the bottom of the central cavity.

Analysis of second-site suppressors is a powerful tool for biochemists to study proteins, 
and has a long history of use in transporters [144-148]. In our study, we found two inter-
esting types of evolved mutants: either a new acidic residue in the upper portion of the 
central cavity (V163D, A384D, A515D) or a mutation to a residue below the binding site 
(W376S, R504C). In our previous work with Mal11, we showed that a lone acidic residue 
at position 120 or 167 carried out proton coupling but with lower efficiency than wildtype 
Mal11 (Chapter 2). A single acidic residue at position 123 led to mis-localization of the 
transporter. The new Asp residues in the evolved transporters are all located one helix-turn 
above Glu-167 at the top of the central cavity (Fig. 3b). The implication of this is that the 
only requisite for restoration of coupling in the uncoupled triple mutants is the presence 
of an acidic residue in the vicinity of the sugar-binding cavity. The second class of mutants 
hints towards a cytoplasmic gate of the transporter that alternately seals the central cav-
ity from the cytoplasm and opens to permit substrate release, which has previously been 
suggested for MFS transporters based on the amassed crystal structures [50]. Such a gate 
could involve Arg-504, which is apparently located in close proximity to Glu-167 at the 
bottom of the central cavity. One may imagine a mechanism of coupling proton binding 
to conformational rearrangements in which a structurally significant salt bridge between 
these two residues breaks upon protonation and promotes a conformational change such 
that the protein opens to the cytoplasm. This hypothesis is supported by the evolution of 
R504C and, separately, W376S, which is situated close to Arg-504.

We observed in Chapter 2 that the triple mutants could carry out efflux and exchange of 
maltose, in the absence of a proton gradient, at the same rate as wildtype Mal11. We were 
thus surprised to discover that the Mal11 triple mutants were unable to grow on sucrose 
(Fig. 1), but that the evolved transporters with restored proton coupling could grow well. 
Proton-coupled disaccharide import is surely not an irreplaceable feature for growth of 
yeast (e.g. monosaccharides are transported via uniport), so what then is the cause of 
this result? There are no known disaccharide uniporters in yeast or in the MFS, but some 
examples do exist in other organisms and transporter families. The widespread SWEET 
family of plant transporters and the SemiSWEET family from prokaryotes are prominent 
examples and are thought to function as facilitators, although some work is still needed to 
definitively demonstrate this [154,155]. One study characterized the SUF family of plant 
sucrose transporters as uniporters [156], although another study disputed this using phys-
iological methods [149]. 

Monosaccharides, on the other hand, can be transported by either mechanism. Glucose 
transporters have been widely studied in both prokaryotes and eukaryotes, with most of 
the latter using uniport and most of the prokaryotic homologues utilizing proton-coupled 
symport. The mechanism used is most likely dictated by the external environment of the 
cells. For instance, human blood glucose concentration is normally approximately 5 mM 
and erythrocytes utilize this by GLUT1-mediated uniport followed by rapid intracellular 
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conversion to glucose-6-phosphate, thereby maintaining a constant and favorable glucose 
gradient across the erythrocyte plasma membrane and abrogating the need for coupled 
transport [157]. On the other hand, prokaryotes and other unicellular organisms are more 
likely to face conditions of limited extracellular nutrients. Ion-linked transport thus like-
ly ensures efficient uptake under low sugar concentrations. Despite their high sequence 
similarities, the determining differences between these monosaccharide symporters and 
uniporters are not obvious and often confounding. The structural studies of the human 
glucose facilitator GLUT1 and the homologous E. coli proton-coupled xylose transporter 
XylE were regarded as a breakthrough in understanding proton-coupling [23,25-27]. The 
key difference was said to be a single acidic residue, Asp-27 in XylE and Asn-29 in GLUT1, 
which appeared to be critical for proton coupling. That said, one recent study showed that 
the S. epidermidis glucose transporter GlcPSe has a conserved proton-binding site at a po-
sition corresponding to Asp-27 in XylE but functions as a uniporter under physiological 
conditions [106]. This protein could thus represent an evolutionary intermediate between 
uniporters and symporters. Furthermore, recent research has shown that conversion of 
XylE to a uniporter required not only mutation of the acidic residue that is key in proton 
binding, but also the additional mutation of seven other interdomain residues from the 
inner and outer gates of the transporter, showing that proton coupling is governed by 
more than just one residue [55].

Another surprising result was the apparent low level of transport observed for the un-
evolved Mal11 triple mutants. We have previously tested the uphill maltose transport by 
triple mutants expressed from the galactose-inducible GAL1 promoter (Chapter 2) and, 
together with intracellular pH measurements, concluded they were uncoupled transport-
ers due to their inability to accumulate maltose ([solute]in = [solute]out). Here, we found 
the unevolved triple mutants constitutively expressed from the TEF1 promoter in IMZ630 
transported to well below one, that is [solute]in/[solute]out is about 0.25 (Fig. 6). How-
ever, when Mal11-YPet is expressed from the TEF1 promoter in IMZ630 and grown in 
sucrose-limited chemostat cultures, large vacuoles are observed [149]. Such structures 
were not observed in our previous studies with galactose-induced cells (Chapter 2). It’s 
likely that the strains described here also contain large vacuoles and that these are caused 
by the constitutive overexpression and frequent degradation of Mal11. Because we use 
an intracellular volume approximation of 60 fL per cell when calculating accumulation 
ratio, the presence of such large vacuoles would lead to the systematic overestimation of 
intracellular volume accessible to maltose or sucrose and thus systematic underestimation 
of the accumulation level of transport. Further experiments should be done to compare 
the vacuole sizes and expression levels of the evolved and unevolved transporters in the 
IMZ630 background so that transport levels can be accurately assessed.

Additional work is still necessary to explain some of the confounding results described 
here. The inability of IMZ627 transformed with wildtype Mal11 to grow on up to 8 % 
(w/v) maltose was surprising, given the characterization of Mal11 and Mal12 as being 
maltose-metabolism enzymes. One explanation is that if there is very low expression of 
Mal12, then the result would be lethal buildup of intracellular maltose, similar to what we 
have observed previously for strains not expressing Mal12 (Chapter 2), see also [72]. To 
test this hypothesis, maltose hydrolysis activity should be measured for the IMZ627-based 
strains to ensure Mal12 is being properly expressed.
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Follow-up work should expand on the results presented here. The mechanisms of Mal11QAQ/

R504C and Mal11ANA/W376S remain unclear. They exhibited no improvement in transport at 1 
mM sugar (Fig. 6) and could only grow on a minimum of 15 mM (for Mal11QAQ/R504C) or 30 
mM (for Mal11ANA/W376S) of sucrose, which is five to ten times the concentration required 
for growth by the wildtype transporter (Fig. 5). Together, these findings imply that the 
transporters have lower affinity than the unevolved transporters and that they remain 
uncoupled from proton transport. If these mutants are indeed uncoupled, the most likely 
reason they permit growth on sucrose is that sugar flux into the cell is higher than for 
the unevolved mutants and can be explained by either higher expression or more rapid 
transport. That said, if it is eventually found that these mutants remain coupled, such a 
mechanism could be explained by the presence of a protonatable residue at position 504 
in the form of Arg (in Mal11ANA/W376S) or Cys (in Mal11QAQ/R504C). It would then stand to 
reason that coupling became restored during evolution by altering the pKa of the residue 
at this position to make coupling more probable. 
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